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Abstract

Colorectal cancer (CRC) is the third leading cause of cancer mortality in the United States.
Familial adenomatous polyposis (FAP) is a hereditary syndrome that raises the risk of
developing CRC, with total colectomy as the only effective prevention. Even though FAP is rare
(0.5% of all CRC cases), this disease model is well suited for studying the early stages of
malignant transformation as patients form many polyps reflective of pre-cancer states. In order
to spatially profile and analyze the pre-cancer and tumor microenvironment, we have performed
single-cell multiplexed imaging for 52 samples: 12 normal mucosa,16 FAP mucosa,18 FAP
polyps, 2 FAP adenocarcinoma, and 4 sporadic colorectal cancer (CRCs) using Co-detection by
Indexing (CODEX) imaging platform. The data revealed significant changes in cell type
composition occurring in early stage polyps and during the malignant transformation of polyps to
CRC. We observe a decrease in CD4+/CD8+ T cell ratio and M1/M2 macrophage ratio along
the FAP disease continuum. Advanced dysplastic polyps show a higher population of cancer
associated fibroblasts (CAFs), which likely alter the pre-cancer microenvironment. Within polyps
and CRCs, we observe strong nuclear expression of beta-catenin and higher number neo-
angiogenesis events, unlike FAP mucosa and normal colon counterparts. We identify an
increase in cancer stem cells (CSCs) within the glandular crypts of the FAP polyps and also
detect Tregs, tumor associated macrophages (TAMs) and vascular endothelial cells supporting
CSC survival and proliferation. We detect a potential immunosuppressive microenvironment
within the tumor ‘nest’ of FAP adenocarcinoma samples, where tumor cells tend to segregate
and remain distant from the invading immune cells. TAMs were found to infiltrate the tumor
area, along with angiogenesis and tumor proliferation. CAFs were found to be enriched near the
inflammatory region within polyps and CRCs and may have several roles in supporting tumor
growth. Neighborhood analyses between adjacent FAP mucosa and FAP polyps show
significant differences in spatial location of cells based on functionality. For example, in FAP
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mucosa, naive CD4+ T cells alone tend to localize near the fibroblast within the stromal
compartment. However, in FAP polyp, CD4+T cells colocalize with the macrophages for T cell
activation. Our data are expected to serve as a useful resource for understanding the early
stages of neogenesis and the pre-cancer microenvironment, which may benefit early detection,
therapeutic intervention and future prevention.

Keywords: Familial adenomatous polyposis (FAP), colorectal cancer, pre-cancer
microenvironment, Co-detection by Indexing (CODEX), cell type composition, neighborhood
analysis

Introduction

Oncogenesis involves a complex series of events that occur during neogenesis to
premalignant states to malignant tumors®2. There are many genomic events that occur during
this process, but most of the complex molecular interactions remain largely unknown during the
early stages of cancer initiation, commonly known as pre-cancer®*,

Colorectal adenocarcinoma (CRC) is the third leading cause of cancer mortality in the
U.S” and colorectal adenocarcinoma (CRC) is an excellent model to investigate pre-cancer
events. Early stage polyps can be observed and isolated, and phenotypes associated with
malignant transformation can be followed®¢. More than 90% of all CRC patients possess
mutations that affect the Wnt signaling pathway, with more than 80% of these containing
mutations in the Wnt-antagonist Adenomatous polyposis colitis (APC) gene. It is now well
established that the APC protein acts as a scaffold in the B-catenin destruction complex thereby
regulating the Wnt signaling pathway, which otherwise leads to intestinal hyperplasia®*°. APC
mutations are thought to initiate events of colorectal carcinogenesis and are the major cause of
the hereditary colon cancer syndrome known as Familial Adenomatous Polyposis (FAP). In
patients with FAP, the number of polyps that develop by the time of early adulthood is typically
100 or more'*!2, Thus, a single patient may present multiple polyps of varying molecular ages
and stages of development, all of which are derived from a common germ lineage!**°. The
majority of research on advanced-stage tumors has been limited to bulk profiling and has largely
disregarded premalignant lesions (pre-cancer events). Therefore, the full phenotypic alteration
that occurs in the transition from baseline mucosa to pre-cancerous polyp to malignant status
remains to be fully elucidated.

Previous studies have mapped cell types in sporadic polyps and those of FAP patients
using single-cell RNA-sequencing (scRNA-seq), assay for transposase-accessible chromatin
with sequencing (ATAC-seq) and have detected cell types and transcriptional regulation
programs within these polyps!®!’. However, the differences with regard to the cellular spatial
context, composition of the functional neighborhoods, as well as the molecular changes within
the tissue microenvironment (TME) of this disease continuum from healthy colon to invasive
adenocarcinoma is not well characterized. In order to understand the differences within TMEs
during FAP disease progression, and as a part of the Human Tumor Atlas Network (HTAN)?,
we extend our previous research?’ by spatially mapping single cells from premalignant polyps,
CRCs and normal mucosa (healthy controls) using C-Detection by indEXing (CODEX) single-
cell multiplexed imaging platform?2°,

Pretumorigenic activity within polyps is likely to be mediated by the effects on DNA
damage response and immune signaling, as well as other mechanisms such as changes in cell
type composition, that may be exacerbated during the course of disease progression'®. Through
spatial profiling we investigate the cell composition and organization in normal, polyps of
different stages and adenocarcinomas.
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We observe an increase in stem-like cells, endothelial cells, cancer-associated fibroblasts
(CAFs), regulatory T cells (Tregs), and M2 macrophages during the FAP disease progression,
thereby providing a suitable pre-cancer microenvironment for tumor cells to proliferate. In
contrast, enterocytes, goblet cells, cycling Transit Amplifying (TA) , and natural-killer cells (NK)
decrease along the disease continuum. When compared to normal and FAP mucosa, we find
two critical determinants of disease prognosis, such as CD4+:CD8+ T cell ratio and M1:M2
macrophage ratio decrease in FAP polyp and adenocarcinoma/sporadic CRC samples.
Compared to their counterparts in the FAP mucosa and normal colon, polyps and CRCs exhibit
higher neo-angiogenesis events and strong nuclear expression of beta-catenin. Within the
glandular crypts of the FAP polyps, we find an increase in cancer stem cells (CSCs).
Additionally, we find Tregs, tumor associated macrophages (TAMs), and vascular endothelial
cells that potentially promote the survival and proliferation of CSCs. In the tumor "nest" of FAP
adenocarcinoma samples, we find an immunosuppressive microenvironment where tumor cells
are spatially separated from the immune cells. Additionally, it has been observed that TAMs
penetrate the tumorous region, promoting angiogenesis and tumor growth. We find that CAFs
play a number of roles in supporting tumor growth and are typically found close to the
inflammatory region within polyps and CRCs. Through neighborhood analyses, we also find
distinct cell-cell localization relevant to various FAP disease states and also show differences in
cell type location between adjacent FAP mucosa and FAP polyps based on biological
functionality. Understanding the cellular and molecular dynamics through single-cell spatial
biology during early colorectal tumorigenesis will not only provide insights into mechanisms of
CRC progression and prevention, valuable to scientific research communities but will also add
another dimension to single-cell analysis by understanding how cells organize and interact
across the pre-cancer landscape required for disease progression, response to therapy, and
potential preventive intervention.

