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MACHINE LEARNING, COMPUTATIONAL PATHOLOGY, AND BIOPHYSICAL IMAGING
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Over 150,000 Americans are diagnosed with colorectal cancer (CRC) every year, and annually
>50,000 individuals are estimated to die of CRC, necessitating improvements in screening, prog-
nostication, disease management, and therapeutic options. CRC tumors are removed en bloc with
surrounding vasculature and lymphatics. Examination of regional lymph nodes at the time of sur-
gical resection is essential for prognostication. Developing alternative approaches to indirectly
assess recurrence risk would have utility in cases where lymph node yield is incomplete or inad-
equate. Spatially dependent, immune cellespecific (eg, tumor-infiltrating lymphocytes), proteomic,
and transcriptomic expression patterns inside and around the tumordthe tumor immune micro-
environmentdcan predict nodal/distant metastasis and probe the coordinated immune response
from the primary tumor site. The comprehensive characterization of tumor-infiltrating lymphocytes
and other immune infiltrates is possible using highly multiplexed spatial omics technologies, such
as the GeoMX Digital Spatial Profiler. In this study, machine learning and differential co-expression
analyses helped identify biomarkers from Digital Spatial Profilereassayed protein expression patterns
inside, at the invasive margin, and away from the tumor, associated with extracellular matrix
remodeling (eg, granzyme B and fibronectin), immune suppression (eg, forkhead box P3),
exhaustion and cytotoxicity (eg, CD8), Programmed death ligand 1eexpressing dendritic cells, and
neutrophil proliferation, among other concomitant alterations. Further investigation of these bio-
markers may reveal independent risk factors of CRC metastasis that can be formulated into low-cost,
widely available assays. (Am J Pathol 2023, 193: 778e795; https://doi.org/10.1016/
j.ajpath.2023.02.020)
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Colorectal cancer (CRC) has the fourth highest cancer
incidence rate in the United States and carries a lifetime risk
of roughly 4%. The incidence of colorectal cancer is
correlated with increasing age, with most colorectal cancer
cases occurring in patients aged >50 years. However, in the
United States, the incidence of colorectal cancer in patients
aged <50 years is increasing. The reason for this sudden
stigative Pathology. Published by Elsevier Inc. All rights reserved.
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Colon Tumor Metastasis Spatial Profiling
increase is not known, as the disease etiology is thought to be
a complex interaction of dietary patterns, environmental ex-
posures, and genetic influences. In addition, CRC incidence
varies widely around the world, with the highest rates re-
ported in Australia, New Zealand, Europe, and North
America, further supporting the complexity of the disease.
According to the National Cancer Institute’s Surveillance
Epidemiology and End Results program, disparities exist by
age, sex, and ethnicity in disease incidence nationwide.
Despite varying incidence rates, CRC is the third largest
contributor to cancer deaths worldwide, indicating a signifi-
cant unmet need to improve curative-intent therapy for
adequately identifying and treating CRC to prevent death.1e3

Early-stage colorectal cancer that has not spread to lymph
nodes or other distant sites has a 5-year survival rate of
91%; however, if it has spread to the regional lymph nodes,
the 5-year survival rate decreases to 72%, an important
factor in patient outcomes. Pathologic tumor, node, and
metastasis (pTNM) stage at presentation is considered the
most important factor for ascertaining CRC prognosis. CRC
staging elements include the following: the level of tumor
invasion (T0-4b), regional lymph node metastasis (N0-2b),
and distant metastasis (M0-1). Distant metastasis at diag-
nosis is associated with a 5-year survival rate of only 14%.
Approximately 37% of patients are diagnosed with localized
disease, 36% are diagnosed with regional lymph node
spread, and 22% are diagnosed with distant metastasis.
Identification of regional nodal disease often indicates the
usage of adjuvant therapies (eg, chemotherapy), as regional
nodal positivity is a risk factor for tumor recurrence.4,5

Processes governing cellular migration and metastasis
involve cellular biochemical alterations related with primary
tumor formation. Through rapid mitotic activity and the
accumulation of genomic instability, cells gain the capacity
to invade mesenchymal tissue and vasculature. In circula-
tion, tumor cells migrate through the intravascular and
extravascular systems, evade DNA damage response path-
ways, prime sites for metastasis, and establish a favorable
micro-environment for metastasis, including activation of
T-regulatory cells and angiogenesis. Outside of the standard
pTNM staging, some hypothesize that tumor border
morphology is a strong, independent prognostic factor
(eg, tumor budding). Other specific pathologic findings of
poor prognosis include a poorly defined border, invasion
through mucosal layers without expected stromal reaction,
and focal dedifferentiation. Metastatic potential has also
been shown to vary by primary tumor site (eg, left sided).6

These findings may be specific to common progression
pathways [eg, adenomatous polyposis coli, microsatellite
instability (MSI), and CpG island methylator phenotype].

Several studies concur on the importance of the tumor
immune microenvironment in CRC prognosis. Specifically,
high densities of tumor-infiltrating lymphocytes (TILs)
improve prognosis and the 5-year survival rate of patients
with CRC metastases. In addition to spatial distribution and
density, previous studies have shown that the type,
The American Journal of Pathology - ajp.amjpathol.org
activation state, and location of infiltrating lymphocytes
determine the tumor microenvironment’s immune response
and its antitumoral effectiveness. In general, the presence of
TILs confers a favorable prognosis. TIL cells appear to have
more potent and directed anti-tumor effects than peripheral
blood circulating lymphocytes.7e9 Various tumor-specific
characteristics, including mismatch repair alterations,
determine TILs’ effect on the tumor microenvironment
(TME) and prognosis.10e12 Although ample evidence sug-
gests that while the overall presence of immune infiltration
carries a favorable prognosis, not all immune lineages
support these favorable findings.

Current methods of prognosticating recurrence and sur-
vival are crude and need improving. Specimen inadequacy
and inadequate lymph node yield are important limitations
to current prognostication methods.13e17 This incomplete or
inadequate assessment can affect the accuracy of tumor
staging and subsequent disease management options, such
as whether a patient should receive adjuvant chemotherapy.
Patients who receive extended lymphadenectomies have
better outcomes; however, this is not the standard of care
and can cause increased morbidity. Multiplexed genomic,
proteomic, and transcriptomic assays of tumors have
revealed an incredible variation at the level of the host, the
tumor, and the tumor’s micro-environment, along with
complex regulatory networks and interactions. However,
most of these findings are still in the discovery phase and
have not been validated clinically, with the weak link of
such multiplexed methods being the origin of the examined
cells. New evidence strongly suggests that cells’ origin and
anatomic location play a significant role in prognostication.
Multiplexed spatial molecular cancer tools have recently
been developed, generating a new frontier in cancer diag-
nosis, treatment, and prognosis. In CRC specifically, a lot
remains to be learned, such as information on cell
typeespecific molecular alterations (eg, transcriptome
expression) within unique spatial arrangements related to
colon cancer metastasis.18 The development of spatial omics
technologies, such as Spatial Transcriptomics (10x Geno-
mics, Pleasanton, CA) or GeoMX Digital Spatial Profiling
(DSP; Nanostring, Seattle, WA), has enabled multiplexing
findings (eg, whole transcriptome) at incredible spatial res-
olution. The GeoMX platform first deposits an RNA/protein
barcode for expression profiling across an entire tissue slide.
Fluorescent antibodies that highlight various tissue types
stain the slide to highlight relevant structures for the selec-
tion of regions of interest (ROIs). Within selected regions of
interest (which can vary from single cell sized to nearly a
centimeter squared), ultraviolet light is used to cleave
barcodes from substrate selectively, and these barcodes are
retrieved for quantitation using nCounter and next-
generation sequencing. Analysis of such data may reveal
spatially variable gene expression, characteristic spatial
patterns of expression (which may inform spatially variable
cell type proportions), or information about how cells
communicate to elicit an immune response.
779
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As an application of these techniques, GeoMX platform
has been used to study the differences between TILs and
nontumor/stromal lymphocytes in tumors driven by micro-
satellite instability.19 This study uncovered expression pat-
terns in intratumoral T cells and extratumoral T cells related
to cytolytic activity and cell-cell interactions. Another study
found a correlation between spatial statistics from 55 fluo-
rescently tagged antibodies and the 5-year risk of CRC
progression.20,21 Other studies include the role of neutro-
phils in poor prognosis22 and how the spatial distance be-
tween key TIL lineages may be influenced by programmed
death ligand 1 (PD-L1) expression.20,21 Finally, the spatial
relationship between lymphocytes and tumor budding is a
prognostic predictor.23,24 Few studies have attempted to use
information on tissue context-specific immune cell expres-
sion to predict the metastatic potential of CRC tumors.

