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The Cancer Transcriptome Atlas: Deep Spatial Characterization of the
Colorectal Cancer Tumor Microenvironment

Introduction

Colorectal carcinomas (CRC) are often subdivided based CTA Highlights

on microsatellite status into microsatellite stable (MSS) or «  CTA covers 1,800+ RNA targets for the discovery of
microsatellite instable (MSI) tumors. In general, patients novel spatial biology within cancer samples

that have MSI tumors are observed to have a hypermutator

phenotype leading to an immunogenic microenvironment. *  The GeoMx DSP workflow gives scientists ultimate
Furthermore, inflamed (hot) tumors have both a better prognosis freedom to explore morphological structures
and response to immunotherapeutic intervention. In contrast, R

Segmentation based on PanCK paired with the CTA

MSS tumors are often considered immune cold and unresponsive illuminates the impact of infiltrating immune cells

to immunotherapy.

« Contour analysis unveils active antigen sampling
However, there exists a subset of patients with MSS colorectal and presentation at the invasive margin
cancer that respond to immunotherapy suggestive of additional R
mechanisms regulating the ability to enable a productive
immune response within these tumors® 2. Similarly, not all MSI
patients respond to immunotherapeutic intervention, even while

Rare cell analysis of Intra-tumoral vs Stromal
T-cells shows immune checkpoint activation
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having a generally favorable prognosis. The GeoMx® Digital
Spatial Profiler (DSP) allows for high-plex spatial analysis of

the molecular mechanisms at work throughout tissues. This
approach can identify unique spatial biology and immune
characteristics not captured by microsatellite status. The spatial
information captured by GeoMx DSP provides more granular and
contextual information than traditional gene signatures alone
and has the potential to better predict response to therapeutic
intervention.

Exploring the Tumor Microenvironment of

Colorectal Cancers with GeoMx DSP

While many technologies focus on either exploring the spatial
context of a handful of targets, or expression patterns of
hundreds or thousands of targets in bulk samples or dissociated
single-cells, the GeoMx Cancer Transcriptome Atlas (CTA) for use
with the GeoMx DSP blends high-plex and spatial analysis in a
single experiment (FIGURE 1). The GeoMx DSP enables spatially
resolved, digital characterization of proteins or mRNA in a highly
multiplexed (>1,000-plex) assay. The assay relies upon antibody
or RNA probes coupled to photocleavable oligonucleotide tags
called DSP barcodes. After hybridization of probes to slide-
mounted tissue sections, the DSP barcodes are released from
discrete regions of the tissue via UV exposure. Released tags

are quantitated via sequencing and counts are mapped back

to tissue location, yielding a spatially-resolved digital profile of
analyte abundance. The CTA uses these RNA probes and was
designed with the spatial context of cancer biology in mind to
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FIGURE 3: Overview of the Cancer Transcriptome Atlas.
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enable studying key facets of disease without compromising
sensitivity or specificity in Formalin Fixed Paraffin Embedded
(FFPE) or fresh frozen tissues.

We undertook a series of experiments to demonstrate the

ability of the GeoMx DSP and CTA to characterize the dynamics
occurring within the tumor microenvironment of MSI and

MSS tumors. These experiments focused on three distinct
objectives: dissecting the activity within tumor and immune
compartments across the tissue, specifically characterizing

the invasive margin of highly infiltrated tumors, and studying

the changing expression within T-cells as they invade into the
tumor microenvironment in hot tumors. The workflow used

to accomplish these objectives is outlined in FIGURE 2. Each

of these questions relies on the ability to sample many genes,
while retaining the spatial relationships of cells in the tissue in
flexible ways specific to each question and unique tissue biology.
The GeoMx DSP combined with the comprehensive coverage
provided by the CTA enables each of these questions to be
explored within a single slide and across cohorts of banked
tissues. In this white paper we will describe the design and use of
the CTA in these studies.

Comprehensive Cancer Exploration with the CTA

The CTA is designed to deeply profile the interaction between
tumor cells and the adjacent surrounding tissues. n developing/
designing the CTA we leveraged content from NanoString’s
700+ gene expression panels for the nCounter® platform, which
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MSI CRC Sample MSS CRC Sample

FIGURE 4: Segmentation Strategy to profile MSI and MSS patient samples. Regions of interest shown on whole slide with example regions selected as well as UV
illumination path for tumor (orange) or TME (blue) segments.
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FIGURE 5: Pathway analysis of Tumor Segments within MSI or MSS samples. A) Volcano plot showing association of gene expression with MSI status B) Pathway
analysis exploration enabled by Reactome database, showing enrichment of pathways associated with genes highly expressed in within the tumor segments of the
MSI patient
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focus on various facets of tumor and immune biology curated
through extensive literature review and thought leader input.
These bulk expression panels have led to over 3,300 publications
and key discoveries within the immuno-oncology field such as
the definition of the tumor inflammation signature (TIS) that
predicts response to pembrolizumab*°. Additional content
included from recent developments in the field of immuno-
oncology expands the CTA coverage to new biological areas
such as metabolic pathways and the immune microenvironment
(FIGURE 3). This comprehensive and data driven approach to
content development provides complete, spatial analysis of
tumor samples. Measuring 1,834 genes simultaneously, this
panel covers all immune cell types and checkpoint molecules,
13 canonical cancer pathways, and 55 common functional
ontologies related to the microenvironment and tumor biology.

