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INTRODUCTION

Abstract

Immunotherapies have shown long-lasting and unparalleled
responses for cancer patients compared to conventional therapy.
However, they seem to only be effective in a subset of patients.
Therefore, it has become evident that a greater understanding of the
tumor microenvironment (TME) is required to understand the
nuances which may be at play for a favorable outcome to therapy.
The immune contexture of the TME is an important factor in
dictating how well a tumor may respond to immune checkpoint
inhibitors. While traditional immunohistochemistry techniques allow
for the profiling of cells in the tumor, this is often lost when tumors
are analysed using bulk tissue genomic approaches. Moreover, the
actual cellular proportions, cellular heterogeneity and deeper spatial
distribution are lacking in characterisation. Advances in tissue
interrogation technologies have given rise to spatially resolved
characterisation of the TME. This review aims to provide an overview
of the current methodologies that are used to profile the TME, which
may provide insights into the immunopathology associated with a
favorable outcome to immunotherapy.
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lung cancer." However, ICl therapy only appears
to benefit a subset of patients. Therefore, there is

Immune checkpoint inhibitors (ICls) are a form of
immunotherapy and have offered long-lasting
and durable benefits to a number of tumor types
including melanoma, bladder, head and neck and
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an unmet clinical need to identify biomarkers
predictive of outcome to therapy. It is thought
that a greater understanding of the immune
contexture (cell type, density, function) in the
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The evolving landscape of immunotherapy biomarkers

tumor microenvironment (TME) may shed light
upon tissue activation and immune recognition,
which in turn may be used to predict response to
therapy.? The TME encloses the cell types and
vascularisation in forming the tumor, including
blood and lymphoid vessels, the extracellular
matrix, and immune infiltrates." As such, tumor
growth, invasion and resistance to therapy derive
from bidirectional interaction between the tumors
and the microenvironment.?> Therefore, having
knowledge of the co-evolution of tumors and
their immediate microenvironment in order to
understand the underlying tumor-immune cell
interactions, the degree of tumor cell recognition,
and the types of cells recruited into the
microenvironment is needed to develop more
effective therapies.* The TME is composed of a
complex milieu of cell types.® Bulk analysis of the
tumor either at the protein/transcript level is not
sufficient to capture a spatially resolved
representation of the TME.> To address this,
advances in multiplex immunohistochemistry,
imaging and barcoding methodologies have led
to tools which enable the phenotyping of the
TME for composition, function, activity and spatial
location of cells.® In this review, we will provide
an overview of the current TME biomarkers used
as predictive biomarkers of therapy and provide
insights into technologies which are able to
spatially map the TME.

PREDICTIVE BIOMARKERS OF
RESPONSE TO IMMUNOTHERAPY

In recent years, immunotherapies, in particular
ICls, have been employed to reinvigorate anti-
tumor response and have changed clinical cancer
care.” This was led by the humanised anti-
cytotoxic T lymphocyte antigen 4 (CTLA-4)
antibody ipilimumab in 2011, which has been
found to double 10-year survival for patients with
metastatic melanoma compared to conventional
therapies.®® Thereafter, blockade of another
checkpoint protein, programmed cell death 1
(PD1), or its ligand, PD1 ligand 1 (PD-L1), has been
shown to have even higher response rates and
lower incidence of side effects relative to anti-
CTLA-4."%™ Tumor cells upregulate PD-L1 in order
to evade immune responses.’® PD-L1 expressed on
tumor cells interacts with its receptor PD-1 on T
cells to prevent T-cell activation."® Therefore, the
expression of PD-L1 is a mechanism by which
tumor cells can inhibit T-cell immunity.'* The
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United States Food and Drug Administration (US
FDA) has approved antibodies targeting the PD1-
PD-L1 axis as first-line or second-line therapies for
a number of cancers, including melanoma, lung
cancer, lymphoma, head and neck squamous cell
carcinoma (HNSCC), renal cell cancer (RCC), gastro-
oesophageal cancer, and liver cancer.” While
promising, it appears that only some patients
benefit from this therapy. Therefore, there is a
need to develop predictive biomarkers of ICI
therapy, in order to personalise therapy to the
individual patient.

PD-L1 EXPRESSION

Programmed cell death 1-ligand 1 is assessed
using immunohistochemistry (IHC) and scored by a
pathologist.'®"” The US FDA has approved the IHC
assay for PD-L1 protein expression as a
companion/complementary diagnostic marker for
anti-PD-L1 therapy.'®'” As such, tumor PD-L1
expression has been known to be the most widely
used predictive biomarker of ICI response.'®

However, the use of PD-L1 expression as a
predictive biomarker has been challenging
because PD-L1 has a dynamic level of

expression.’®?° The dynamic nature of PD-L1 is
further compounded by poor uniformity in PD-L1
IHC antibodies, variable cut-offs and tumor/
immune cell type levels of expression which
corresponds to benefit to therapy.'*2' Moreover,
it has been shown that the levels of PD-L1
expression are transient and change over time;
therefore, timing of the biopsy may be crucial
t00.22 A number of studies have shown that the
expression of PD-L1 on tumor cells could be used
as a predictive marker,?>?* while others have
suggested that PD-L1 expression on tumor-
infiltrating immune cells, such as macrophages, is
more informative.'®?> A study by Rimm et al. in
triple-negative breast cancer (TNBC) treated with
a combination of immunotherapy (durvalumab)
and chemotherapy (the Impassion 130 and the
Keynote 522 trials) examined PD-L1 expression on
both tumor and immune cells.?® The findings
showed that patients with the pathologic
complete response (pCR) were shown to have
higher PD-L1 expression in tumor, stromal and
CD68 (macrophage) compartments compared to
patients with non-pCR.?® Therefore, a more
comprehensive characterisation of the immune
contexture is needed to gain insights into the
surrounding structures and cell types that are
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recruited into that area. This may give insights
into which patients respond to immunotherapy
more readily than a single marker expression such
as PD-L1." Therefore, the expression of PD-L1 on
both tumor cells and macrophages was associated
with the immunotherapy and chemotherapy
combination response.?®