Results
CODEX generates single-cell spatial maps from FAP and non-FAP donor tissue samples

We generated CODEX single-cell spatial data from 52 samples [12 normal mucosa, 16
FAP mucosa, 18 FAP polyps, 2 FAP adenocarcinoma and, 4 sporadic colorectal cancer
(CRCs)] collected across 11 FAP-affected individuals and 8 non-FAP individuals (Fig.1a) Out of
19 donors, there were 12 males and 8 females: 9 Hispanic individuals, 10 European individuals
and 1 Black individual. Age ranges were from 12 to 78 years (Supplementary Table 1).
Different collection methods such as colectomy, colonoscopy and pouchoscopy were used to
procure tissue samples. CODEX was performed on tissue samples collected from ascending,
transverse, descending, and sigmoid regions of the both FAP affected and normal mucosa.
(Supplementary Table 2).

The CODEX instrument (Akoya Biosciences) stains a tissue section with up to 42 oligo-
conjugated antibodies probed against different protein targets within the tissue (Supplementary
Fig. 1). This single-cell imaging modality is particularly helpful in providing cell composition and
spatial relationship of cell types within multicellular tissue, thereby proving valuable insights into
cell-cell interactions with possible biological significance. The majority of the cell type markers
selected for CODEX imaging were based on our previous findings, where single-nuclei RNA
(snRNA) and single-nuclei Assay for Transposase-Accessible Chromatin with high-throughput
sequencing (SnATAC) revealed cell-specific marker information?’. Forty-two antibodies
representing different cell types were selected and validated for specificity using protocols
optimized for fresh frozen samples (see methods; Supplementary Fig. 2). This antibody marker
panel (Supplementary Table 3) was used to stain the tissue, polyp and tumor samples from
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normal mucosa, FAP mucosa, FAP polyp and adenocarcinoma/CRC respectively (Fig.1b),
thereby enabling spatial detection and distribution of up to 25 cell types across the FAP disease
continuum.

CODEX imaging shows changes in cell type composition across malignant
transformation

We generated 52 CODEX tissue images, which were processed, segmented and
annotated for cell type identification using the antibody/marker-based approach?’. The resultant
dataset was used to observe the overall tissue morphology (Supplementary Fig. 3) and
guantify and compare the cell type composition between the normal mucosa and the FAP
disease states. Overall, across the different disease states (normal, FAP mucosa, benign
polyps, dysplastic polyps, adenocarcinoma) we observed an increase in stem-like cells,
endothelial cells, cancer-associated fibroblasts (CAFs), CD8+ T cells, regulatory T cells (Tregs),
exhausted T cells (present only in adenocarcinoma/sporadic CRC), and M2 macrophages and
decrease in enterocytes, goblet cells, transit-amplifying cells (TA), cycling TA cells, CD4+ T
cells, NK cells and neuroendocrine cells (Fig. 1b, c). However, certain cell types such as
smooth muscle, nerve, lymphatic endothelial, and enteroendocrine remained relatively stable
across disease states (Fig.1,b, ¢). We find that the percentage of stem-like cell populations
within the crypts of normal mucosa decreases with the increase in age of the healthy donors
(Pearson coefficient r = 0.9). However, in FAP mucosa we observe both an increase in stem-
like cells, and decreased correlation between the fraction of stem-like cells and the age of FAP
patients (Pearson coefficient r = 0.2). For example, in one case a 62-year-old FAP patient had a
similar fraction of stem-like cells to a 38-year-old patient (Fig.1d). Polyps collected from a 26-
year-old and a 54-year-old FAP patient show similar immune cell type composition within the
sub-mucosal intestinal lymphoid follicles (sm-ILF). For both cases, we observe dendritic cells
(DC), CD4+ and CD8+ double positive T cells, PD1 marker expression within the germinal
centers and vascular cells at the follicular periphery. Moreover, we observe a higher number of
DC and a lower number of B cells within solitary intestinal lymphoid follicles (SILT) compared to
that within sm-ILF from the same polyp sample collected from the 54-year-old patient.
(Supplementary Fig. 4).

The CD4+/CD8+ T cell ratio is associated with colorectal cancer prognosis?%.
Increased immune function is strongly correlated with higher CD4+/CD8+ T cell ratio?*?5. We
observe that the overall ratio of CD4+/ CD8+ T cells was significantly higher in normal mucosa
and decreased along the FAP disease continuum (Fig.1le). We also observe the spatial
distribution of CD4+ T cells and CD8+ T cells within the pre-cancer microenvironment, where
higher number of CD4+ T cells tend to localize in the stromal compartment within the FAP
mucosa. In contrast, the FAP polyps exhibit a relatively higher number of CD8+ T cells than
CD4+ T cells and the former happens to be in direct contact with the intestinal epithelial cells
(IECs) (Fig.1f).

Goblet cells secrete a protective mucus gel composed predominantly of mucin glyco-
proteins that protects the gastrointestinal epithelial layer?’-2°, While analyzing the overall goblet
cell composition between both the sexes, we found that the percentage of mucin producing cells
tends to be higher in females compared to male patients (Fig.19g).