CTA probes are designed to hybridize to a unique sequence
within the targeted transcript. Multiple probes are designed

for each gene across different locations within the transcript
allowing quantification of each mRNA, even if degradation

of a molecule at an individual probe binding site occurs and
the full-length transcript is no longer intact. Targeting regions
throughout the transcript offers distinct advantages over Poly-A
based capture methods, including the ability to target partially
degraded RNA, non-coding RNA molecules, splice isoforms,
and non-human sequences. The DSP barcodes attached to CTA
probes are designed to be compatible with standard next-
generation sequencing (NGS) platforms and standard library

Y -‘1» MET Gene
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preparation kits for seamless integration into current laboratory
workflows. The resulting FASTQ reads are then processed in a
NanoString-provided bioinformatics pipeline and the results are
imported into GeoMx DSP Data Analysis software. This software
allows for high-plex expression analysis alongside the tissue
section images and ROl selections.

Additionally, CTA can be customized with additional genes of
interest as a spike-in to the original content. As many tumors
have complex and specific etiologies, this provides the flexibility
to further understand questions such as tumor subtyping or viral
infection that are specific to a given study.

The flexibly of regions of interest (ROI) selection with GeoMx
DSP allows important biological questions to be asked in the
most appropriate manner. The region illuminated by the UV
light can be finely tuned to measure CTA genes expressed
within specific ROls and further segment these into biological
compartments. Geometric profiling can be used to assess
tissue heterogeneity by profiling with standardized geometric
shapes or user-defined polygons across distinct tissue regions.
Segmentation uses immunofluorescent morphology markers

to identify and profile distinct biological compartments within
an ROI. Contour profiling evaluates how proximity affects
biological response and the local microenvironment around a
central structures or tissue boundaries. Finally, rare cell analysis
reveals the function of specific cell types within throughout a
tissues architecture by focusing on cell type specific morphology
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FIGURE 6:Deep Exploration of Pathway Signaling Across the Tumor Invasive Margin. A) Invasive margin profiling segmentation strategy and illuminated regions
collected B) Examples of genes and pathways associated with location across the invasive margin MET gene and Chemokine Binding pathway C) Volcano plot
showing pathways associated with expression at the invasive margin (* FDR < 0.05, ** < 0.01) D) Examples of genes and pathways with highest expression at the
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markers. For the set of experiment explored here, we applied
three distinct profiling methods (FIGURE 2) that unlock unique
aspects of the biology of colorectal carcinomas.

Biology Driven Segmentation Differentiates Infiltrated from
Excluded Tumors

To demonstrate the ability of the CTA to sensitively and
specifically investigate the TME of CRC samples, we first
compared the PanCK+ tumor compartment within a highly
infiltrated MSI sample to the PanCK+ compartment in a non-
infiltrated MSS sample (FIGURE 4). These samples were chosen
because they contained a large T-cell presence within their
stroma, but were differentiated based on the ability to recruit
T-cells into the TME and their MSI status. In this experiment we
used PanCK immunofluorescence (IF) to segment ROIs placed
throughout the tissue into Tumor and TME segments. The TME
segments were defined by collecting regions that were both
PanCK- and were more than 3 microns away from the boundary
of the PanCK+ regions® 78,

After collecting and quantifying the gene expression of these
discreet regions we compared the tumor regions between the
two samples to determine if we were able to confirm the immune
infiltration observed during IF staining. Under this analysis we
identified key immune-cell lineage specific genes enriched within
the tumor compartment of the MSI sample (FIGURE 4). Standard
hierarchical clustering of the top differentially expressed

genes from the MSI and MSS samples identified several unique
features about these samples, such as the expression of distinct
oncogenes between the two tumors, as well as an enrichment of
interferon responsive genes in the MSI sample (FIGURE 5A-B).
Moreover, we were able to demonstrate that such enrichment
was specific to immune pathways within the PanCK+ regions

2
T-cell Enrichment Inside Tumor

of the infiltrated MSI tumors (FIGURE 5C)°. To perform this
analysis, we extracted the list of differentially expressed targets
up-regulated within the MSI sample and queried this set of
genes against the Reactome database using over-representation
analysis (ORA)°, robustly demonstrating the enrichment of
immune signatures within the MSI samples.