Several factors complicate assessments for the presence
and prevention/inhibition of tumor metastasis, chiefly
considering the capacity to surgically resect the positive
lymph nodes as well as establish etiological models of
metastasis that are targetable through commensurate
emerging therapeutics (eg, immunotherapies). For instance,
an incomplete lymph node dissection can potentially result
in a false-negative finding, inaccurately determining recur-
rence risk. These deficiencies necessitate the development of
tools to reduce the potential for inadequate assessments or to
fill in the missing information. This study aims to charac-
terize spatial immunologic correlates of nodal and distant
metastasis from the primary tumor site through the appli-
cation of digital spatial profiling.

Materials and Methods

Methods Overview

Figure 1 shows a graphical overview of the methods used
herein. In brief, we: i) collected 36 resected colorectal tumor
specimens; ii) using a spatial proteomics assay, profiled
immune cells within three spatial architectures (Figure 1E);
and iii) identified biomarkers/lineages associated with nodal
and distant metastasis within these architectures, controlling
for local invasiveness. Biomarkers were inferred through
differential expression analyses, and the potential for two
biomarkers at a time to carry additional predictive value (as
compared with individual markers) for metastasis was
assessed through the following assessments: i) relative
expression between the biomarkers (ie, CD8/FOXP3);
ii) interactions (ie, conditional on one cell type, what is the
association of another and metastasis); and iii) differential
co-expression.

Data Acquisition and Preprocessing

Thirty-six colon adenocarcinoma resections performed at
Dartmouth Hitchcock Medical Center from 2016 to 2019
were selected for digital spatial profiling with institutional
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review board approval. Approximately half of them showed
local invasion but no nodal or distant metastasis, and the
other half showed nodal and/or distant metastasis. Of the
cases with concurrent metastasis, all cases exhibited local
lymph node involvementdabout half of these cases
metastasized to distant sites. Sample size was determined on
the basis of the feasibility of this pilot study and through an
empirical power analysis, which simulated data from the
statistical models introduced in subsequent sections. The
cohort was restricted to stage pT3 assignments under the
pTNM staging system, which balances the impacts of local
invasion and nodal and distant metastasis for prognostica-
tion. T stage refers to the degree of invasion at the local site.
By restricting the T stage, the authors sought to identify
markers that provide prognostic value (ie, predictive of
metastasis) beyond that offered through the current prog-
nostic staging system (based on T stage; future studies will
assess recurrence risk biomarkers with predictiveness above
and beyond pTNM staging). Cases were matched between
the nonmetastatic and metastatic groups based on tissue size
(measured through connected component analysis of whole
slide images), tumor grade, mismatch repair (MMR) dys-
regulation status [MMR deficient (dMMR) and MMR
proficient (pMMR); as assessed through immunohisto-
chemistry], site of the tumor (eg, descending or ascending
colon), age, and sex. Matching and randomization were
achieved by conducting Fisher exact tests and two-sample
t-tests after iterative resampling (Table 1). dMMR reflects
the loss of staining in at least one of four mismatch repair
genes [MutL homolog 1 (MLH1), postmeiotic segregation
increased 2 (PMS2), MutS homolog 2 (MSH2), and
MSH6]. As MSH2 and MSH6 alterations were relatively
rare for cases within the queried time periods, dMMR
status was reported from alterations to either MLH1 or
PMS2 (MSH2 and MSH6 alterations were not present in
this cohort).25,26

Tissue blocks were sectioned (5 mm thick) and stained with
fluorescent-labeled antibodies [highlighting tumor (pan-
cytokeratin [PanCk]), immune cells (CD45), and nuclei
(SYTO13)]. Fluorescent antibodies were covalently linked to
photocleavable oligonucleotide tags associated with a targeted
panel of immune cell profiling and tumor immune environ-
ment protein markers (40 total markers). Sections were
visualized using the GeoMX DSP instrument, which dis-
played immunofluorescence (IF) images. Subsequent sections
were stained with hematoxylin and eosin and scanned using
the Aperio-AT2 scanner (Leica, Wetzlar, Germany) at �20
magnification. Hematoxylin and eosinestained images were
stored in SVS format (eight-bit color channels). IF whole slide
images were stored in TIFF format (16-bit unsigned color
channels; one channel per stain).
A gastrointestinal tract pathologist (L.J.V.) used the

ASAP annotation software version 2.1 (https://
computationalpathologygroup.github.io/ASAP) to view the
hematoxylin and eosin and IF whole slide images side by
side to annotate sections and spatially resolved immune
ajp.amjpathol.org - The American Journal of Pathology
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controls needed to run any GeoMx DSP experiment.

Figure 1 Study overview: A: Hematoxylin and eosine and immunofluorescence-stained slide used to help place region of interest for profiling within three
distinct architectures: intratumoral (Intra; blue), interface (Inter; red; invasive margin or peritumoral), and away (green); colors for outlined macro-
architectures correspond with colors used in Figure 1E to denote separate tissue architectures. B: Within distinct architectures, expression of specific lineages/
protein markers predictive of metastasis (METS) status; box plots used to communicate center and spread of hypothetical expression of canonical protein
markers correspondent to immune cell sublineages; box plots are compared for patients without metastasis (blue), patients with nodal metastasis (red), or
patients with distant spread (orange); expression differences reported for each architecture (here intratumoral and interface). C: Mixed-effects machine
learning (MEML) models uncover statistical interactions between specific immune cell types (ie, different risk of metastasis for specific cell type conditional on
another cell type); illustrates how interaction (two crossing lines) are uncovered, invariant to batch/patient; association of protein j (corresponding to the
green cell type, as denoted by the green sphere) with metastasis is reported separately for yellow cell types and for cell types that are not yellow. D: Dif-
ferential co-expression patterns identify correlations between markers (proteins j and k corresponding to the green and purple cell types, respectively) that are
metastasis specific. E: Identifying predictive protein biomarkers (ie, cell lineages, with different lineages denoted by different color spheres) for nodal and
distant metastasis within these regions: intratumoral (blue), interface (red; invasive margin), and away (green); color assigned to each macroarchitecture
similar to colors in Figure 1A. Intra, Inter, and Away are described in Data Acquisition and Preprocessing. PanCk, pancytokeratin.