M1 and M2 macrophages display distinct distributions across FAP disease progression

Macrophages play a crucial role in the homeostatic maintenance of the body through
eradicating cytotoxic waste materials and vascular tissue regeneration®®-33, However, the
functions of two polarized states of macrophages M1 and M2 vary depending on the
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microenvironment cues. For example, M1 macrophages can be tumor-resistant, while M2
macrophages can promote tumor growth342® (Fig. 2a). We observe a higher proportion of M1
macrophages when compared with its polarized M2 counterpart within the normal and FAP
mucosa. Conversely, M2 macrophages were found to increase in FAP polyps and
adenocarcinoma/CRC samples. It has been documented that the ratio of M1: M2 macrophage is
an important determinant towards the prognosis of colorectal cancer and other intestinal bowel
disorders (IBDs)%*+=". We observed an increase in M1: M2 macrophage ratio in normal mucosa
and FAP mucosa and decrease in the above ratio was associated with FAP polyp and
adenocarcinoma/sporadic CRC (Fig. 2b). We also observed that M1 macrophages mostly
colocalize with activated CD4+ T cells rather than the CD4+ T cells (Fig. 2c). While computing
Pearson correlation coefficient for all the tissue samples involved, we find significant correlation
between activated CD4+ T cells and M1 macrophages (p = 0.034) within normal and FAP
mucosa when compared to that of FAP polyp and adenocarcinoma samples (Fig. 2d). This
observation aligns with previous studies, where M1 macrophages have been shown to regulate
T cell activation by providing the required cytokines and other costimulatory signals3&-4°.

Beta (B)-catenin is an important protein, which is involved in both gene transcription and
coordination of cell-cell adhesion*'42, Previous studies have shown that overexpression of 8-
catenin is associated with various cancers such as colorectal adenocarcinoma, lung cancer,
malignant breast tumors, and ovarian cancer**%°, Moreover, alterations in the localization and
nuclear expression levels of B-catenin (i.e. nuclear accumulation) have been associated with
malignant transformation by activating several downstream target genes such as TCF, and
LEF14¢-48, 1t has been shown that, unlike M1 macrophages, M2 macrophage polarization
promotes B-catenin expression in murine macrophage-like RAW264.7 cells and alveolar
macrophages*. Our results show that nuclear expression of B-catenin increases in the
presence of a higher population of M2 macrophages in the FAP adenocarcinoma/sporadic CRC
samples. We observe membranous expression of 3-catenin in normal and FAP mucosa, where
the M1 macrophage population is higher than the M2 counterpart (Fig. 2e).

Cancer cells, which require adequate supply of blood and nutrients, release angiogenic
factors that encourage the growth of new blood vessels through a process called neo-
angiogenesis. This process also involves a type lll filamentous protein, vimentin, which helps in
the migration, growth, and differentiation of endothelial cells lining the newly formed blood
vessels®5!, Previously it has been shown that M2 macrophages induced by IL-4 and also
neutrophils express the highest level of pro-MMP9 which stimulates angiogenesis in vitro®2. We
observe a significant increase in blood vessel density in the FAP affected tissues compared to
normal mucosa (Fig. 2f) and also noticed the expression of vimentin protein along the
endothelial lining of the newly formed blood vessels and microcapillaries (shown as branch
formation), which are absent from mature blood vessels (Fig. 29).

Regulatory T cells support proliferation of cancer stem cells within polyp
microenvironment

The normal colonic stem cell niche at the base of the glandular crypt is responsible for
homeostasis and repair of the intestinal epithelial layer®-®. CRC stem cells (CSCs) have similar
characteristics to those of normal colonic stem cells; however, these cells differentiate
aberrantly, contributing to the supply of bulk tumor cells depending on several
microenvironmental cues®-8, In both FAP mucosa and FAP polyp samples, we observe stem-
like cells within the glandular crypts. Moreover, we detect a significant increase in the
percentage of stem-like cells expressing a CSC marker, SOX2, in the FAP polyps compared to
the FAP mucosa samples (Fig. 3a)
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Regulatory T (Treg) cells expressing the Foxp3 transcription factor play a critical role in
promoting the stemness of gastric cancer cells through the IL13/STAT3 pathway®®®° and also
help in reducing overactive immune responses within the tumor microenvironment®-62, Within
FAP polyps, we observe a significant increase in the percentage of memory T cells expressing
Foxp3 indicating an overall increase in the Treg population (Fig. 3b). In order for effective cell-
cell communication and for providing cytokines and interleukins (microenvironmental cues)®%*
for the CSC survival and proliferation, Tregs have been shown to localize in the same region as
the CSCs (Fig. 3c).

Immunosuppressive microenvironment is found within FAP adenocarcinoma tumor
[1 H
nest

Cancer cells are generated from the CSCs which ultimately expand out from the
intestinal crypt region and invade other surrounding tissue regions. Using a tumor marker,
carcinoembryonic antigen (CEA), we have detected a sequential increase in the expression of
CEA marker across the FAP disease continuum. Normal mucosa did not express the tumor
marker, while the highest percentage of cells expressing CEA protein was found within the
tumor sample, as expected (Fig. 3d). While imaging a FAP adenocarcinoma patient sample, we
detect a whole tumor ‘nest’ embedded within the stromal compartment. The cancer cells within
the ‘nest’ secrete angiogenic factors for tumor angiogenesis, needed for proliferation®. The
immune cells, comprising mostly CD8+ T cells and CD4+ T cells, B cells, and NK cells have
been found outside of the tumor ‘nest’ (Fig. 3e). Density contour of the tumor cells and the
surrounding immune cells reveal an immunosuppressive environment within the tumor ‘nest’
(Fig. 3f). We also detect tumor associated macrophages (TAMSs) located at the tumor invasive
front. It has been reported that TAMs also secrete various cytokines which contribute to the
tumor angiogenesis process®’°. Interestingly, M1 macrophages have been seen at a distance
from the tumor front, expressing inducible nitric oxide synthase (iNOS) (Fig. 3g) as part of
macrophage inflammatory response’®?. Furthermore, CODEX imaging also allowed us to
visualize various interesting interactions between the immune and the tumor cells happening
near the tumor invasive front. During proliferation, cancer cells have been able to initiate an
‘escape’ by damaging the vascular endothelial cell lining of the tumor ‘nest’. However, we
observe a battery of immune cells confronting the escape, thereby preventing the cancer cells
from migrating into the surrounding stroma. As a part of counter-effect, tumor cells have been
seen expressing PD-L1 as an “adaptive immune mechanism” to escape anti-tumor
responses’>"* (Fig. 3h).

Cancer associated fibroblasts (CAFs) play an essential role in FAP disease progression

The stromal compartment comprises basement membrane, fibroblasts, extracellular
matrix, immune cells, and vasculature basically maintains both normal epithelial tissues and
their malignant counterparts’ (Fig. 4a). Previous findings have shown that changes within the
stromal microenvironment at the tumor invasion front lead to the transdifferentiation of
fibroblasts to CAFs. Several cancer-derived cytokines such as transforming growth factor-f3
(TGF- B) are responsible for such transformation®’’.