The GeoMx CTA Unlocks Transcriptional Program of
Tumor Infiltrating Cells

After demonstrating the ease by which the CTA can enable
complex interrogation of tissue heterogeneity we wanted to
explore additional key structures in these samples. As tumors are
heterogenous, there are often structures of interest embedded
within the tissue that can only be explored by maintaining the
architecture of the tissue. The tumor invasive margin presents

a key opportunity for understanding how CRC tumors are
interfacing with their environment, and what signaling may be
responsible for how the immune system and the tumor interact.

To better understand how the tumor architecture changes as

we move towards and across the invasive margin, we defined
the boundary between the tumor and microenvironment via

IF and created 50 ym wide segments that spanned outward

or inward from that boundary in two CRC samples that were
highly infiltrated. An example of this ROl selection is shown in
FIGURE 6. To deeply interrogate the invasive margin, we applied
single-sample Gene Set Enrichment Analysis (ssGSEA)" to
calculate pathway scores for each segment across all ROls.

To look for pathways that varied relative to distance from the
invasive margin, we utilized a linear mixed effect model™ " to test
whether any pathways were strongly associated with distance,
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across ROIs and slides tested. We observed expression of key
tumor-intrinsic markers increasing inside the tumor, such as the
oncogene MET (FIGURE 6B), as well as an overall enrichment
of immune cell related signaling and pathways outside of the
tumor, for example the chemokine binding pathway. To better
understand more complex spatial variation, we also examined
if any pathways were specifically increased or decreased at the
invasive margin (FIGURE 6B). Under this more nuanced analysis,
we observed that the several pathways are enriched around
the tumor invasive margin, such as activation of MHC class Il
presentation pathway and HLA-DRA expression specifically
(FIGURE 6C-D), suggesting that immune cells are specifically
sampling antigens present at the invasive margin, rather than
from deeper within the tumor core. This has direct implications
on understanding how antigen immuno-editing happens within
a tumor, and how T-cells are being programed to respond to
antigens present within the tissue.

Polarization of CD3+ Lymphocytes in Highly

Infiltrated Tumors

Another key question that exists within the immuno-oncology
field is what happens to specific cell types within different
compartments of the tumor. Here we studied T-cells dispersed
throughout multiple regions of the tissue. We combined
segmentation and contouring to understand the distribution of
gene expression of cells embedded within tissue, as well as the
neighboring cells’ expression (FIGURE 7A). This provides not
only an understanding of T-cells as they invade into a tumor, but
also the response of cells around them to their presence within a
tissue.

In this experimental design, because the cells are tightly
interspersed between stromal or tumor cells, by sampling both
T-cells and the surrounding tissue, we can directly examine which
cells are expressing which targets. This is done by calculating

the fold change between the T-cell and the adjacent contour
segment. After calculating this fold change, we can then
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determine which markers are specifically expressed by different
subsets of T-cells, those within the tumor and those outside of it.

This methodology can specifically identify T-cell and neighboring
environmental-specific expression (FIGURE 7B). We observed
not only canonical cell surface markers such as CD3E

(FIGURE 7C), but also key markers involved in T-cell activation
and polarization, and subsets of T-cells within this data including
lowly expressed transcripts such as FOXP3. Furthermore, upon
invasion within the tumor, we also identified several checkpoint
molecules being expressed specifically by T-cells, such as

LAG3, HAVCR2 (TIM3) (FIGURE 7C) and TNFRSF9 (4-1BB)
(FIGURE 6C), as well as enrichment of cytolytic activity genes.

Summary

In this white paper we reviewed the development of the

Cancer Transcriptome Atlas, and several use cases in CRC that
demonstrate how this panel can be leveraged to profile the
interaction between the tumor and the microenvironment in
broader disease areas. Segmentation profiling finely dissected
key molecular differences within the tumor microenvironment.
Contour profiling followed the unique expression changes

across the tumor invasive margin that associate with immune
infiltration and activity across and at this boundary. Rare cell
profiling illuminated the specific transcriptional profile of T-cells
infiltrating the tumor. These workflows relied on data analysis
tools readily available as part of the GeoMx DSP platform, as well
as common analytical methods developed by the bioinformatics
community. As the field of immuno-oncology and spatial biology
expands, the GeoMx DSP and CTA will be key tools to interrogate
hypotheses about tumor heterogeneity, tissue structure, and
response to therapeutic intervention.

To get access to a sample dataset from the first experimental
design described in this document, please reach out to
GeoMxSupport@nanostring.com.
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