Colon Tumor Metastasis Spatial Profiling
populations based on three distinct macroarchitectural
regions: intratumoral (intra), tumor-immune interface
(inter), and away from the tumor (away) (Figure 1A).27

These regions were outlined using polygonal/spline anno-
tations. Eight ROIs (square grids of maximal spatial di-
mensions allowable by the GeoMx DSP instrument) were
placed within each annotated region per slide (24 ROIs per
slide) using a semi-autonomous placement system. The
ROIs were uploaded and registered to the DSP IF images.
An automated process initially selected a random distribu-
tion of eight potential ROIs per annotated region. When
ROIs were suboptimal (eg, insufficient CD45 staining,
incorrect region; determined through a visual assessment), a
pathologist (L.J.V.) manually adjusted to the nearest
appropriate region. Immune cells were isolated within each
ROI via image segmentation of the CD45 stain (to establish
pixel-wise locations with CD45þSYTO13þPanCk staining),
followed by a connected component analysis. Segmented
The American Journal of Pathology - ajp.amjpathol.org
ROIs were profiled through targeted ultraviolet cleavage of
attached oligo tags. The Nanostring nCounter was used to
quantify immune cell protein expression across 40 immuno-
oncology markers. These markers were selected from three
GeoMx DSP immuno-oncology protein panels offered by
NanoString Technologies (Seattle, WA). Specifically, the
following three panels were selected of eight potential op-
tions because they were specific to immune lineage profiling
and previous studies7,28,29 demonstrating association of
some of these markers with metastasis (see Introduction;
other panels were less relevant):

1. GeoMx Immune Cell Profiling Panel: Includes 18 targets
for human immune cell profiling, with positive and
negative controls. This panel includes markers for im-
mune cells (CD45), proliferation (Ki-67), antigen pre-
sentation (B2M), and vasculature (CD31) and the
781
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Table 1 Patient Cohort Characteristics

Characteristic No metastasis Metastasis P value Lymph node only Distant þ lymph node P value

N 16 19 8 11
pMMR, n % 10 (62.5) 12 (63.2) 1 6 (75.0) 6 (54.5) 0.667
Grade, n (%) 0.789 0.408

1 8 (50.0) 11 (57.9) 6 (75.0) 5 (45.5)
2 4 (25.0) 3 (15.8) 1 (12.5) 2 (18.2)
3 4 (25.0) 5 (26.3) 1 (12.5) 4 (36.4)

Site, n (%) 0.936 0.142
Cecum 6 (37.5) 5 (26.3) 1 (12.5) 4 (36.4)
Hepatic flexure 1 (6.2) 1 (5.3) 0 (0.0) 1 (9.1)
Descending colon 2 (12.5) 2 (10.5) 1 (12.5) 1 (9.1)
Rectum 1 (6.2) 3 (15.8) 3 (37.5) 0 (0.0)
Ascending colon 2 (12.5) 3 (15.8) 2 (25.0) 1 (9.1)
Sigmoid 1 (6.2) 3 (15.8) 0 (0.0) 3 (27.3)
Splenic flexure 1 (6.2) 1 (5.3) 1 (12.5) 0 (0.0)
Transverse colon 2 (12.5) 1 (5.3) 0 (0.0) 1 (9.1)

Male sex, n (%) 9 (56.2) 11 (57.9) 1 6 (75.0) 5 (45.5) 0.414
Age, mean (SD), years 71.06 (12.87) 66.21 (16.29) 0.342 67.75 (17.53) 65.09 (16.10) 0.736
N stage, n (%) N/A 0.074

0 16 (100.0) 0 (0.0) 0 (0.0) 0 (0.0)
1a 0 (0.0) 9 (47.4) 2 (25.0) 7 (63.6)
1b 0 (0.0) 4 (21.1) 2 (25.0) 2 (18.2)
1c 0 (0.0) 2 (10.5) 0 (0.0) 2 (18.2)
2a 0 (0.0) 2 (10.5) 2 (25.0) 0 (0.0)
2b 0 (0.0) 2 (10.5) 2 (25.0) 0 (0.0)

Stratified by metastasis status (yes/no). For patients with metastasis, stratified by whether there was only nodal involvement or both nodal and distant
involvement.
N/A, not applicable; pMMR, mismatch repair proficient.

Levy et al
2. GeoMx Immune Activation Status Panel: Includes eight
targets for human immune activation status. This panel is
run in tandem with the GeoMx Immune Cell Profiling
Panel and includes additional checkpoint molecules and
other markers corresponding to activated or memory T
cells.

3. GeoMx Immune Cell Typing Panel: Includes seven tar-
gets for human immune cell typing, AbMix, and Probe
R4. This panel is run in tandem with the GeoMx Immune
Cell Profiling Panel and includes key immuno-oncology
targets and markers of immune cell types, including T
cells, B cells, macrophages, natural killer (NK) cells, and
stroma.

The specificity of the antibodies used in the DSP protein
assay was validated by NanoString through immunohis-
tochemistry staining patterns and their performance in cell
pellet arrays and tissue microarrays, along with positive
and negative controls. This validation process is in line
with recent guidelines for antibody validation from the
Society for Immunotherapy of Cancer. Additional infor-
mation on the validation of these markers can be found in
several previous white papers and conference
abstracts.30,31

Four slides were profiled per DSP batch. Tissue lifting
after cover-slipping procedures led to additional case in-
clusion/exclusion. Because of issues with de-coverslipping
782
one of the tissue slides (eg, tear), one sample was removed
from the set (n Z 35). Returned data included protein
expression measurements for each ROI, tagged with po-
sitional x and y coordinates, an ROI-specific nuclei count,
and coregistered hematoxylin and eosin and IF slides from
the same section. ROIs were filtered on the basis of
expression relative to the negative control (825 ROIs
remaining after removal of one case and 15 additional
ROIs), normalized to IgG isotype controls [rabbit (Rb)-
IgG, mouse (Ms)-IgG1; Ms IgG2a demonstrated signifi-
cant batch effects] across batches after comparison to other
normalization methods (External RNA Controls Con-
sortium, nuclei count/area, and housekeepers), and log2
transformed. ROIs were further labeled with mismatch
repair deficiency status (using MLH1/PMS2 deficiency as
assessed through immunohistochemistry, as a proxy), age
and sex, site of origin/metastasis, tumor grade, nodal and
distant metastasis status, and macro-architectural region
(intra, inter, or away).
Differential Expression to Establish Clinical Markers of
Metastasis
The following bayesian hierarchical linear regression
models were fit to predict log2-transformed protein
expression to establish associations with metastasis (mets
used to separately indicate nodal metastasis, distant
ajp.amjpathol.org - The American Journal of Pathology
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metastasis, and nodal or distant metastasis):
log2ðproteiniÞZb0 þb1metsi þb2TMEi þb3metsi

� TMEi þ b4dMMRi þ b5agei þ b6sexi þ b7
!

$ z!