A significant portion of the reactive tumor stroma comprises CAFs, which play a crucial
role in tumor progression’® . Various stromal markers including COL6A2, CD90, MYH11, a-
SMA, VIM, PDPN, VCAN were used to spatially locate the various categories of the fibroblast
population within normal mucosa and FAP tissue samples (Fig 4b & ¢). We detected several
groups of fibroblasts such as fibroblasts responsible for Epithelial-to-Mesenchymal transition,
activated fibroblasts, inflammatory fibroblasts, and CAFs within the precancer and tumor
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stroma, which shows higher expression across the FAP disease progression. In particular, the
expression of inflammatory fibroblast and CAFs is higher in adenocarcinoma/sporadic CRCs. As
expected, we observe a lower expression of normal fibroblast in the FAP diseased tissue
samples, while higher expression is observed in normal mucosa (Fig. 4d). We further inquired if
CAF is potentially responsible for inflammation in the FAP affected colorectal tissue samples. In
order to understand, both FAP polyps and tumor samples were stained with VCAN
(inflammatory marker), PDPN (CAF marker) and COL6A2 (normal fibroblast/basal lamina
marker) and imaged. A surface plot of the marker intensity has been generated for each of
these markers followed by computing the Vansteelsen’s cross correlation coefficient (CCF),
which was measured on those surface plots. Vansteelsen’s CCF shows how the Pearson
coefficient changes after shifting the red image voxel over green image voxel. By observing the
shape of the CCF plot as a function of this shift, it can be determined if the signals of the two
channels are actually positively correlated®. We find that the overlap CCF between PDPN (CAF
marker) and VCAN (inflammatory marker) increases while the overlap CCF between PDPN and
COLG6A2 decreases in FAP adenocarcinoma/CRC samples indicating that CAFs are present in
close proximity to the inflammatory region of the FAP affected tissue for promoting tissue
malignancy and are not correlated with normal fibroblasts (Fig. 4e).

CODEX imaging also revealed how stromal CAFs invade the epithelial layer in FAP
tumor samples leading to further spreading of tumors. Basically, normal mucosa has a
continuous lining of the basal membrane which gets disrupted when CAFs migrate towards
them. In order to support this process, the myofibroblasts present near the basal membrane
start expressing a-SMA which is required for matrix contraction and remodeling®* (Fig. 4f).
Moreover, it has been observed that CAFs also affect the expression of E-cadherin, which is a
membrane protein that helps maintain the epithelial barrier by joining neighboring cells together
to form tissues®. In our CODEX imaging data, we detect CAFs inhibiting the expression of E-
cadherin on the glandular epithelial cells which are along the CAF migratory path (Fig. 49). In
contrast, the glandular cells which are further away from the CAFs migratory route remain
unaffected by the effect of CAFs and express E-cadherin.

TILs are an integral part of the body's immune system, identifying and eliminating
abnormal cells, including cancer cells®84. In FAP adenocarcinoma, we observe a high CAF
population, which inhibits the migration of TILs into the tumor stroma. In contrary, a low CAF
population within a sporadic CRC sample is less resilient to TILs (Fig. 4h). Overall, the
percentage of TILs comprising CD4+ T cell, CD8+ T cell, and plasma B cells decreased with
increase in CAF population. Interestingly, CAF had no effect on the Treg population within the
tumor stroma (Fig. 4i). However, this is expected as Tregs often play an immunosuppressive
role helping immune escape of tumors in the body®5%’,

Neighborhood analyses between adjacent FAP mucosa and FAP polyp show differences
in spatial location of cells based on cell-cell functionality

In order to understand intercellular interactions and cellular densities, we performed
neighborhood analyses® from FAP mucosa and FAP polyp samples using methods described
in Hickey et al (2022). Heatmaps reflecting the enrichment of cell types that preferentially co-
localize with one another within different regions are shown in Figure 5. In FAP mucosa, the
endothelial cells and CD4+ T cells reside within the same region. Endothelial cell (EC)-T cell
interactions play a significant role in the regulation of the immune system, where the ECs
control T cell recruitment and activation®-*°, Similarly, monocytes and neutrophils colocalize
with lymphatic ECs while CD8+ T cells were found near the enterocytes (Fig. 5a, left panel). In
FAP polyp samples, macrophages and CD4+ T cells colocalize within a region. Neutrophils
also migrate towards the intraepithelial zone and join CD8+ T cells (IELs). Moreover, mast cells
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colocalize with lymphatic endothelial cells and are enriched in different regions of the polyp
tissue (Fig. 5a, right panel). We also observe a higher number of interactions between various
cell types in FAP polyps compared to that of FAP mucosa (Fig. 5b). We detect lymphoid
follicles found within adjacent FAP mucosa consisting of B cells inside the lymphoid follicle and
memory T cells outside the lymphoid follicle (Fig. 5c). Ten regions were detected in both FAP
mucosa and FAP polyp samples using neighborhood analyses. In FAP mucosa, where the
severity of the cancer cells expressing PD-L1+/CEA+ tumor markers is low, we observe immune
cells within the same region as that of the tumor cells. These cells are probably present to
counteract the cancer cells. Unlike FAP mucosa microenvironment, an immunosuppressive
microenvironment is created where the PD-L1+/CEA+ expressing cells and immune cells
segregate into separate regions (Fig. 5d). Several interesting differences in terms of cell-cell
localization (heatmap) were found in FAP polyps when compared to that of FAP mucosa
samples. It has been seen that, as the FAP disease progresses (i.e. within FAP polyp samples),
the M2 macrophage started to show several interactions with other cell types, specifically CD4+
T cells, B cells and M1 macrophages. Similar interactions were not present in FAP mucosa.
Moreover, CD8+ T cells have been shown to interact and localize in the same region as that of
CEA/PD-L1 and not CD4+ T cells (which was previously shown to interact in FAP mucosa).
Unlike FAP mucosa, it has been also seen that memory T cells interact with CEA+ cancer cells
as tissue-resident memory T cells are responsible for tumor immunity (Fig. 5e).

Discussion

Premalignant events lead to abnormal changes responsible for triggering cancer
precursors that favor the initiation of a tumor®-°2, Therefore, studying the precancer environment
is crucial for earlier diagnosis, novel interventions, and risk stratification thereby improving tumor
risk management and leading to potential prevention strategies. Previous research on colorectal
cancer biology mainly focused on advanced-stage tumors®*®® and has largely disregarded pre-
cancer events. Even though snRNA and ATAC sequencing helps understand differences
between individual cells, cellular heterogeneity and complex biological systems, both these
techniques dissaociate the cells, thereby losing important spatial information. Our CODEX
multiplexed imaging fills the gap by spatially mapping single cells across the FAP disease
continuum, thereby providing information about how cells organize and interact across the pre-
cancer microenvironment and inform key changes during the disease progression.