TUMOR MUTATIONAL BURDEN

Genomic aberrations including point mutation and
small insertion/deletion (indel) have been found to
generate neoantigens, which result in the
induction of the host immune response.?’” The
assessment of the mutational landscape of the
tumor has been commonly termed ‘tumor
mutational burden’ (TMB).2 TMB is defined as the
number of somatic mutations per DNA megabase
(Mb) and is used as a genomic biomarker for the
identification of patients likely to respond to
immunotherapy.”® Studies have shown that
patients with high TMB are more likely to benefit
from immunotherapy agents due to the increased
rate of immunogenicity.?*3° The KEYNOTE-158
study recently reported that patients with TMB-
High (TMB-H), >10mut Mb~'  (mutation/
megabase), had an improved overall survival
following treatment with pembrolizumab (anti-
PD1 antibody, KEYTRUDA), than those with a TMB
less than 10 mut Mb~".3° This result was found in
patients across multiple tumor types, including
anal, biliary, cervical, endometrial, salivary,
thyroid, vulvar, mesothelioma, neuroendocrine
and small-cell lung cancer (SCLC). The study
showed that TMB-H patients with unresectable or
metastatic solid tumors could benefit from
KEYTRUDA, in a tissue agnostic manner.>°

In addition to taking into account the quantity
of TMB, the quality of the mutations should also
be considered. This means that certain forms of
mutations are more likely to induce an immune
response. For instance, it has been found that
indel  mutations could lead to higher
immunogenicity in comparison with missense
mutations.?" Clinical responses in patients with a
defect in the DNA mismatch repair mechanism
(MMR) have been reported to be associated with
the indel mutational load but not with the
missense mutation.?’ Furthermore, studies have
shown that mutations in specific genes may result
in outcomes to immunotherapy.3? In patients with
mutations in the interferon-gamma receptor
(IFNGR) signalling pathway, such as tyrosine-
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protein kinase JAK1 (JAK1), JAK2, and apelin
receptor (APLNR), have been shown to be
resistant to therapy.3®* Moreover, it has been
demonstrated that specific human leukocyte
antigen (HLA-I) serotypes can have a significant
role in response to therapy.3* It has been found
that patients with HLA B44 and B62 serotypes
could benefit from ICI antibodies.>*

Tumor mutational burden was originally
measured using whole-exome sequencing (WES),
and a number of studies reported an association
between WES-derived TMB and response to
ICIs.?83> WES-derived TMB measurement requires
the matched normal sample can be time-
consuming to perform.® Therefore, to overcome
this, next-generation sequencing (NGS)-based
panels that sequence a sufficient subset of the
exome have been developed for calculating
TMB.3’39 In addition to time and cost-effective
advantages, the targeted NGS panels take into
account both nonsynonymous and synonymous
base substitutions as well as short insertion/
deletion alterations.® These inclusions for the
TMB measurement have led to an improved assay
sensitivity by increasing the number of qualifying
variants into the calculation.3® For this, there are
currently two FDA-approved NGS panels for
calculating TMB: the FoundationOne CDx and
MSK-IMPACT (Memorial Sloan Kettering-
Integrated Mutation Profiling of Actionable
Cancer Targets) panels.” These panels have been
designed to detect a number of DNA alterations,
including point mutations, small and large
insertions/deletions, copy number variations, and
structural variants, in cancer-related genes.36
These assays have given insights into microsatellite
instability (MSI), loss of heterozygosity, and TMB.
Further studies are warranted to investigate the
role of TMB as a predictive biomarker and
harmonisation between NGS-based TMB assays.>°
The project known as the Friends TMB
harmonisation project was designed to establish a
uniform approach for the measurement and
reporting of TMB across various sequencing
panels. The project consists of three phases, in
silico, empirical and clinical analyses.*® These
analyses use publicly available TCGA data, cells
derived from human tumors, and human FFPE
tumor samples, to harmonise the definition of
TMB and to ensure consistency in the calculation
of TMB through alignment with a universal
reference standard.’® The first two phases have
been completed. The in silico analysis has
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indicated that the higher WES-TMB value, the
greater the variability within and between panel
TMB values. Certain types of cancers, including
uterine, bladder and colon cancers, have shown
greater variability in panel TMB values relative to
others, such as lung and head and neck cancers.*°
The empirical analysis has also shown that the
variability across laboratories tends to increase in
line with the increase in the WES-TMB values.
Finally, future studies (e.g. clinical analyses) will
focus on the use of samples from ICl-treated
patients to evaluate optimal cut-off values that
help guide the clinical application of TMB.

MICROSATELLITE INSTABILITY

Microsatellites (MSs) are short tandem DNA
sequences (usually 1-6 nucleotides long) repeated
throughout the genome.*' These sequences are
located in both genes and inter-gene regions,
often present in promoter, exons, introns and
untranslated terminal regions (UTRs).*? If the
repetition of these sequences changes, increases
or decreases, there will be MS instability. Such
errors are usually corrected by the DNA repair
mechanism known as the mismatch repair (MMR)
system.** The MMR system consists of key proteins
such as MLH1, MSH2, PMS2 and MSH®6; therefore,
mutations in any of these genes, either germline
or somatic, could cause a defect in the MMR
mechanism and termed ‘MMR deficiency’.** MMR
deficiency contributes to the generation of many
indel mutations.*> A number of indel mutations
may lead to frameshifts in the DNA sequences
that produce neoantigens with more
immunogenic characteristics.” It has been shown
that MSl-positive tumors, such as colorectal
cancers (CRCs), are highly CD8" T cell infiltrated
compared with microsatellite stable
counterparts.*® This finding could explain as to
why MSl-positive tumors show high objective
response rates to ICls.” Pembrolizumab has been
approved by the FDA for the treatment of MSI-
high/MMR-deficient tumors. There are currently
two approaches to detecting MSI-high and MMR-
deficient tumors in clinics, polymerase chain
reaction (PCR) and IHC.*’ Although MSI-high has
been reported in multiple solid tumors, it varies
across different types of tumors.*® CRC,
endometrial and gastric cancers have the highest
frequencies (> 10%), while glioblastomas,
oesophageal cancer, breast cancer and non-small-
cell lung cancer (NSCLC) have the lowest
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frequencies (< 2%).*® Thus, despite the fact that
MSI can enhance neoantigen load and induce a
better response to ICls, its low frequencies in
human tumors restrict its application to
immunotherapy as a broad-based predictive
biomarker.*®