þ qpatient½i� þ εi

An interaction term between mets and TME allowed for the
evaluation of metastasis conditioned on the macro-
architecture (TME ˛ {intra, inter, away}), adjusting for
potential confounding (dMMR, age, or sex). Batch- and
case-level variations were captured with random intercepts,
q. Residual technical variation from the isotype controls was
modeled using z!. Effect estimates were communicated
using the median posterior sample of the effect estimate,
95% high-density posterior credible interval (similar to the
CI), posterior probability of direction (pd), transformed into
a value correlated to the P value (pz2 � ð1 � pdÞ) to
communicate the significance of the effect, with post hoc
comparisons via estimated marginal means through the
emmeans software package (R statistical programming
language version 4.1; https://cran.r-project.org/web/
packages/emmeans/index.html) to report metastasis-related
markers by macroarchitecture.32,33 A weakly informative
prior centered around 0 was chosen as type I error control in
favor of a multiple comparisons adjustment given the nature
of this exploratory analysis, although the exploratory nature
of this assessment was emphasized.34,35

These associations were also reported separately for
patients with/without MSI via the following statistical
model:

log2ðproteiniÞZb0þb1metsiþb2TMEiþb3dMMRiþb4metsi

� TMEiþb5metsi � dMMRiþb6TMEi � dMMRiþb7metsi � TMEi

� dMMRiþb8ageiþb9sexiþ b10
�!

$ z!þqpatient½i� þ εi

The three-way interaction between metastasis, MSI
status, and TME architecture was interrogated using
estimated marginal means (emmeans) to report metastasis-
related markers, conditional on macroarchitecture and
MSI status.

The effect estimates for each analysis for each protein and
their corresponding P values were displayed using volcano
plots using the EnhancedVolcano R package version 3.16
(https://bioconductor.org/packages/release/bioc/html/
EnhancedVolcano.html). Expression formarkers with large
effect sizes and significant P values (given an a significance
level of 0.05) were visualized using box plots (Figure 1B).
Statistical analyses were performed using the brms package
version 2.16 (https://paul-buerkner.github.io/brms) from the
R version 4.1 statistical programming language, which
leverages Hamiltonian Monte Carlo techniques in Stan to
compute bayesian effect estimates.36e38 Hamiltonian Monte
Carlomodels were run using theDiscovery computing cluster
at Dartmouth College (https://rc.dartmouth.edu/index.php/
discovery-overview).
The American Journal of Pathology - ajp.amjpathol.org
Relative Expression Between Proteins as Additional Markers
of Metastasis
In addition to evaluating specific cellular subsets indepen-
dently, the relative abundance of different immune cell
subsets could also point to metastasis-related factors. The
relative expression between two protein markers was
modeled using the following statistical models:

log2
�
proteinðjÞi

�
Zb0þb1metsiþb2TMEiþb3metsi

� TMEiþb4dMMRiþb5ageiþb6sexiþb7
!

$ z!þqpatient½i�

þ log2
�
proteinðkÞi

�
þ εi

log2
�
proteinðjÞi

�
Zb0þb1metsiþb2TMEiþb3dMMRiþb4metsi

� TMEiþb5metsi � dMMRiþb6TMEi � dMMRiþb7metsi � TMEi

� dMMRiþb8ageiþb9sexiþ b10
�!

$ z!þqpatient½i�

þ log2
�
proteinðkÞi

�
þ εi

Where the offset term, log2ðproteinðkÞi Þ is used to model
the relative abundances between immune cell lineages j and
k. Similar post hoc comparisons and displays (ie, volcano
plots and box plots) were constructed on the basis of the
relative proportion between marker expression:

log2

�
proteinðjÞi
proteinðkÞi

�
.

Machine Learning Classifiers to Report Salient Effect
Modifiers
A set of classifiers to estimate the probability of tumor
metastasis (lymph node, distant, or any) was developed
based on all markers (xi) within distinct architectures (intra,
inter, or away) by fitting nine tree-boosting models, ffð xi!Þ,
in a mixed effects machine learning modeling framework,
which leveraged gaussian process boosting decision
trees39,40: logitðpiÞZ ffð xi!Þ þ b

!
$ x!þ qbatch½i�. Salient

cross-level interactions were identified from the mixed ef-
fects machine learning modeling framework method using
the interactiontransformer package in Python version 3.7,
which scores interactions using Shapley Additive Explana-
tions (SHAP) and selects the top interactions using a knee
locator method. Interactions were applied to a bayesian hi-
erarchical logistic regression model to report pertinent effect
modifiers (eg, effect of CD20, conditional on age; in-
teractions encapsulated in x!)27,41: logitðpiÞZ
b
!
$ x!þ qbatch½i�. As many interactions were initially

selected, features were selected using the Horseshoe Least
Absolute Shrinkage and Selection Operator (LASSO)
method, and the remaining features were fit with weakly
informative priors.42,43 Effect estimates for salient effect
modifiers were reported similar to the previous sections.
Box plots were generated for select interactions, reporting
differences in expression of one protein marker by metas-
tasis, conditional on the presence of another protein marker
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(dichotomized into high or low expression by median
expression) (Figure 1C).

Statistically significant interactions were extracted from
all multivariable regression models. To determine whether
these interactions conferred additional predictive value
beyond individual protein biomarkers alone (ie, two bio-
markers studied in conjunction are additionally predictive of
metastasis over either marker alone), for each identified
interaction, models were refit with protein interactions and
without interactions (only keeping main effects from two
proteins), adjusting for age, sex, and MMR status. These
two models were compared using leave-one-out cross-vali-
dation posterior likelihood testing. The proportion of times
the extracted interactions outperformed the individual
markers (via leave-one-out cross-validation metrics), p, was
recorded and compared with the null hypothesis that the
extracted interactions only outperformed the individual
biomarkers half of the time (H0: PZ 0.5; H1: P > 0.5) via a
one-sample proportions test with continuity correction.

Differential Co-Expression Networks
Differential co expression networks were constructed to
identify sets of genes whose co-expression differed by
metastasis status. Co-expression between all pairs of genes
was assessed using repeated measure correlation (via the
rmcorr R package). The CDS framework was adapted for
this analysis, which evaluates whether log2-transformed
protein co-expression was conserved (C), specific (S), or
differential (D) between patient cohorts with and without
metastasis.44,45 Each pair of proteins was scored for each of
these criteria, which was used to generate networks that
pointed to co-expressed proteins that were metastasis related
(Figure 1D). A total of nine networks were constructed for
combinations of outcomes (lymph node metastasis, distant,
or any) and distinct architectures (intra, inter, or away).
Important markers for each network were identified through
the calculation of the eigenvector centrality on a weighted
adjacency matrix.

Web Application for Result Viewing
Because only a small subset of comparisons made for this
study are discussed, an RShiny web application (https://
levylab.shinyapps.io/ViewColonDSPResults, last accessed
October 15, 2021) was developed for viewing the study
findings.46 This application features the ability to view vol-
cano plots, box plots, differential co-expression, and classifier
results from all study comparisons and all numerical findings,
including those featured outside of the present work.

Code and Data Availability

Example analysis code used to generate article results can be
found in the following GitHub repository (https://github.
com/jlevy44/Colon_Protein_DSP_Study, last accessed
November 15, 2022). Because of patient privacy
restrictions and ongoing efforts to expand the study cohort
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for public access, the spatial proteomics data featured in
this study can be made available on reasonable request.
Raw expression data can also be explored using the
RShiny web application (see Web Application for Result
Viewing).
Results

This section reports metastasis associations identified using
the Digital Spatial Profiler for individual tissue architectures
(intra, inter, and away). The first set of experiments sought
to establish individual protein markers that correlated with
tumor metastasis. The next set of experiments sought to
report disease associations by assessing the following
markers in tandem: i) relative abundance/expression, ii)
protein interactions, and iii) differential co-expression.