Analysis of cell type composition reveals an increase in stem-like cells, CAFs, Tregs, M2
macrophages and decrease in NK cells, M1 macrophages, goblet cells across the disease
continuum. A pre-cancer microenvironment that encourages the growth of cancer cells is
probably favored by the observed changes in cell type composition across the disease
continuum. For example, the decrease in goblet cells in intestinal crypts and increase in CAFs,
Tregs and exhausted T cells in the stroma overall favor an immunosuppressive environment
within premalignant polyps and adenocarcinoma. Identifying the similar cell types within normal
and FAP mucosa shows different cell type composition, which are unfavorable for tumor growth.
The CD4+/CD8+ ratio is an important indicator of the overall strength of the immune system
within a patient’s body. Higher CD4+ T cells over CD8+ T cells contribute to a relatively stronger
immune system, while the reverse indicates a weaker system?+2°, Within the immune cell
population, we observe a decrease in CD4+/CD8+ T cell ratio during the FAP disease
progression. The CD8+ T cells positioned at the interface of the intestinal lumen of the colon
and external environment not only help in balancing immune tolerance but also protect the
fragile intestinal barrier from invasion?®. It could be also possible that patients with low
CD4+/CD8+ ratio have a better clinical course, with significantly higher 5-year survival®®. Within
the epithelial compartment, we observe a higher percentage of mucin producing cells in females
compared to the male patients. Mucin glycoproteins protect epithelial lining of the Gl tract?’. We
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suspect that the presence of this protective layer could be one of the plausible explanations as
to why male patients in our study developed FAP adenocarcinoma.

We also find that the increase in stem-like cell population within precancer polyps has no
correlation to donor’s age. This is expected because self-renewal capabilities of stem-like cells
divide to create more stem cells in advanced polyps, which is essential for maintaining
stemness and tumor formation. However, signals from other cell types in the vicinity also
determine whether stem cells will self-renew, differentiate or remain quiescent. In our study, we
find Tregs localize near stem-like cells within FAP polyps and CRCs, which play a critical role in
promoting the stemness, possibly by providing cytokines and interleukins for the CSC survival
and proliferation. Vascular endothelial cells and TAMs have been also present near the CSCs,
which further creates a favorable environment for stem cell proliferation. Recent studies
involving single-cell RNA sequencing of gastric cancer and adjacent tissues found that Tregs
were recruited to gastric cancer tissues and have further demonstrated that Tregs promote the
stemness of gastric cancer cells through the IL13/STAT3 pathway®*°. As a result, we find an
increase in the fraction of stem-like cells expressing cancer marker, SOX2, within polyps
compared to FAP mucosa. Therefore, it would be interesting to see if blocking the interaction
between Tregs and CSCs within the precancer microenvironment could be a potential approach
in the treatment of CRC. Within the immune microenvironment, both resident and recruited
macrophages are key modulators during tumor progression which have several
immunoregulatory functions. Similar to CD4+:CD8+ T cell ratio, M1:M2 macrophage ratio also
decreases along with the FAP disease continuum. We find more M2 polarization occurring in
advanced polyps than normal and FAP mucosa. This is expected as M1 is anti-tumorigenic and
M2 is pro-tumorigenic®. Moreover, we observe higher M2 polarized macrophage population
tends to favor nuclear expression of 3-catenin, which is normally found in the epithelial cell
membrane, where it helps with cell-to-cell adhesion. In the nucleus, 3-catenin is associated with
transcription factors from the TCF/Lef family and drives transcription of Wnt/B-catenin target
genes leading to malignancy*. Previously it has been shown that mRNA/protein levels of B-
catenin, Axin2, and c-Myc were significantly increased in M2 macrophages compared with that
in MO or M1 macrophages®’. Hence, interfering with the macrophage polarization during the
precancer stage could be a turnaround step preventing nuclear localization of 3-catenin, thereby
curbing transcription of malignant genes.

Solid tumors require sufficient blood supply to grow beyond a few millimeters in size. It
has been shown that nearby normal cells are also stimulated by tumors to produce
angiogenesis signaling molecules®. We find an increase in vasculature and microcapillaries
within FAP polyps and tumors compared to normal and FAP mucosa. Most studies have
reported angiogenesis once the invasive adenocarcinoma has been established®®-1%!, However,
we find that even in premalignant stages, such as FAP mucosa and polyps, epithelial cells have
increased proliferation and therefore would be expected to require increased blood supply.
Therefore, targeting blood vessels in the premalignant stage with angiogenesis inhibitors such
as, Axitinib (Inlyta®), Bevacizumab (Avastin®),Cabozantinib (Cometrig®) that specifically
recognize and bind to vascular endothelial growth factor (VEGF) could be an effective route.

Among the other fibroblasts that we have detected within the stromal compartment of
pre-cancer polyps and tumors, CAFs have been a central component of the tumor
microenvironment, as they not only interfere with cell-cell adhesion but also interact with cancer
cells via secreted molecules, influence cancer cells via extracellular matrix (ECM) remodeling
and immune cell infiltration°2, We have shown that CAFs are present near the inflammatory
regions and inhibit the expression of E-cadherin protein, thereby interrupting the cell-cell
adhesion feature. Moreover, CAFs have been shown to influence immune infiltration. Our
imaging data shows that higher CAF populations in the stromal regions are only able to limit the
entry of CD4+ T cells, CD8+ T cells, and plasma B cells into the tumor microenvironment, which
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results in the creation of an immunosuppressive environment. Moreover, when tumor: stroma
ratio (TSR) was calculated, 2 FAP adenocarcinomas have shown higher stromal content
compared to 4 sporadic CRCs, which have shown low to medium stromal content
(Supplementary Fig. 5). Usually, high stroma is associated with poor disease prognosis.
Therefore, both CAF and high stromal content might have restricted the immune cell infiltration.
Despite the fact that CAFs have long been thought to be a key factor in the development of
cancer and thus make an appealing therapeutic target, most clinical trials that attempt to target
CAFs have failed'®1%, Though the current research focuses on finding new CAF subsets that
promote tumors and ways to specifically target them, it's important to note that finding tumor-
suppressive CAF populations and how to maintain their homeostatic balance will also be
valuable as future stroma-targeted therapies. Consequently, there is a growing understanding
that therapeutic approaches with the potential to improve patient survival include normalizing or
re-engineering the tumor stroma into a quiescent state or even tumor-suppressive phenotypes.
Based on functionality, neighborhood analyses between neighboring FAP polyps and mucosa
reveal differences in the spatial location of cells. Heatmaps that display fold change of distinct
cell types within various regions, where specific cell types colocalize due to potential functional
significance have been generated. When macrophages and CD4+ T cells colocalize in an area
of FAP polyp samples, they essentially activate one another and get ready to fight any invasive
pathogens. To strengthen the immune response even more, neutrophils also move into the
intraepithelial zone where they associate with CD8+ T cells (IELs). Additionally, mast cells
migrate to various areas of the polyp tissue and colocalize with lymphatic endothelial cells. We
find immune cells in the same area as the tumor cells in the FAP mucosa, where the cancer
cells that express PD-L1+/CEA+ tumor markers are not as severe. Most likely, these cells are
here to fight off the cancer cells. However, in advanced polyps, cancer cells create an
immunosuppressive microenvironment by keeping the immune cells at a distance.