TUMOR MICROENVIRONMENT

The TME is known to play a key role in the
initiation and progression of cancer.**® There are
a variety of host immune cells recruited within the
TME. These include cells that are involved in both
the innate and adaptive immune responses.®
which may act as a tumor promoter, and some
may suppress the tumor.>> Thus, the immune
contexture, that is the type, density and location
of cells in the TME, could be useful to understand
the wunderlying biology associated with a
favorable treatment outcomes.” Immune
infiltration of tumors is classified as immune-
inflamed, immune-excluded, and immune-desert.”
The immune-inflamed is when there are CD3" and
CD8" T cells in the tumor regions and the invasive
margin, while an immune-desert represents a low
density of both cell types in both regions.>®> The
immune-excluded phenotype reflects the presence
of T cells at the invasive margin without the
ability to infiltrate the tumor.>® It has been shown
that the inflamed TME is usually accompanied by
the expression of immune checkpoint proteins
such as PD-L1 on infiltrating immune cells (e.g.
macrophages) and tumor cells, suggesting that
these types of tumors have pre-existing anti-
tumor immune responses.>* Tumors with this type
of TME are therefore more likely to respond to
PD-1/PD-L1 blockade.>® This function allows for
inflammatory gene signatures such as IFN- vy
signalling genes to be used as ICl biomarkers to
select appropriate patients for therapy.>®
Moreover, studies have reported that the
presence of transforming growth factor-p (TGF-B)
signalling pathway can contribute to the exclusion
of CD8" T cells from the tumor parenchyma.®’
Blocking the TGF-B signalling pathway could have
the potential to convert the TME to a more
inflamed state and make it more susceptible to
ICls.>’

TERTIARY LYMPHOID STRUCTURES

For an anti-cancer immune response to generate
efficiently, dendritic cells (DCs) are required to
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migrate from the tumor site to secondary
lymphoid organs (SLOs) and present major
histocompatibility complex (MHC) molecule-

peptide antigen complexes to CD4" and CD8* T
cells.’® 8" Within the follicles of SLOs, B cells are
also activated and undergo proliferation, isotype
switching, and  somatic  hypermutation.®?
Recognition of antigens presented by DCs and
receiving co-stimulating signals provided by the
CD4" T cells are required for this.®? This results in
the proliferation and  differentiation of
lymphocytes to effector T cells and memory B
cells, which eventually infiltrate the tumor mass
and kill the tumor cells.®®* The generation and
regulation of immune response to tumor cells not
only occur in SLOs but can also occur directly at
the tumor site, in tertiary lymphoid structures
(TLSs).22  TLS represents lymphoid neogenesis
caused by long-lasting exposure to inflammatory
signals mediated by chemokines and cytokines.®*
TLS develops under the influence of various
pathophysiological conditions, such as
autoimmune diseases and cancer, and their
function is context-dependent.®* This structure is
also composed of a variety of immune cells,
including B and plasma cells, CD4" and CD8" T
cells, DCs, macrophages and neutrophils.®® TLS
provides the conditions for DCs to present
adjacent tumor antigens to T cells, activation,
proliferation and differentiation of B and T
cells.®>As the density of TLS is associated with the
presence of CD4" and CD8" T cells in tumors, its
development is related to a favorable prognosis in
cancer patients.®® TLS can develop in the stroma,
invasive margins and the core of the tumor mass;
however, its abundance in stroma or invasive
margins is higher than the core of tumors.®’

SPATIAL TUMOR MICROENVIRONMENT
PROFILING TECHNOLOGIES

Spatial and immunological composition with
cellular status can aid in identifying micro-niches
within the TME. The classification of the immune
context within the TME lays the foundation to
addressing how the immunological composition
and status (activated/suppressed) may dictate
response to therapy. Therefore, to address this
need, imaging and tissue sampling is required
simultaneously to analyse tumor tissue and
immune proteins with spatial resolution (Table 1).
Studies have demonstrated using multiplex
immunofluorescence that the proximity of
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immune and tumor cells in the TME underlies the
response to anti-PD-1 targeted therapies.®®

IMAGING MASS CYTOMETRY

Imaging mass cytometry (IMC) is a type of mass
cytometry combined with a novel laser ablation
system that quantifies the expression of multiple
markers with subcellular spatial resolution on a
single tissue section.®® IMC not only provides in situ
spatial information and antigen qualification but
can also be performed in both snap-frozen and
formalin-fixed paraffin-embedded (FFPE) tissue
sections.”® Therefore, IMC contributes to the
simultaneous characterisation of the composition of
the immune compartment, revealing the spatial
relationship between immune cells and stromal
cells, and demonstrating interactions among
immune subsets in tissue areas of preference.®®
Unlike classical immunohistochemistry or
immunofluorescence techniques, which suffer from
background interference due to the use of a limited
number of markers, IMC takes advantage of rare
metals conjugated to antibodies to significantly
improve the multiplexing capacity.”’ Tissue sections
are labelled with multiple antibodies conjugated to
stable isotopes and then ablated with a laser system
to create segments of 1 um in diameter.”’ When
inserted into the mass cytometer, atomised and
ionised, the metal-isotope content of each segment
is measured by the time-of-flight mass analyzer.”®
Finally, the isotope abundance of each spot is used
to produce a high-dimensional image.”’® In the study
by Ali et al., IMC was used to quantify protein
expression with subcellular resolution in multiple
tumor tissues to investigate the impact of somatic
alterations on the tumor ecosystems. Phenotypes
and cell-cell interactions were shown to be
associated with genomic subtypes of breast cancer,
with those expressing Ki67 and HER2 associated
with poorer outcomes.”? Aoki et al. used IMC to
characterise immune cell populations to generate
an immune cell atlas for the TME of Hodgkin
lymphoma (HL). A novel subtype of T cells with
expression of the inhibitory receptor lymphocyte
activation gene 3 protein (LAG3) was identified
which acted as a mediator of immunosuppression.
In the study, increased LAG3" T cells were shown to
be in the direct vicinity of MHC class-ll-deficient
tumor cells.”® Zhu et al. investigated ovarian cancer
patients using IMC to identify biomarkers of
immunotherapy response. In the study, the authors
found that the highest increase in CD8* T cells and
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Table 1. Overview and comparison of spatial transcriptomics profiling technologies

Technology Sample type Resolution Approach Analyte Advantages/Disadvantages
Imaging Mass * Fresh-frozen  * Cellular Metal-based ® Peptides  Pros:

Spec (IMC) * FFPE ¢ Subcellular * Protein * Molecular analysis retaining spatial
distribution of analytes, 2D distribution
maps for each mass measured

Cons:
* Sample preparation, low throughput,
data processing and analysis

10x Chromium  ® Fresh-frozen  Cellular Barcoded Gel Beads * RNA Pros:

* Whole transcriptome
Cons:
¢ No spatial resolution
10x Visium * Fresh-frozen  ® Anatomical Barcoded mRNA * RNA Pros:
features of 100 capture spots ¢ Whole transcriptome
pum/55 pm Cons:
* Cellular * Barcoded regions contain multiple cells
CODEX * Fresh-frozen  * Cellular DNA-barcoding-based * Protein Pros:
* FFPE ¢ Allows the analysis up to 40 proteins,
spatial and single-cell resolution.
Cons:
* Whole slide can be time-consuming/
costly
NanoString * Fresh-frozen  ® Custom down DNA-barcoding-based * RNA Pros:
GeoMX DSP * FFPE to 10 um * Protein ® 96-20000 mRNA detection (whole
* Cellular transcriptome)
¢ High level of automation
Cons:
* No image reconstruction
* Requires manual choice of regions
Ultivue * Fresh-frozen  * Cellular DNA-barcoding-based * Protein Pros:
* FFPE * Subcellular * Whole-slide multiplexing and imaging

* Rapid and automated workflow
Cons:
¢ No slide scanner

forkhead box protein P3 (FoxP3)" cells was found in
patients responding to the combination of
durvalumab and tremelimumab.”*

10X GENOMICS

Chromium single-cell gene expression

Analysis of cell-type variations in biological systems
is crucial to the understanding of the cellular
contribution to cancer progression.®’ The
Chromium Single-cell Gene Expression Solution
with Feature Barcoding Technology (with Next
GEM technology) utilises both cell surface protein
detection and single-cell transcriptome readout.”®
This technology takes advantage of antibodies
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conjugated to DNA barcodes for single-cell
sequencing.’® Using Feature Barcoding technology,
it would be plausible to analyse multiple markers in
a single assay.’® These characteristics improve the
resolution of the cell type, therefore, leading to
the detection of rare cell types, and the discovery
of more unique transcripts all in a single assay at
single-cell resolution.”® Andor et al.”” used the 10x
Chromium to obtain single-cell transcriptomes of
follicular lymphoma (FL). The study found that
malignant B cells exhibited a downregulation of
the FCER2, CD52 and MHC class Il genes. T cells in
the FL tumors expressed high levels of immune
checkpoint genes.”” Additionally, Zhang et al.”®
used 10x Chromium to characterise a single-cell
profile of early gastric cancer (EGC). A panel of
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EGC-specific signature with clinical implications for
the diagnosis of EGC was identified.”® This panel
consisted of the genes in kallikrein-10 (KLK10),
natural resistance-associated macrophage protein 2
(SLC11A2), sulfotransferase 2B1  (SULT2B1),
kallikrein-7 (KLK7), extracellular matrix protein 1
(ECM1) and LMTK3.7®

Visium spatial gene expression

The Visium Spatial Gene Expression solution is
used to measure transcripts and gene expression
across a tissue section.”® The Visium technology
has the ability to be combined with
immunofluorescence in order to visualise protein
and gene expression at the same time.”> The
technology is compatible with fresh-frozen
samples from most tissue types and uses
thousands of barcoded mRNA capture spots to
visualise gene expression with both whole
transcriptome  analysis and targeted gene
expression panels.”® Visium provides insights into
the relationship between cell function, phenotype
and location in tissue microenvironments by
preserving the spatial context of tissues along
with the identification of distinct groups of cells.®
Such technology could, therefore, provide clinical

applications, including insight into tumor
heterogeneity and tissue morphology,
identification of response to therapeutic

interventions, and discovery of biomarkers.”® In

the study by Ji Al et al., Visium was used to define
the cellular composition and architecture of
cutaneous squamous cell carcinoma (cSCC). It was
shown that among multiple cell types in the ¢SCC,
tumor-specific keratinocytes (TSKs) acted as a hub
for intercellular communication. TSKs were also
found to reside within a fibrovascular niche at
leading edges.?® Moreover, the study found that
TSK, basal and adjacent stromal and immune cell
types exhibited invasive and immunosuppressive
characteristics associated with physical proximity
and distinct sets of ligands and receptors.%°

CO-DETECTION BY ANTIBODY
INDEXING (CODEX, AKOYA
BIOSCIENCES)

CO-Detection by antibody indEXing (CODEX, Akoya
Biosciences, Menlo Park, CA, USA) is a type of
multiplex fluorescence microscopy platform using
DNA-conjugated antibodies that allows analysis of
up to 40 targets in a single tissue section. The CODEX
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platform can recognise single cells in their tissue, as
well as discover novel cell types and cell-cell
interactions.?! Unlike other cyclic
immunofluorescence (CyclIF) approaches which have
several antibody staining and stripping steps, the
CODEX platform employs a single initial staining
step and subsequent manipulation of tissues,
resulting in a rapid workflow and preventing tissue
degradation. Using complementary fluorescent DNA
probes, DNA-conjugated antibodies are made
visible, accompanied by imaging, probe stripping,
washing and re-rendering. Phillips et al. used the
CODEX platform to evaluate the response to

immunotherapy in cutaneous T-cell lymphoma
(CTCL). In patients  who responded  to
pembrolizumab, the  effector-type  cellular

neighbourhoods (CNs), including a tumor/DC CN and
a tumor/CD4" T-cell CN, were significantly increased,
while in non-responder an immunosuppressive-type
CN enriched in regulatory T cells was significantly
increased following treatment. Schiirch et al.®?
identified spatially nuanced interactions between
components of the immune TME. Nine conserved,
distinct CNs were identified in colorectal cancer
(CRC) TME. Enrichment of PD-1'CD4" T cells only
within a granulocyte CN had a positive correlation
with survival in a high-risk patient subset.®* Worse
outcomes were associated with the combination of
tumor and immune CNs, fragmentation of T cell and
macrophage CNs, and disruption of inter-CN
communication.®

NANOSTRING GEOMX™ DIGITAL
SPATIAL PROFILER

The NanoString GeoMx™ Digital Spatial Profiler
(DSP) with digital colour-coded ‘barcodes’ is
capable of detecting and quantifying protein and
MRNA at significantly higher multiplex manner
(40-100 protein and to 96-18 000 mRNA targets)
from fixed and fresh-frozen tissues with spatial
resolution (Figure 1).8% Compared to other multi-
colour IHC techniques, the DSP retains tissue
structure without degrading samples because as
the UV-photocleavable signal is liberated and
counted, without the need for chemical
stripping.®® The DSP has recently been used in
multiple tumor types, such as melanoma, non-
small-cell lung cancer (NSCLC), and renal cell
carcinoma (RCC).2* Rimm et al. utilised the DSP
technology to identify biomarkers associated with
outcome to therapy in melanoma. They found
that CD8, CD3, TIM3, HLADR, IDO1 and CD11c in
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Figure 1. NanoString GeoMX Digital Spatial Profiler (DSP) workflow for interrogating multiple protein/RNA analytes from a single tissue section.
Analytes in the tissue sections are conjugated with oligo tags via photocleavable linkers. The user defines regions of interest (ROI) from an initial
visualisation to demarcate the tissue architecture. Then, spatially mapped UV illumination allows oligo tags to be released from the analyte into a
96-well plate. The collected oligos are then subject to standard NanoString counting/sequencing to obtain digital counts per ROI.