Report of Clinical Characteristics for Cohort

Patient demographic characteristics, stratified by metastasis
status and restricted to patients with metastases, whether the
involvement was local or distant, are included in Table 1.
Results indicate that the cohort is well matched based on
MMR status, grade, primary site, sex, age, and N stage.

Differential Expression Results

Intratumoral
Metastasis-related markers within distinct macro-
architectures were investigated. In general, expression of
forkhead box P3 (FOXP3) and CD66b was reduced inside
the tumor for patients with metastasis (Supplemental
Figures S1 and S2). When restricted to patients with
MMR deficiency, PD-L2 expression was negatively asso-
ciated with metastasis in the intratumoral region. CD8 was
positively associated with lymph node metastasis in the
intratumoral regions (Figure 2), regardless of MMR status,
whereas CD44 expression was positively associated with
distant metastasis. Granzyme B (GZMB), PD-L1, and b-2-
microglobulin in patients with MMR deficiency were
associated with distant metastasis (Supplemental Figure S3).

Interface
In the tumor-immune invasive interface, increased expres-
sion of GZMB was associated with any metastasis. For
patients with MMR deficiency, CD56 expression was
negatively correlated with metastasis. Meanwhile, CD8,
PD-L1, and CD3 were positively associated with lymph
node metastasis (Figure 3). In addition to these markers,
CD127, CD3, and CD11c were also positively associated
with lymph node metastasis for microsatellite-stable tumors.
For MMR-deficient patients, CD34 and CD56 expression
were reduced for patients with lymph node metastasis. The
presence of GZMB in patients with MMR deficiency was
positively associated with distant metastasis.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Differentially expressed protein markers of local metastasis. Results stratified by tissue architecture: intratumoral (Intra; A, D, and G); interface/
peritumoral (Inter; B, E, and H); and away/stroma (Away; C, F, and I); results also stratified by mismatch repair (MMR) status: MMR proficient (pMMR; DeF)
and MMR deficient (dMMR; GeI); statistical significance cutoff at aZ 0:05; x-axis indicates effect size and directionality (positive x-value indicates
metastasis-related marker; negative indicates decreased metastasis risk); y-axis indicates effect significance (positive y-value indicates lower P value). Intra,
Inter, and Away are described in Data Acquisition and Preprocessing. FOXP3, forkhead box P3; PD-L, programmed death ligand; SMA, smooth muscle actin.

Colon Tumor Metastasis Spatial Profiling
Away
Away from the tumor, several factors were associated with
metastasis. In general, FOXP3 and CD14 expression were
negatively associated with metastasis. Although CD14
expression was especially relevant for patients without mi-
crosatellite instability, FOXP3 was salient for MMR-
deficient patients. In these patients, CD11c was associated
with lack of tumor metastasis. FOXP3 and CD11c were
associated with lack of lymph node metastasis regardless of
MMR status and in MMR-deficient patients, respectively.
CD11c, Ki-67, and FOXP3 were associated with no distant
metastasis, and GZMB expression was associated with
distant metastasis for patients with MMR deficiency
(Supplemental Figure S4).

A complete listing of differentially expressed markers and
the relevant statistical findings can be found in the Shiny
application.

Relative Expression Results

Nodal Metastasis
The relative abundance between specific immune cell line-
ages was highly predictive of metastasis. For instance, the
ratio between CD66b/CD8 expression in the intratumoral
region was negatively associated with lymph node
The American Journal of Pathology - ajp.amjpathol.org
metastasis (Figure 4). This trend was similar for the ratio
between FOXP3/PD-L1, but only for microsatellite-stable
patients. The relative expressions between CD8/cytotoxic
T-lymphocyteeassociated antigen 4 (CTLA4) and CD8/
CD56 were associated with lymph node metastasis at the
tumor interface.

Distant Metastasis
For distant metastasis, the relative expression between CD8
and CD4 compared with PD-L1 inside the tumor was nega-
tively associated with tumor metastasis for microsatellite-stable
patients (Supplemental Figures S5 and S6). At the interface,
the relative expression between CD11c and GZMB was
associated with no metastasis, whereas away from the tumor,
CD11c compared with CD34 was heavily negatively associ-
ated with distant metastasis.

A complete listing of relative abundance differences can
be found in the Shiny application.
Salient Effect Modifiers

Overall Metastasis
Several protein interactions were identified using the classi-
fiers. Of interest, immune cells in the intratumoral region
expressing the PD-L1 surface antigen were at reduced risk of
785
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Figure 3 Select protein marker expression for biomarkers predictive of nodal metastasis, stratified by mismatch repair (MMR) status: CD8 at the interface
(Inter; A); programmed death ligand 1 (PD-L1) at the interface (B); CD34 at the interface (C); and CD127 at the interface (D). Marker expression plotted in
beeswarm plots was filtered on the basis of the detection of outliers using a modified Tukey outlier testdafter this initial filtering, only points between the
10% and 90% quantiles for each stratum were included. Inter is described in Data Acquisition and Preprocessing. dMMR, MMR deficient; pMMR, MMR proficient.
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metastasis with higher CD34 expression (marker for immune
cell stemness and vascular endothelial cells). Cells lacking
this antigen demonstrated an increased risk of metastasis with
higher CD34 expression. Similar relationships were noted
between fibronectin and CD27 at the tumor interface. While
CD27þ cells demonstrated increased metastasis risk
compared with CD27e cells for low levels of fibronectin, the
opposite relationship was noted for fibronectin-positive cells.
Away from the tumor, tumor necrosis factor receptor family
member cells (CD40þ), which also expressed CD27 (another
tumor necrosis factor family cell), demonstrated an increased
risk of metastasis compared with CD27e cells, whereas the
opposite relationship held for CD40e cells.

Nodal Metastasis
Several noteworthy interactions for nodal metastasis were
noted and included the following: i) CD34ePD-L1 inter-
action in the intratumoral region (CD34 positively associ-
ated with metastasis for PD-L1e cells and negatively
associated for PD-L1þ cells), ii) an interaction between CD3
and CD44 at the tumor interface [high CD44 expression
related to nodal metastasis for tumors with cytotoxicity (eg,
CD3þ/CD8þ) at the interface], and iii) strengthened positive
association between CD127 and nodal metastasis for
CD66bþ cells at the interface (Figure 5).
786
Distant Metastasis
Increased PanCk expression for CD66be cells was posi-
tively associated with distant metastasis. At the interface,
increased expression of fibronectin was associated with
metastasis, but only for CD66bþ cells. Away from the
tumor, CD66b expression was correlated with metastasis for
immune cells deficient in fibroblast activation protein
(FAP)-a expression (Figure 6).
The identified metastasis-related interactions were addi-

tionally predictive beyond considering the individual pro-
tein biomarkers alone [proportion of times interactions
outperformed individual biomarkers: P Z 0.85 (95% CI,
0.68e0.94); P < 0.0001]. A complete listing of relevant
metastasis-related interactions can be found in the Shiny
application and supplementary table (Supplemental Table S1)
and figures (Supplemental Figures S7eS10).

Differential Co-Expression

Nodal Metastasis
Intratumoral: An analysis of differential co-expression
within architectures revealed conserved co-expression/
colocalization among helper, cytotoxic T cells and their
co-activators (eg, CD3, CD4, CD8, and CD40) within the
intratumoral region between patients with or without nodal
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Relative protein expression between markers predictive of nodal metastasis, stratified by mismatch repair (MMR) status: CD66b/CD8 inside the
tumor (Intra; A); forkhead box P3 (FOXP3)/programmed death ligand 1 (PD-L1) inside the tumor (B); CD8/cytotoxic T-lymphocyteeassociated antigen 4
(CTLA4) at the interface (Inter; C); and CD8/CD56 at the interface (D). Marker expression plotted in beeswarm plots was filtered on the basis of the detection of
outliers using a modified Tukey outlier testdafter this initial filtering, only points between the 10% and 90% quantiles for each stratum were included. Intra
and Inter are described in Data Acquisition and Preprocessing. dMMR, MMR deficient; pMMR, MMR proficient.