Overall, our single-cell spatial imaging data demonstrates the changes in cell type
composition throughout initiation of polyp formation from mucosa and the malignant transition of
polyps into CRC, offering insights into the organization and interactions of cells inside the pre-
cancerous milieu and driving important modifications during the course of the disease. We also
discussed a few potential interventions that could be deployed within the pre-cancer
microenvironment, in order to curb tumor initiation and metastasis. This research is expected to
have a significant impact on understanding the FAP pre-cancer microenvironment, as well as
early stages of sporadic CRCs and other gastrointestinal malignancies, which will facilitate the
implementation of early treatment and potential preventive interventions.

Methods
Tissue collection and processing

The Stanford University Institutional Review Board and the Washington University Institutional
Review Board (normal mucosa from deceased organ donors) have both approved this study,
which conforms with all applicable ethical regulations. For every donor participant, the next-of-
kin provided written informed consent. All of the FAP patient tissues used in this study were
procured from colons explanted via total colectomy procedures. The patient colons were taken
directly from the surgical suite to the Stanford Hospital pathology gross room where they were
quickly rinsed and bisected with surgical scissors longitudinally on a room temperature cutting
board typically used in a pathology gross room. Polyp-adjacent normal mucosa (absent any
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visible polyps) and polyp tissues were carefully dissected from the colon, measured, stored in
cryovial tubes, and flash frozen by placing the samples in cryotubes directly into liquid nitrogen.
Polyps that had a maximum diameter in any direction that was larger than 10 mm were considered
“large”, between 10 mm and 5 mm were “medium”, and less than 5 mm were considered “small”.
However, these size categories did not apply to normal mucosa. All polyps greater than 10mm in
diameter were frozen sectioned, H&E stained and underwent histopathologic review by project
pathologists to assess percentage of normal vs dysplastic tissue and presence of dysplasia by
grade (low grade dysplasia vs high grade dysplasia). Polyps less than 10mm in size were not
uniformly subjected to this histopathologic analysis, due to the low likelihood of high-grade
dysplasia in this size of polyps (PMID: 20304097) and the very limited amount of tissue
available for analysis. To record the exact location on the colon where the different tissue
samples came from for patients A001, A002, A014, A015, we replaced each tissue sample with
a numbered thumb-tack and took pictures of the bisected and pinned open colonic lumen. Using
a ceramic mortar and pestle, we pulverized the flash frozen samples in liquid nitrogen to create
a fine powder or small chunks as input to each multi-omic assay. For a subset of tissue
samples, flash frozen polyps and colorectal mucosa were embedded in frozen OCT media and
serial sectioned for 2D structural analyses. Once flash frozen or embedded in frozen OCT
media, tissue was preserved at -80 degrees C until utilized for analyses.

CODEX antibody conjugation and antibody panel creation

CODEX multiplexed imaging was carried out using the staining and imaging protocol outlined in
the manufacturer's user manual. Antibody panels were designed to include targets that
distinguish intestinal epithelial and stromal cell subtypes, as well as innate and adaptive immune
system cells and cancer cells. Detailed panel information is provided in Supplementary Table
3. Each antibody was conjugated to a unique oligonucleotide barcode, and the tissues were
stained with the antibody-oligonucleotide conjugates. We verified that the staining patterns in
positive control tonsil or intestine tissues, which matched those previously established for
immunohistochemistry. Prior to being evaluated collectively in a single CODEX multicycle,
antibody-oligonucleotide conjugates were first evaluated with immunofluorescence assays,
where the signal-to-noise ratio was also assessed.

Preparing tissue samples for CODEX imaging

Imaging data were gathered from twenty human donors, each of whom represented a dataset.
Each dataset contains tissue samples from pre-cancer polyps and adenocarcinoma/CRC
collected from different sections of the colon (sigmoid, descending, transverse and ascending).
The tissues were individually frozen in Optical Cutting Temperature (OCT) molds and then
sectioned at a width of 8um using a cryostat, assembled on Leica Superfrost adhesive slides
and were stored at -80 °C, until needed. The tissue slides were processed according to the
manufacturer’s protocol. Briefly, the slides were obtained from the freezer on the day of the
CODEX experiment and placed on 1-2 cm Drierite beads for 2 mins, followed by 10 mins
incubation in acetone. The acetone was dried by placing the slides facing up in a humid
chamber for 2 mins. The tissue sections were incubated in 5 ml Hydration buffer for 2 mins
(twice) and fixed using 1.6% Paraformaldehyde (PFA) for 10 mins, after which the fixative was
thoroughly removed by rinsing in the same Hydration buffer. The slides were incubated in a 5 ml
staining buffer for 20 mins. In the meantime, a stock solution of CODEX blocking buffer was
prepared by mixing 362 ul of Staining buffer and 9.5 ul each of the company’s proprietary
buffers namely N, G, J, S blockers (per 2 samples). The volume of antibody per sample slide
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was calculated and subtracted from the CODEX blocking buffer. An antibody cocktail solution
was prepared by pipetting each antibody into the CODEX blocking buffer. The sample slides
were placed in the humidity chamber and the antibody cocktail staining solution (200 pl per
tissue sample) was dispensed on the slide and incubated for 3 hours at room temperature.
Subsequently, unbound antibodies were removed by rinsing the slides in 5 ml Staining buffer for
2 mins (twice). The samples were placed in post-staining fixative solution (1 ml of 16% PFA + 9
ml of Storage buffer) for 10 mins and washed thoroughly with 1x Phosphate buffer saline (PBS)
to remove the fixative. Subsequently, the tissue sections were fixed with ice cold methanol for 5
mins at 4 °C and washed with 1x PBS. The samples were incubated in a final fixative reagent
(20 ul of CODEX fixative reagent + 1 ml of 1x PBS) for 20 mins, washed thoroughly with 1x PBS
before placing in the storage buffer (up to 2 weeks at 4 °C). In the meantime, a reporter plate for
interrogating the corresponding barcoded-antibodies was prepared by adding nuclease-free
water, 10x CODEX buffer, assay reagent, and nuclear stain. Two forty microliters of the stock
solution were dispensed into individual wells followed by 5 pl of the corresponding reporter
dyes. The reporter solutions were mixed and pipetted into individual wells of a 96-well plate,
covered with a foil seal, and stored at 4 °C for imaging.