tumor regions were associated with a favorable
progression-free survival (PFS). In patients with
CD8, B2M, PD-L1 and TIM3 present in
macrophages and B2M in lymphocytes, had a
better PFS."® Monkman et al. characterised the
TME of non-small-cell lung cancer (NSCLC). The
study compared the TME and normal adjacent
tissue (NAT) revealing that several proteins
including CD34, fibronectin, IDO1, LAG3, arginase-
1 (ARG1) and PTEN were downregulated in TME
relative to NAT. When the TME and tumor were
compared, the study showed that CD3, CD45RO,
V-domain Ig suppressor of T-cell activation
(VISTA), and CD163 were enriched in TME relative
to tumor.® Wargo et al. showed a nine-gene
signature associated with tertiary lymphoid
structures (TLSs) in melanoma. The gene signature
included CD79B, CD1D, CCR®6, linker for activation
of T-cell family member 1 (LAT), Src kinase-
associated phosphoprotein 1 (SKAP1), cholesteryl
ester transfer protein  (CETP), eukaryotic
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translation initiation factor 1A, Y-chromosomal
(EIF1AY), retinol-binding protein 5 (RBP5) and
prostaglandin-H2 D-isomerase (PTGDS).*° It was
also shown that T cells had a dysfunctional
molecular phenotype in tumors without TLS
structures.®® In another study, Wargo et al., in
tissue samples from patients with melanoma and
renal cell carcinoma (RCC), showed that the
density of CD20" B cells and TLSs, as well as the
ratio of TLS to tumor area, was higher in
responders to immunotherapy than in non-
responders.>® In the responders, CD20" B cells
were located in TLSs of tumors and were co-
localised with CD4*, CD8" and FoxP3™ T cells.>®

ULTIVUE
Multiplex [IF assists visualisation of multiple
biomarkers simultaneously in tissue while

preserving the spatial context.®> Ultivue platform
uses InSituPlex DNA-barcoding and antibody
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staining technology to provide whole-slide
multiplexing for cell phenotyping in addition to
the spatial profiling of tissue biomarkers.
InSituPlex technology is capable of detecting
multiple markers on single cells, even in the same
cellular compartment.®> Markers can also be easily
detected in a wide range of cellular compartments
such as plasma membrane, cytoplasm and nucleus.
This contributes to accurate and in-depth
immunophenotyping in tissues through positive
detection of markers. InSituPlex technology
enhances the number of hybridisation sites for
imaging by using linear barcode amplification
while controlling different levels of expression
from marker-to-marker and cell-to-cell. This
technology uses a gentle staining method to
prevent the loss of integrity of the tissue sample.
The platform provides high-performance tissue
multiplexing as well as multiple biomarker co-
localisation and co-expression. Rimm et al., in
NSCLC, showed that across tumor cells and
multiple immune cells, the majority of PD-L1
expression co-localised with CD68" cells.”> The
expression of PD-L1 in the macrophage
compartment, but not in the tumor cell
compartment, was also found to be associated
with overall survival.?® Bleck et al.®® used Ultivue
technology to capture complex immune cell
phenotypes in FFPE samples from colorectal cancer
(CRC) patients. The study found that hot CRC
tumors were found to have an increase in PD-L1"
CD68 cells relative to cold tumors. CD8" T cells in
the cold tumors were also found to be further
away from the nearest PD-L1" cells compared to
hot tumors.2® Moreover, Hutchinson et al.
employed Ultivue platform to evaluate spatial
immune infiltration patterns in CRC FFPE
samples.®” As a result, it was demonstrated that
high-TMB tumors had a higher mean area of
intraepithelial (IE) PD-L1 and CD8, while low-TMB
counterparts had a higher mean area of IE CD68.%”

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The TME is derived from a complex set of various
cell types interacting with each other; however, it
is unclear how these interactions cause the tumor
cells to develop, proliferate and lead to
metastasis. Multiple factors, including tumor type,
tumor mutation burden, microsatellite instability,
tertiary lymphoid structures and immune cell
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infiltration, have been shown to play a significant
role in the TME and in turn inform on the
response to immunotherapy. Consideration of the
relationship between both these patients’
intrinsic and tumor-dependent effects at various
levels will be critical to improving the efficacy of
existing immunotherapeutic approaches. As such,
a comprehensive and accurate understanding of
the factors involved in the heterogeneity of the
TME as well as the biological crosstalk of the
tumor-host interface is crucial in promoting
treatment strategies. To this end, multiplexed
sequencing and imaging platforms that provide
in situ and spatial information on various immune
and non-immune factors within the TME can
significantly advance this field. Characterisation of
the TME is a valuable method used for tumor
subclassification and predicting clinical outcomes.
Simultaneous quantification of multiple
biomarkers using multiplexed spatial TME
profiling technologies has become increasingly
important. Spatial profiling technologies can
provide comprehensive tissue, morphological,
protein/gene expression analysis and insights into
the tumor biology than has not been previously
possible. Enabling deeper insights into the tumor-
immune cell interactions and cellular interactions
at play which may inform on outcome to
immunotherapy.

ACKNOWLEDGMENTS

AK is supported by an NHMRC Fellowship (APP1157741),
Cure Cancer (APP1182179) and The Garnett Passe and
Rodney Williams Memorial Foundation (GPRWMF). KOB is
supported by the Princess Alexandra Hospital Foundation
(PARF).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Habib Sadeghi Rad: Writing-original draft; Writing-review &
editing. Sajad Razavi Bazaz: Visualization; Writing-original
draft. James Monkman: Writing-original draft; Writing-
review & editing. Majid Warkiani: Conceptualization;
Visualization; Writing-review & editing. Nima Rezaei:
Writing-review & editing. Ken O’Byrne: Conceptualization;
Resources; Writing-original draft; Writing-review & editing.

Arutha Kulasinghe: Conceptualization; Resources;
Supervision; Writing-original draft; Writing-review &
editing.

2020 | Vol.9 | e1215
Page 9



The evolving landscape of immunotherapy biomarkers

REFERENCES

1.

2.

10.

11.

12.

13.

14,

15.