Colon Tumor Metastasis Spatial Profiling
metastasis. Important co-expressed genes did not change
across tissue architectures. Fibronectin, CD44, FAP-a, and
CD127 exhibited significant differential intratumoral co-
expression between patients based on their lymph node
status. Interface/away: Interestingly, co-expression with
fibronectin, FAP-a, and CD44 became increasingly less
relevant (as defined by either differential or specific co-
expression) for nodal metastasis at the interface and away
from the tumor, whereas CD163 demonstrated the opposite
relationship (Figure 6 and Supplemental Figures S11eS15).

Distant Metastasis
Patterns of conserved co-expression were similar between
patients with nodal and distant metastasis compared with the
controls. Intratumoral: Co-expression with CD40 and
inducible T-cell costimulator (ICOS) was increasingly less
relevant as a function of distance to the tumor for patients
with distant metastasis, whereas CD27 co-expression was
increasingly relevant with distance. Differential co-
expression with fibronectin in the tumor’s periphery (inter
and away) was associated more with distant metastasis than
co-expression inside the tumor. Interface/away: Co-
The American Journal of Pathology - ajp.amjpathol.org
expression with fibronectin and FOXP3 at the periphery
and beyond was not specific to metastasis/controls
compared with intratumoral regions (Figure 7 and
Supplemental Figures S16eS18).

Quantitative findings can be found in the Shiny applica-
tion. Significant markers were additionally predictive when
taken together using hierarchical clustering (Supplemental
Figure S19).
Discussion

Examination of regional lymph nodes at the time of sur-
gical resection is essential for CRC prognostication through
accurate TNM staging. Although it is important to maxi-
mize the number of lymph nodes assessed, recent
population-based studies have shown that examination and
processing of lymph node involvement is usually incom-
plete or inadequate. This incomplete or inadequate assess-
ment can impact the accuracy of tumor staging and
downstream disease management options, such as whether
the patient should receive adjuvant chemotherapy. Instead,
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Figure 5 Select protein marker expression, conditional on cell type (stratified by median expression), predictive of nodal metastasis: CD34 expression
stratified by programmed death ligand 1 (PD-L1)eexpressing cells inside the tumor (Intra; A), CD44 stratified by CD3 at the interface (Inter; B), and CD127
stratified by CD66b at the interface (C). Marker expression plotted in beeswarm plots was filtered on the basis of the detection of outliers using a modified
Tukey outlier testdafter this initial filtering, only points between the 10% and 90% quantiles for each stratum were included. Intra and Inter are described in
Data Acquisition and Preprocessing.
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assessing lymph nodes (eg, submit higher percentage of
resected fat) can increase lymph node yield. To comple-
ment these increasingly thorough assessments, developing
alternative methods that assess lymph node involvement
through indirect molecular mechanisms could be useful in
cases where lymph node examination/processing is
inadequate.

Multiplexed spatial transcriptomics and proteomics
methods help identify novel predictive -omics signatures of
metastasis through indirect observation from the primary
site. In a set of stage pT3 tumors with or without nodal and/
or distant metastases, the study sought to identify spatial
proteomic markers of metastasis with digital spatial
profiling of immune cells. Furthermore, compared with
previous studies7,28 with limited multiplexing capacity,
machine learning technologies were leveraged to evaluate
multiple markers in conjunction with increased capacity to
determine metastasis status. Three distinct architectures
(intra, inter, and away) were assessed within the primary site
for i) relative abundance (ratio tests), ii) interactions (clas-
sifier), and iii) co-expression (differential co-expression
analysis). Potential nodal and distant metastasis bio-
markers were identified separately and together for patients
with or without tumor metastasis, which will be pursued in
the future using additional data collection and orthogonal
validation using assays less onerous and subject to variation
compared with the DSP.

Although the limited sample of this study size precludes
any firm conclusions, it demonstrated important trends of
concordant expression levels across the distinct tumor ar-
chitectures. Several proteins (eg, GZMB, CD8, PD-L1,
CD3, FOXP3, CD56, fibronectin, and CD66b) appeared to
be important in metastasis. The study identified several
emergent trends that will motivate future work such as: i)
architectural differences, ii) the role of GZMB and the dual
role of extracellular remodeling, iii) the role of PD-
788
L1eexpressing dendritic cells, iv) T-cell exhaustion in tu-
mors with mismatch repair deficiencies, v) paradoxical role
of immune suppression in CRC, vi) predictive value of NK
cells in a nonimmunosuppressive environment, and vii)
neutrophil infiltrates and fibroblast activation.

Architectural Differences

The findings differed between the three distinct architec-
tures. For instance, a CD34ePD-L1 interaction was
observed in the intratumoral region. An interaction be-
tween CD3 and CD44 was found at the tumor interface. A
positive association between CD127 and nodal metastasis
was strengthened for CD66bþ cells at the interface.
Fibronectin, CD44, FAP-a, and CD127 exhibited signifi-
cant differential intratumoral co-expression between pa-
tients based on their lymph node status, whereas several
helper, cytotoxic T cells and their co-activators, such as
CD3, CD4, CD8, and CD40, exhibited conserved co-
expression within the intratumoral region between
patients with and without nodal metastasis. These are
examples of many architectural differences, reaffirming
the importance of evaluating the tumor invasive margin/
interface.

Role of GZMB

GZMB is a potent molecule used by CD8 T cells to induce
cytotoxicity when detecting certain antigens. As an extra-
cellular matrix agent that induces apoptosis, GZMB is
involved in cleaving certain target proteins, leading to DNA
fragmentation and loss of membrane integrity.47 Its role in
colorectal cancer was recently elucidated by Daemen et al.48

The current study showed that GZMB is associated with a
better prognosis of CRC in both MSI-positive and MSI-
negative clones. Its function was not only linked to
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Select protein marker expression predictive of distant metastasis, conditional on cell type (stratified by median expression): pancytokeratin
(PanCk) expression stratified by CD66b-expressing cells inside the tumor (Intra; A), fibronectin stratified by CD66b at the interface (Inter; B), and CD66b
stratified by fibroblast activation protein (FAP)-a away from the tumor (Away; C). Marker expression plotted in beeswarm plots was filtered on the basis of the
detection of outliers using a modified Tukey outlier testdafter this initial filtering, only points between the 10% and 90% quantiles for each stratum were
included. Intra, Inter, and Away are described in Data Acquisition and Preprocessing.