CODEX multiplexed imaging

A CODEX microfluidic instrument also known as Phenocycler Fusion (Akoya Biosciences Inc.,
CA, USA) integrated with an inverted fluorescence microscope through a custom stage insert
was used to automate CODEX buffer exchange and image acquisition. The tissue slides were
placed on the stage insert and imaged with multiple cycles of CODEX imaging. The first and the
last cycles were basically blank cycles and also used for image registration and image
alignment. Tissue sections were imaged in a 5x7 tiled acquisition at 377 nm/pixel resolution and
9 z-planes per tile. The tile overlap was preset at 30%.

CODEX data processing and visualization

The image data and experiment.json files were transferred to CODEX Analysis Manager (CAM)
for further processing of the raw images, which were then subjected to background subtraction,
shading correction, along with deconvolution to remove out-of-focus light using a Microvolution
software available from http://www.microvolution.com/. After drift-compensation and stitching,
the best focal plane of vertical image stacks collected at each acquisition were chosen for cell
segmentation using a gradient-tracing watershed algorithm (Akoya built-in software) on the
nuclear staining (radius set to 6 pixels). The processed images were visualized and analyzed
using CODEX Multiplex Analysis Viewer (MAV) installed as an extension within ImageJ
software (https://imagej.nih.gov/ij/). MAV enables visualization, annotation, and analysis of cell
populations from CODEX imaging data. For each cell in the imaged tissue, MAV generates
spatial coordinates and measures the integrated signal intensity for each antibody.
Occasionally, while using manual gating, some cell segmentation noise that could affect cell
type identification have been revealed but using Leiden-based unsupervised clustering, followed
by over-clustering and manually overlaying the resultant cell type clusters to the image resulted
in much accurate identification of cell types. Both CODEX MAYV and Qupath software can be
downloaded from https://help.codex.bio/codex/mav/installation/download-and-install and
https://qupath.github.io/ . Alternatively, Qupath platform was also used for image data
visualization and performing cell measurements followed by histo-cytometric multidimensional
analysis pipeline (CytoMAP) to analyze the processed images
(https://gitlab.com/gernerlab/cytomap). Once the paired.csv files were saved in Qupath, the
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annotated cell for every dataset was imported into CytoMAP. All of these include the spatial
locations, gate definitions, and cell statistics for every cell object. This spatial analysis technique
extracts and quantifies information about preferential cell-cell associations, global tissue
structure, and cellular spatial positioning using a range of statistical techniques.

Cell type analysis

The identification of cell types was carried out using previously described methods?%1%, Briefly,
DAPI+ cells were gated to select nucleated cells, and then protein markers used for clustering
were normalized using z-normalization. Then the data were overclustered with X-shift clustering
function within CODEX MAV program or Leiden-based clustering embedded within the Seurat
package (version 5.1.0.). Seurat performs uniform manifold approximation and projection
(UMAP), computes cell clusters and scales the data to observe variations in antigen expression
on cells. The above steps were performed based on an in-depth analysis of marker intensity
associated with cell types and its localization within the tissue and referred to the published
images for that specific antibody. Based on the location within the image and the average
cluster protein expression, a cell type was assigned to each cluster.

Cell neighborhood analysis

Using raster scanned neighborhood analysis, CytoMAP determines the local cell composition
inside a spherical (3D data) or circular (2D data) area/volume in the tissue. This function will
treat the data as effectively 2D and use a cylindrical neighborhood window if the z
dimensionality of the data is non-zero but the z thickness is less than the neighborhood radius.
This function determines the total number of cells in each neighborhood as well as the
maximum fluorescence intensity (MFI) of each channel. With a half of the user-defined radius
separating the neighborhood centers, the neighborhoods are uniformly spaced out in a grid
pattern throughout the tissue. Then, additional analysis (e.g., local cellular densities, cell-cell
associations) can be performed using the neighborhood data.

Classify neighborhoods Into regions

The cell neighborhoods have been further grouped into regions. Multiple types of neighborhood
information are used to define tissue regions using CytoMAP's region function. This comprises
the composition (number of cells divided by the total number of cells in each neighborhood), the
raw number of cells per neighborhood, and the standardized number of cells of each phenotype
in each neighborhood (number of cells minus mean number of cells, divided by the standard
deviation of the number of cells in each neighborhood across the dataset). The number of
regions and the neighborhood clustering were automatically determined by default using the
Davies-Bouldin function. Once the network parameters were determined, the network was
trained on the neighborhood data using MATLAB's train function. This assigns a cluster number
to each neighborhood. At the beginning of the selforgmap algorithm, NR "neurons” are
scattered throughout the data. Then, in order to match the data's landscape, it iteratively shifts
the neurons' positions closer to the data. In this case, the position is topological within the cell
composition data rather than spatial. Next, each neighborhood's closest neuron is located,
leading to the clustering of the neighborhoods. Using CytoMAP's Edit Region Colors function,
the individual regions' arbitrary color designations were altered for visual aids. With CytoMAP's
Heatmap Visualization feature, the color-coded neighborhoods' composition was plotted. By
creating a new figure in CytoMAP, plotting the neighborhood positions, and choosing the
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regions for the 'c' axis to color-code the neighborhoods according to region type, the spatial
distribution of the regions was made visible.

Cell-Cell Correlation Analysis

Certain cell populations preferentially associate with one another, or conversely avoid one
another, based on the local cell density within individual neighborhoods, which can be used to
correlate the location of different cell types. The number of cell or object types within the
scanned neighborhoods was calculated using the Pearson correlation coefficient by the
correlation, or corr function, within CytoMAP. This information is then graphed on a heatmap
plot. This correlation analysis can be carried out on a number of samples, covering entire
tissues or just specific areas of the tissues. This is significant because different tissue
compartments may have different associations between cells.