16.

17.

18.

2020 | Vol. 9 | e1215

. Binnewies WM,

. Lipson EJ,

Meurette O, Mehlen P. Notch signaling in the tumor
microenvironment. Cancer Cell 2018; 34: 536-548.

Singh S, Hassan D, Aldawsari HM, Molugulu N, Shukla
R, Kesharwani P. Immune checkpoint inhibitors: a
promising anticancer therapy. Drug Discov Today 2020;
25: 223-229.

. Hanahan D, Coussens LM. Accessories to the crime:

functions of cells recruited to the tumor
microenvironment. Cancer Cell 2012; 21: 309-322.

Roberts EW, Kersten K et al
Understanding the tumor immune microenvironment
(TIME) for effective therapy. Nat Medicine 2018; 24:

541-550.

. He B, Bergenstrahle L, Stenbeck L et al. Integrating

spatial gene expression and breast tumour morphology
via deep learning. Nat Biomed Eng 2020; 4: 827-834.

. Stahl PL, Salmén F, Vickovic S et al. Visualization and

analysis of gene expression in tissue sections by spatial
transcriptomics. Science 2016; 353: 78-82.

. Havel JJ, Chowell D, Chan TA. The evolving landscape

of biomarkers for checkpoint inhibitor immunotherapy.
Nat Rev Cancer 2019; 19: 133-150.

Drake CG. Ipilimumab: an anti-CTLA-4
antibody for metastatic melanoma. Clin Cancer Res
2011; 17: 6958-6962.

. Schadendorf D, Hodi FS, Robert C et al. Pooled analysis

of long-term survival data from phase Il and phase I
trials of ipilimumab in unresectable or metastatic
melanoma. J Clin Oncol 2015; 33: 1889.

Brahmer JR, Tykodi SS, Chow LQ et al. Safety and
activity of anti-PD-L1 antibody in patients with
advanced cancer. N Engl J Med 2012; 366: 2455-2465.
Wolchok JD, Chiarion-Sileni V, Gonzalez R et al. Overall
survival with combined nivolumab and ipilimumab in
advanced melanoma. N Engl J Med 2017; 377: 1345-
1356.

Tang H, Liang Y, Anders RA et al. PD-L1 on host cells is
essential for PD-L1  blockade-mediated tumor
regression. J Clin Invest 2018; 128: 580-588.

Vinay DS, Ryan EP, Pawelec G et al. Immune evasion in
cancer: Mechanistic basis and therapeutic strategies.
Semin Cancer Biol 2015; 35: S185-5198.

Gibney GT, Weiner LM, Atkins MB. Predictive
biomarkers for checkpoint inhibitor-based
immunotherapy. Lancet Oncol 2016; 17: e542—-e551.
Gong J, Chehrazi-Raffle A, Reddi S, Salgia R.
Development of PD-1 and PD-L1 inhibitors as a form of
cancer immunotherapy: a comprehensive review of
registration trials and future considerations. J
Immunother Cancer 2018; 6: 8.

Hirsch FR, McElhinny A, Stanforth D et al. PD-L1
immunohistochemistry assays for lung cancer: results
from phase 1 of the blueprint PD-L1 IHC assay
comparison project. J Thorac Oncol 2017; 12: 208-222.
Topalian SL, Taube JM, Anders RA, Pardoll DM.
Mechanism-driven  biomarkers to guide immune
checkpoint blockade in cancer therapy. Nat Rev Cancer
2016; 16: 275-287.

Toki MI, Merritt CR, Wong PF et al. High-Plex predictive
marker discovery for melanoma immunotherapy-treated

Page 10

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

H Sadeghi Rad et al.

patients using digital spatial profiling. Clin Cancer Res
2019; 25: 5503-5512.

Reck M, Rodriguez-Abreu D, Robinson AG et al.
Pembrolizumab versus chemotherapy for PD-L1-positive
non-small-cell lung cancer. N Engl J Med 2016; 375:
1823-1833.

Carbone DP, Reck M, Paz-Ares L et al. First-line
nivolumab in stage IV or recurrent non-small-cell lung
cancer. N Engl J Med 2017; 376: 2415-2426.

Otoshi T, Nagano T, Tachihara M, Nishimura Y. Possible
biomarkers for cancer immunotherapy. Cancers 2019;
11: 935.

Mansfield A, Aubry M, Moser J et al. Temporal and
spatial discordance of programmed cell death-ligand 1
expression and lymphocyte tumor infiltration between
paired primary lesions and brain metastases in lung
cancer. Ann Oncol 2016; 27: 1953-1958.

Rittmeyer A, Barlesi F, Waterkamp D et al.
Atezolizumab versus docetaxel in patients with
previously treated non-small-cell lung cancer (OAK): a
phase 3, open-label, multicentre randomised controlled
trial. Lancet 2017; 389: 255-265.

Topalian SL, Hodi FS, Brahmer JR et al. Safety, activity,
and immune correlates of anti-PD-1 antibody in cancer.
N Engl J Med 2012; 366: 2443-2454.

Liu Y, Zugazagoitia J, Ahmed FS et al. Immune cell PD-
L1 colocalizes with macrophages and is associated with
outcome in PD-1 pathway blockade therapy. Clin
Cancer Res 2020; 26: 970-977.

Ahmed FS, Gaule P, McGuire J et al. PD-L1 protein
expression on both tumor cells and macrophages are
associated with response to neoadjuvant durvalumab in
triple negative breast cancer (TNBC). Clin Cancer Res 2020.
Swanton C. Take lessons from cancer evolution to the
clinic. Nature 2020; 581: 382-383.

Rizvi NA, Hellmann MD, Snyder A et al. Mutational
landscape determines sensitivity to PD-1 blockade in
non-small cell lung cancer. Science 2015; 348: 124-128.
Snyder A, Makarov V, Merghoub T et al. Genetic basis
for clinical response to CTLA-4 blockade in melanoma.
N Engl J Med 2014; 371: 2189-2199.

Fumet J-D, Truntzer C, Yarchoan M, Ghiringhelli F.
Tumour mutational burden as a biomarker for
immunotherapy: current data and emerging concepts.
Eur J Cancer 2020; 131: 40-50.

Mandal R, Samstein RM, Lee K-W et al. Genetic
diversity of tumors with mismatch repair deficiency
influences anti-PD-1 immunotherapy response. Science
2019; 364: 485-491.

Vadakekolathu J, Minden MD, Hood T et al. Immune
landscapes predict chemotherapy resistance and
immunotherapy response in acute myeloid leukemia.
Sci Transl/ Med 2020; 12: eaaz0463.