Colon Tumor Metastasis Spatial Profiling
cytotoxic T cells but was also found to be elicited by tumor
cells independent of CD8, with a role in cleaving vitro-
nectin, fibronectin, and laminin.48 This hypothesis is sup-
ported by previous experiments of pretreating the laminin
matrix with GZMB with significant inhibition of cell
spreading in the LIM1215 colon cancer cell line.49 In
dMMR patients, GZMB-expressing immune cells were
associated with distant metastasis, which contradicts these
prior findings. Additionally, fibronectin expression was
positively associated with distant metastasis in immune
cells, which did not express GZMB. Although GZMB may
assist in extracellular matrix remodeling, allowing for the
transmigration of T cells, similar remodeling of the extra-
cellular matrix could potentially facilitate the migration of
tumor cells, suggesting a dual role for this protein.50

Role of PD-L1eExpressing Dendritic Cells

PD-L1 is a protein found in the cell surface of tumor cells
that couples with the PD-1 protein of T cells, causing in-
hibition of the T cells’ immune functions against the tumor.
Therefore, the current results, showing increased PD-L1
expression near immune cells at the invasive margin for
local lymph node involvement and inside the tumor in
dMMR patients for distant metastasis, agree with previous
studies that link this molecule to immune evasion.51 The
current study also agrees with a prior study of 221 patients
with stage pT3 colon cancer that investigated cancer tissues
immunostained to examine the prognostic impact of
CD11cþ dendritic cell co-expressing PD-L1 and their
spatial relationship with CD8þ T cells. Significant survival
benefits for patients with intratumoral CD8þ cell density,
stromal CD11cþ cell density, intratumoral CD11cþ PD-L1þ

cell density, and stromal CD11cþ PD-L1þ cell density were
found. CD8þ cell density was positively correlated with
both CD11cþ cell density and CD11cþ PD-L1þ cell density
The American Journal of Pathology - ajp.amjpathol.org
in tumor epithelium and stromal compartments. CD11c is a
member of the integrin family (adhesion molecule), and is
particularly expressed in dendritic cells.52 Dendritic cells are
antigen-presenting cells that play an important role in
adaptive immunity by attracting naïve T cells to activate,
differentiate, and finally infiltrate tumors. Mature tumor-
infiltrating dendritic cells are associated with better prog-
nosis.53 CD11c dendritic cells play an important role in
cancer control in various types of cancer. Patients with
gastric cancer with high CD11c expression levels have, on
average, a better survival and significantly reduced risk of
relapse. Lee et al54 studied tissue micro-arrays from 681
pretreated patients with triple-negative breast cancer.
Microscopically, CD11c cells are concentrated in areas with
high numbers of TILs. Tumors with high expression of
CD11c also had higher histologic grades. More importantly,
those with lymph node metastasis and high CD11c
expression showed a trend of increased recurrence-free
survival and significantly better overall survival
(P Z 0.047) compared with those with low CD11c
expression.54 These results are also corroborated by findings
herein, where PD-L1eexpressing CD11cþ cells (dendritic
cells) were negatively associated with distant metastasis.
T-Cell Exhaustion in Tumors with Mismatch Repair
Deficiencies

Stimulating the recruitment of cytotoxic T cells has been
clinically explored in immunotherapy. One example of a
molecule that has been studied as a potential therapeutic
target is CD3, a protein found on the surface of T cells,
with downstream signaling resulting in the activation of T
cells. CD3 is an important target as it can redirect T cells to
attack tumors by secreting inflammatory cytokines and
cytolytic molecules, but its overproduction may cause a
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Figure 7 Differential co-expression between select protein markers, stratified by lymph node metastasis status within three tissue architectures (Intra,
Inter, and Away). C indicates whether co-expression was conserved between patients with and without metastasis; D indicates whether co-expression differed
between patients with and without metastasis; and S indicates whether significant co-expression was specific to either patients with or without metastasis.
Intra, Inter, and Away are described in Data Acquisition and Preprocessing. FAP, fibroblast activation protein.
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cytokine storm, associated with worse outcomes. CD3 is an
important pan-T-cell antigen; direct targeting of CD3 cells
can redirect other T cells to attack the tumors through
secreting inflammatory cytokines and cytolytic mole-
cules.54e56 Herein, expression of CD3 and CD8 inside the
tumor and at the invasive margin was positively associated
with local metastasis, which contradicts the general notion
that the presence of these biomarkers suggests a favorable
diagnosis. This is not the first time contradictions of these
predictive effects have been discussed, as the predictive
value of these markers can vary widely based on mismatch
repair status.57 This is partly because a mismatch
repairedeficient tumor can exhibit a T-cell exhaustion
phenotype, even before metastasis, which can indicate a
diminished capacity to impede metastasis (eg, exhaustion
or functional suppression from other TME immune cells).
In particular, the association with CD8 was statistically
significant for MMR-proficient patients and marginally
significant for dMMR patients. As tumors were not profiled
before metastasis, reverse causality is also possible (ie,
infiltration at the primary site as instigated by metastasis).
As the Immunoscore, a digital pathology assay that as-
sesses immune cells at the tumor’s core and invasive
margin, is derived from these CD3 and CD8 measure-
ments, further exploration of the interaction between the
Immunoscore and mismatch repair for colon cancer
790
prognostication is warranted.7,28 Patients with dMMR also
exhibit heterogeneous immune activation (eg, COLD and
HOT tumors), which are related to different prognostic
outcomes and can be elucidated through whole tran-
scriptomic characterization.29

Paradoxical Role of Immune Suppression in CRC

The FOXP3 gene, located on the X chromosome, is a
transcription factor that plays an important role in the pro-
duction of CD4þ CD25þ regulatory T cells.58 However, its
exact role in cancer development and metastasis remains
elusive. Although in the past FOXP3 expression had been
associated only with regulatory T cells and studied almost
exclusively in lymphoid tissue, FOXP3 expression in
nearby neighboring tumor cells can lead to immune sup-
pression by curbing the immune response, further compli-
cating the conclusion of previous research results.59

Although for most human carcinomas, FOXP3 is typically
associated with poor prognosis, paradoxically, the opposite
holds true for CRC.60,61 FOXP3 can also function as a
tumor suppressor, with its expression linked to better out-
comes.62 However, the opposite has also been reported in
other cancers [namely, its action as an oncogene through
activation of the adenomatous polyposis coli and epithelial-
to-mesenchymal pathways through fibroblast differentiation
ajp.amjpathol.org - The American Journal of Pathology
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(release of GZMB)].63 Further complicating the analysis of
FOXP3 is the fact that it has four isoforms, each being
functional but interacting with different molecules that play
a role in cancer progression. For instance, further evidence
suggests that FOXP3-expressing T-regulatory cells could be
further fractionated into lineages, which are nonsuppressive
but secrete proinflammatory cytokines.64 Several studies
also suggest that the protective effects of FOXP3 may be
mediated through, interact with, or be impacted by the
abundance of certain host microbiota by suppressing the
inflammatory response to gut microbiota. The current study
noted the protective effects of FOXP3 away from the tumor,
particularly for dMMR patients. Regardless, more studies
are needed, controlling for FOXP3’s isoforms and their
various interactions in the tumor and its
microenvironment.65

Prognostic Value of NK Cells in a
Nonimmunosuppressive Environment

NK cells infiltrate solid tumors to lyse cancerous cells. The
current study identified CD56þ NK cells as a significant
protective factor against metastasis in the peritumoral re-
gion, but only for dMMR patients. This is consistent with
the observation of substantial inhibition of NK in an
immunosuppressive TME, where presence, despite the in-
hibition, would prove favorable. Sconocchia et al66 studied
NK cells in 1410 CRC specimens and other solid tumors
and mostly confirmed that NK cells are minimally detect-
able. However, an interesting subgroup of patients were
identified who exhibited a high degree of NK cell infiltration
along with their CD8þ T cells. CD56 was used as the
antigenic biomarker of NK cells. Using CD56 expression to
track the degree of NK cell infiltration in colorectal tumors
and further characterizing CD8þ lymphocytes, they found
that CD56þ CD8þ patients presented significantly higher
survival (80%) versus 55% for the CD56e CD8þ group.66

Similar findings have demonstrated that CD56þ patients
with rectal cancer experience significantly better overall
survival, with CD56þ as a signature for clinical decision-
making and treatment duration. Others have explored how
NK cells may be activated after treatment with cetuximab
plus IL-2 or IL-15.67 The current study identified a potential
interaction between CD56 and MMR status.