Galluzzi L, Chan TA, Kroemer G, Wolchok JD, Lépez-
Soto A. The hallmarks of successful anticancer
immunotherapy. Sci Trans/ Med 2018; 10: 459.

Chowell D, Morris LG, Grigg CM et al. Patient HLA class
I genotype influences cancer response to checkpoint
blockade immunotherapy. Science 2018; 359: 582-587.
Eroglu Z, Zaretsky JM, Hu-Lieskovan S et al. High
response rate to PD-1 blockade in desmoplastic
melanomas. Nature 2018; 553: 347-350.

© 2020 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.



H Sadeghi Rad et al.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

© 2020 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of

Klempner SJ, Fabrizio D, Bane S et al. Tumor
mutational burden as a predictive biomarker for
response to immune checkpoint inhibitors: a review of
current evidence. Oncologist 2020; 25: e147.

Rizvi H, Sanchez-Vega F, La K et al. Molecular
determinants of response to anti-programmed cell
death (PD)-1 and anti-programmed death-ligand 1 (PD-
L1) blockade in patients with non-small-cell lung cancer
profiled with targeted next-generation sequencing. J
Clin Oncol 2018; 36: 633.

Chalmers ZR, Connelly CF, Fabrizio D et al. Analysis of
100,000 human cancer genomes reveals the landscape
of tumor mutational burden. Genome Med 2017; 9: 34.
Endris V, Buchhalter |, Allgauer M et al. Measurement
of tumor mutational burden (TMB) in routine
molecular diagnostics: in silico and real-life analysis of
three larger gene panels. Int J Cancer 2019; 144: 2303-
2312.

Merino DM, McShane LM, Fabrizio D et al. Establishing
guidelines to harmonize tumor mutational burden
(TMB): in silico assessment of variation in TMB
quantification across diagnostic platforms: phase | of
the Friends of Cancer Research TMB Harmonization
Project. J Immunother Cancer 2020; 8: e000147.

Duffy MJ, Crown J. Biomarkers for predicting response
to immunotherapy with immune checkpoint inhibitors
in cancer patients. Clin Chem 2019; 65: 1228-1238.

Ryan E, Sheahan K, Creavin B, Mohan H, Winter D. The
current value of determining the mismatch repair status
of colorectal cancer: a rationale for routine testing. Crit
Rev Oncol Hematol 2017; 116: 38-57.

Marabelle A, Le DT, Ascierto PA et al. Efficacy of
pembrolizumab in patients with noncolorectal high
microsatellite  instability/mismatch  repair-deficient
cancer: results from the phase Il KEYNOTE-158 study. J
Clin Oncol 2020; 38: 1-10.

McGrail DJ, Garnett J, Yin J et al. Proteome instability is
a therapeutic vulnerability in mismatch repair-deficient
cancer. Cancer Cell 2020; 37: 371-386.e12.

Le DT, Durham JN, Smith KN et al. Mismatch repair
deficiency predicts response of solid tumors to PD-1
blockade. Science 2017; 357: 409-413.

Drescher KM, Sharma P, Watson P, Gatalica Z,
Thibodeau SN, Lynch HT. Lymphocyte recruitment into
the tumor site is altered in patients with MSI-H colon
cancer. Fam Cancer 2009; 8: 231-239.

van Velzen M, Derks S, van Grieken N, Mohammad NH,
van Laarhoven H. MSI as a predictive factor for
treatment outcome of gastroesophageal
adenocarcinoma. Cancer Treat Rev 2020; 86.

Baretti M, Le DT. DNA mismatch repair in cancer.
Pharmacol Ther 2018; 189: 45-62.

Kather JN, Pearson AT, Halama N et al. Deep learning
can predict microsatellite instability directly from
histology in gastrointestinal cancer. Nat Med 2019; 25:
1054-1056.

Pearce OM, Delaine-Smith RM, Maniati E et al.
Deconstruction of a metastatic tumor
microenvironment reveals a common matrix response in
human cancers. Cancer Discov 2018; 8: 304-319.
Gajewski TF, Schreiber H, Fu Y-X. Innate and adaptive
immune cells in the tumor microenvironment. Nat
Immunol 2013; 14: 1014-1022.

Australian and New Zealand Society for Immunology, Inc.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

The evolving landscape of immunotherapy biomarkers

Prelaj A, Tay R, Ferrara R, Chaput N, Besse B, Califano
R. Predictive biomarkers of response for immune
checkpoint inhibitors in non-small-cell lung cancer. Eur
J Cancer 2019; 106: 144-159.

Chen DS, Mellman I. Elements of cancer immunity and
the cancer-immune set point. Nature 2017; 541: 321-
330.

Taube JM, Klein A, Brahmer JR et al. Association of PD-
1, PD-1 ligands, and other features of the tumor
immune microenvironment with response to anti-PD-1
therapy. Clin Cancer Res 2014; 20: 5064-5074.

Prat A, Navarro A, Paré L et al. Immune-related gene
expression profiling after PD-1 blockade in non-small
cell lung carcinoma, head and neck squamous cell
carcinoma, and melanoma. Cancer Res 2017; 77: 3540—
3550.

Zhu Y, Zhao F, Li Z, Yu J. Current landscape and future
directions of biomarkers for predicting responses to
immune checkpoint inhibitors. Cancer Manag Res 2018;
10: 2475-2488.

Tauriello DV, Palomo-Ponce S, Stork D et al. TGFp drives
immune evasion in genetically reconstituted colon
cancer metastasis. Nature 2018; 554: 538-543.

Mellman I, Coukos G, Dranoff GIN. Cancer
immunotherapy comes of age. Nature 2011; 480: 480-
489.

Helmink BA, Reddy SM, Gao J et al. B cells and tertiary
lymphoid structures promote immunotherapy response.
Nature 2020; 577: 549-555.

Cabrita R, Lauss M, Sanna A et al. Tertiary lymphoid
structures improve immunotherapy and survival in
melanoma. Nature 2020; 577: 561-565.

Petitprez F, Vano YA, Becht E et al. Transcriptomic
analysis of the tumor microenvironment to guide
prognosis and immunotherapies. Cancer Immunol
Immunother 2018; 67: 981-988.

Drayton DL, Liao S, Mounzer RH, Ruddle NH. Lymphoid
organ development: from ontogeny to neogenesis. Nat
Immunol 2006; 7: 344-353.

Dieu-Nosjean MC, Giraldo NA, Kaplon H, Germain C,
Fridman WH, Sautés-Fridman C. Tertiary lymphoid
structures, drivers of the anti-tumor responses in
human cancers. Immunol Rev 2016; 271: 260-275.
Sautés-Fridman C, Lawand M, Giraldo NA et al. Tertiary
lymphoid structures in cancers: prognostic value,
regulation, and manipulation for therapeutic
intervention. Front Immunol 2016; 7: 407.

Martinet L, Garrido |, Filleron T et al. Human solid tumors
contain high endothelial venules: association with T-and
B-lymphocyte infiltration and favorable prognosis in
breast cancer. Cancer Res 2011; 71: 5678-5687.

Goc J, Germain C, Vo-Bourgais TKD et al. Dendritic cells
in tumor-associated tertiary lymphoid structures signal
a Th1 cytotoxic immune contexture and license the
positive prognostic value of infiltrating CD8+ T cells.
Cancer Res 2014; 74: 705-715.

Sautes-Fridman C, Petitprez F, Calderaro J, Fridman WH.
Tertiary lymphoid structures in the era of cancer
immunotherapy. Nat Rev Cancer 2019; 19: 307-325.
Gide TN, Silva IP, Quek C et al. Close proximity of
immune and tumor cells underlies response to anti-PD-1
based therapies in metastatic melanoma patients.
Oncoimmunology 2020; 9: 1659093.

2020 | Vol.9 | e1215
Page 11



The evolving landscape of immunotherapy biomarkers

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

2020 | Vol. 9 | e1215

Baharlou H, Canete NP, Cunningham AL, Harman AN,
Patrick E. Mass cytometry imaging for the study of
human diseases—applications and data analysis
strategies. Front Immunol 2019; 10: e2657.

Chang Q, Ornatsky Ol, Siddiqui I, Loboda A, Baranov VI,
Hedley DW. Imaging mass cytometry. Cytometry A
2017; 91: 160-169.

Giesen C, Wang HA, Schapiro D et al. Highly
multiplexed imaging of tumor tissues with subcellular
resolution by mass cytometry. Nat Methods 2014; 11:
417-422.

Ali HR, Jackson HW, Zanotelli VR et al. Imaging mass
cytometry and multiplatform genomics define the
phenogenomic landscape of breast cancer. Nat Cancer
2020; 1: 163-175.

Aoki T, Chong LC, Takata K et al. Single-cell
transcriptome analysis reveals disease-defining T-cell
subsets in the tumor microenvironment of classic
Hodgkin lymphoma. Cancer Discov 2020; 10: 406-421.
Zhu Y, Yeung T-L, Sheng J et al. An image informatics
pipeline for imaging mass cytometry to characterize the
immune landscape in pre-and on-treatment immune
therapy and its application in recurrent platinium-
resistant epithelial ovarian cancer. 2019 IEEE EMBS
International Conference on Biomedical & Health
Informatics (BHI): |IEEE; 2019, p. 1-4.

Neal JT, Li X, Zhu J et al. Organoid modeling of the
tumor immune microenvironment. Cell 2018; 175(1972—
1988): e1916.

Azizi E, Carr AJ, Plitas G et al. Single-cell map of diverse
immune  phenotypes in the breast tumor
microenvironment. Cell 2018; 174: 1293-1308.e1236.
Andor N, Simonds EF, Czerwinski DK et al. Single-cell
RNA-Seq of follicular lymphoma reveals malignant B-
cell types and coexpression of T-cell immune
checkpoints. Blood 2019; 133: 1119-1129.

Zhang P, Yang M, Zhang Y et al. Dissecting the single-
cell  transcriptome network underlying gastric
premalignant lesions and early gastric cancer. Cell Rep
2019; 27: 1934-1947.e1935.

Wang Y, Ma S, Ruzzo WL. Spatial modeling of prostate
cancer metabolic gene expression reveals extensive
heterogeneity and selective vulnerabilities. Sci Rep
2020; 10: 1-14.

Page 12

80.

81.

82.

83.

84.

85.

86.

87.

H Sadeghi Rad et al.

Ji AL, Rubin AJ, Thrane K et al. Multimodal analysis of
composition and spatial architecture in human
squamous cell carcinoma. Cell 2020; 182: 497-514.
Schuerch C, Barlow GL, Bhate SS, Samusik N, Nolan GP,
Goltsev Y. Dynamics of the bone marrow
microenvironment  during  leukemic  progression
revealed by codex hyper-parameter tissue imaging.
Blood 2018; 132: 935.

Schurch CM, Bhate S, Barlow GL et al. Coordinated
cellular  neighborhoods  orchestrate  antitumoral
immunity at the colorectal cancer invasive front. Cell
2019; 182: 1341-1359.e19.

Toki MI, Merritt C, Ong G et al. Validation of novel
high-plex protein spatial profiling quantitation based
on NanoString’s Digital Spatial Profiling (DSP)
technology with quantitative fluorescence (QIF)
[abstract]. In: Proceedings of the American Association
for Cancer Research Annual Meeting 2017; 2017 Apr 1-
5, Washington, DC. Philadelphia (PA): AACR; Cancer Res
2017;77(13 Suppl): Abstract nr 3810. https://doi.org/10.
1158/1538-7445.AM2017-3810

Monkman J, Taheri T, Warkiani ME et al. High-Plex and
high-throughput digital spatial profiling of non-small-
cell lung cancer (NSCLC). medRxiv 2020. https://doi.org/
10.1101/2020.07.22.20160325

Navas T, Fino K, Fung KL et al. A multiplex
immunofluorescence assay to assess immune checkpoint
inhibitor-targeted = CD8  activation and  tumor
colocalization in FFPE tissues. Alexandria, VA: ASCO:
American Society of Clinical Oncology, 2019.

Bleck M, Mierz D, Mikucki A et al. Tissue-based
characterization of T cell exhaustion in inflammatory
bowel disease and colorectal cancer using multiplex
IHC. SITC, 2019.

Marc N, Ross M, Srivastava A et al. Peritumoral
neutrophil  infiltration  predicts recurrence  of
hepatocellular carcinoma following liver

transplantation. SITC, 2019.

This is an open access article under the terms of
the Creative Commons Attribution License,
which permits use, distribution and reproduction
in any medium, provided the original work is
properly cited.

© 2020 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.


https://doi.org/10.1158/1538-7445.AM2017-3810
https://doi.org/10.1158/1538-7445.AM2017-3810
https://doi.org/10.1101/2020.07.22.20160325
https://doi.org/10.1101/2020.07.22.20160325
http://creativecommons.org/licenses/by/4.0/