Neutrophil Infiltrates and Fibroblast Activation

CD66b is an antigenic marker of tumor-infiltrating neutro-
phils, representing proinflammatory myeloid infiltrates.68,69

Infiltrating neutrophils seem to increase cancer invasion,
lymph node metastasis, and tumor stage.70,71 The neutro-
phil/lymphocyte ratio in the intratumoral regions commonly
serves as a prognostic indicator. Prior studies have sug-
gested that a high neutrophil/lymphocyte ratio could suggest
a poor prognosis. In CRC, the prognostic role of tumor-
associated neutrophils has not been established because
The American Journal of Pathology - ajp.amjpathol.org
various authors report conflicting results, ranging from poor
prognosis, to no association, to improved prognosis. For
instance, similar to the current study findings, a prior study
suggested that absence of CD66bþ immune cell infiltrates
could be predictive of local metastasis.72 It has been implied
that favorable antitumoral effects could be mediated through
costimulation of other cell lineages (eg, CD3þ/CD8þ).
Cross talk between cytotoxic T cells and neutrophils can be
further substantiated by studying factors pertaining to
neutrophil recruitment. Interestingly, recent publications
report neutrophils as a protective factor, whereas older ar-
ticles demonstrate a negative role for neutrophils.73,74

Interaction between CD66bþ cells, fibronectin, and other
fibroblast activation proteins (eg, FAP-a) have been noted.
Fibronectin has been previously implicated as means to
promote invasion and metastasis and is a crucial structural
component of angiogenic tumors. At the invasive margin,
fibronectin’s impact on local metastasis was specific to
CD66þ cells compared with CD66e cells. These effects
were not identified away from the tumor. However, the
opposite effect was noted for FAP-a: nonefibroblast-acti-
vating (FAP-ae) CD66þ cells away from the tumor
exhibited a higher risk of metastasis compared with FAP-ae

CD66e cells.75 For CD66bþ cells in the away region (eg,
stroma), FAP-a appeared to be negatively associated with
local involvement. Colocalization between these two cell
types was noticed away from the tumor.76 These findings
coincide with prior research suggesting that cancer-
associated fibroblasts can regulate the recruitment of
myeloid cells.77,78

Limitations and Future Directions

There are several study limitations worth mentioning. The
sample size was limited because of the high cost of spatial
proteomics assays on a per-slide basis, making it chal-
lenging to control for tumor site. The sample size also limits
both the certainty of the current study findings as well as the
power to reveal additional biomarkers of metastasis. Tumors
with distant but not local metastasis were not assessed,
which may derive separate predictive cell lineages as the
notion of lymph node metastasis serving as a staging ground
for distant metastasis has been disputed as the exclusive
progression.79e82 Potential batch effects were controlled for
by balancing the batches with an even number of patients
with and without metastasis and further adjustments via
mixed effects machine learning and statistical models. Even
so, there may be technical factors introducing heterogeneous
expression, which were uncontrolled. Prior treatment (eg,
chemotherapy) and comorbidities may have interfered with
the assessment of the primary, in spite of it being exclu-
sively searched and filtered for as inclusion criteria. The
nCounter proteomics assay does not account for different
protein isoforms and post-translational modifications (eg,
phosphorylation), which could prove additionally (ie, more
biomarkers) predictive of metastasis. The number of protein
791

http://ajp.amjpathol.org


Levy et al
markers profiled on the basis of immune-relevant panels
available for the GeoMX DSP platform were limited.
Additional protein panels (eg, immune-oncology drug
target, pan-tumor, mitogen-activated protein kinase
signaling, phosphatidylinositol 3-kinase/AKT, and cell
death panel) could have been selected for analysis. Addi-
tional custom targets could have been selected though the
three panels selected were germane to immune-related
pathogenesis/metastasis while targets in these other panels
were less related to the research objective and would have
been underutilized. In addition, nonimmune cell lineages
could have been selected through adoption of additional
morphology markers that highlight areas to be profiled using
the DSP. Furthermore, although many of the ROIs placed
away from the tumor were placed in the stroma, additional
tissue architectural differences (eg, peritumoral fat, immune
nests, and benign epithelium) were not explicitly accounted
for. Although a semi-autonomous workflow was developed
for placement of ROIs, biased placement of DSP ROIs may
impact study findings, warranting the exploration of assays
that do not experience these effects (eg, Visium Spatial
Transcriptomics).83 The Visium assay could also provide
the capacity for untargeted characterization of the whole
transcriptome at 50-mm resolution. Pairing these assays with
a proteomics assessment will be explored in future work.
Promising biomarkers established from these studies will be
orthogonally validated through immunostaining.

Despite these limitations, leveraging the Digital Spatial
Profiler for a highly multiplexed assessment of colorectal
tumors has allowed for the simultaneous exploration of
several emergent pathways and immunomodulatory effects
that characterize the potential for tumor metastasis.
Consulting the known literature on tumor immune micro-
environment to corroborate our study conclusions has
demonstrated that CRC tumor immunology is still riddled
with contradictory findings that continue to perplex re-
searchers on this important subject. Spatial profiling pro-
vides an opportunity to further disaggregate the tumor
immune microenvironment. Although the current study
sought to demonstrate associations with tumor metastasis,
future works will explore how these assessments can be put
into practice to complement incomplete lymph node
assessment and demonstrate additional predictive value for
ascertaining the risk of recurrence, above and beyond
pTNM staging. This will be accomplished by either
restricting by pathologic stage or controlling for pTNM
stage as a covariate in a follow-up study where enough
follow-up time has passed to collect meaningful recurrence/
survival information. The current study identifies factors
pertaining to metastasis beyond local invasiveness by
restricting to pT3 staged tumors. With the advent of
multimodal spatial assays, which allow for greater multi-
plexing at higher resolution, future iterations of these
studies may further elucidate the precise mechanisms of
metastasis as means to develop low-cost diagnostic/prog-
nostic tests that complement traditional assessments
792
(eg, Immunoscore and lymph node assessment) and inform
novel therapeutics.

Conclusion

Deciphering the tumor immune microenvironment is key to
improving the prognostication and treatment of colorectal
adenocarcinoma. Spatial assessment technologies will
continue to play a key role in delineating crucial architec-
tural and cellular components of CRC tumor metastasis.
Herein, the Digital Spatial Profiler was utilized to uncover
spatial proteomics biomarkers of nodal and distant metas-
tasis. This study identified proteomics markers that can
provide additional predictive value for metastasis (by
restricting to pT3 patients) when used in conjunction (eg,
relative abundance, co-expression, and interaction). There is
significant room for further investigation through unbiased
and untargeted spatial RNA assays, as emergent themes
appear contradictory to components of the previous litera-
ture. There are plans to identify independent risk factors for
recurrence and survival using this spatial approach given
adequate patient follow-up. Future plans involve leveraging
high-dimensional spatial mRNA and single-cell assays to
further contextualize metastasis etiology and pathogenesis
and to operationalize significant results into informative
tests that complement existing assessment methods for CRC
prognosis.
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