Data availability

Raw and processed CODEX image data generated in this study have been deposited to
Synapse (www.synapse.org/) and are indexed on the Human Tumor Atlas Network (HTAN)
Data Portal. The list of study files can be retrieved by accessing the HTAN Data Portal
(https://data.humantumoratlas.org/explore) and filtering for Atlas: “HTAN Stanford” AND Assay:
“CODEX”.

Code availability

Codes for processing the single-cell CODEX imaging data using Akoya’s pipeline such as
CODEX MAV and Qupath can be downloaded from
https://help.codex.bio/codex/mav/installation/download-and-install and https://qupath.github.io/
respectively. CytoMAP scripts for analyzing the processed images and neighborhood analysis
can be found at https://gitlab.com/gernerlab/cytomap. Seurat pipeline for analyzing the single
cell imaging data can be found at https://cran.r-project.org/web/packages/Seurat/index.html.
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Fig. 1. Single-cell CODEX imaging of FAP tissue samples shows changes in cell type composition within colon microenvironment.
a. shows the number of donor tissue samples from FAP and non-FAP patients, including the normal mucosa samples from HuBMAP
samples as healthy controls. The tissue and polyp samples have been collected from different regions of the colon. Normal mucosa: green,
FAP mucosa: blue, FAP polyp: magenta, and FAP adenocarcinoma/Sporadic CRC: red. The flash frozen samples have been embedded in
Optimal cutting temperature (OCT) solution for sectioning at 8 um and eventually used for single-cell imaging using Akoya’s
CODEX/Phenocycler platform. The pathological stages have been graded independently by two certified pathologists, b. shows
representative CODEX images from normal mucosa, FAP mucosa, FAP polyp, and FAP adenocarcinoma/Sporadic CRC. The tissue sections
have been stained with 40 barcoded antibodies and interrogated with corresponding florescent reporters in each imaging cycle (3
reporters/imaging cycle). For simplicity, 9 markers have been shown here. Scale bar: 200 um, ¢. shows boxplots depicting the fraction of
cell types in a given compartment (epithelial, stromal, immune). Each box represents data from a single disease state. Wilcoxon
comparisons have been made to FAP polyps in each case. The stem cells, endothelial cells, cancer-associated fibroblasts (CAFs),
regulatory T cells (Tregs), M2 macrophages increased while enterocytes, goblet cells, cycling TA, Natural-killer cells (NK) decreased along
the disease continuum, d. Top panel shows strong correlation (Pearsson coefficient, r= 0.9) between percentage of stem cell population
with age from four healthy individuals, where the stem cell population decrease with increase in age. Bottom panel: shows no correlation
(Pearson coefficient, r= 0.2) between percentage of stem cell population with age from FAP individuals, ruling out the possibility of
decrease in stem cell population as a result of aging, e. depicts the ratio of CD4+ and CD8+ T cells across the disease continuum. Higher
CD4+ T: CD8+ T cell ratio (above 1) corresponds to increased immune function, as expected in normal mucosa. This ratio declines (below
1) during the disease progression suggesting decreased CD4+ T cell levels and increased activity of cytotoxic CD8+ T cells within the
precancer microenvironment. Statistical comparison has been made between FAP polyps and other disease states/normal mucosa, f.
Representative image showing CD4+ T cell population higher in FAP mucosa compared to that of FAP polyp. Alternatively, CD8+ T cell
population within FAP polyp increases compared to the FAP mucosa counterpart and these cytotoxic T cells have been shown to be
spatially located near the glandular crypts, g. Bar graph showing higher percentage of mucin-producing goblet cells lining the colon
epithelial layer within female patients compared to male patients, which is statistically significant.
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Fig. 2. Effect of M1 and M2 macrophages during FAP disease progression. a. This figure shows the importance of M1 and M2
macrophage ratio and its role in tumor progression. When M1 macrophage is higher, M1 macrophage secretes immunostimulatory
cytokines which activate CD8+ T cells and NK cells, which impedes cancer cells growth. However, when M2 macrophage population is
higher, tumor-associated antigens suppress interleukin 12, which hinders CD8+ T cell production thereby helping tumor proliferation.
Higher M2 macrophage also modulates tumor microenvironment via neo-angiogenesis and extracellular matrix remodeling. b.
Representative images of M1 and M2 macrophage as seen in normal mucosa, FAP mucosa, FAP polyp and FAP adenocarcinoma. M1
macrophage is anti-tumorigenic while M2 macrophage is pro-tumorigenic leading to malignancy. We find higher M1/M2 macrophage
ratio (statistically significant) in normal mucosa when compared to that of FAP diseased states, c. Top panel (left): Spatial map of a
representative FAP mucosa sample showing the colocalization of M1 macrophage with activated T cells within region 5 (marked with
orange) of the sample, which is expected, as M1 macrophage activates/primes CD4+ helper T cells. Bottom panel (left): A graph showing
fold change of selective immune markers, specifically T cells within each region indicating the localization of activated T cells and other T
cell population with respect to M1 and M2 macrophage. Heatmap showing highest Pearson correlation coefficient between activated T
cell and M1 macrophage (r=0.7461) when compared to CD4+ T (r=0.584) and CD8+ T cell (r=0.5114), d. Graph showing correlation
coefficient between activated T cell and M1 macrophage across the tissue samples and diseased states showing activated T cells and M1
macrophages have statistically significantly higher correlation coefficient values within normal mucosa and FAP mucosa when compared
to that of FAP polyp and FAP adenocarcinoma/sporadic CRCs, e. Representative CODEX images showing nuclear expression of beta-
catenin within FAP adenocarcinoma/sporadic CRC samples, where M2 macrophage population has been found higher compared to the
normal and FAP mucosa samples. Beta-catenin accumulation in nucleus results in transcriptional activation of target genes participating
in malignant transformation. MKi67 marker has been included for representing nuclear expression. Graph showing significantly higher
percentage for nuclear expression of Beta-catenin within FAP adenocarcinoma/sporadic CRC samples in the presence of M2 macrophage,
f. Representative CODEX images showing blood vessels (red, segmented represented with white color) in the presence of M2 macrophage
(orange) within normal, FAP mucosa, FAP polyp and adenocarcinoma. Thin-walled and thick-walled blood vessels have been indicated
within the FAP adenocarcinoma sample. Bar graph showing normalized blood vessel density (%) across the tissue samples, showing
significantly higher percentage of blood vessel density within adenocarcinoma/CRC samples, g. Top panel: CODEX image showing mature
blood vessel and blood vessel with branch formation or microstructures within FAP mucosa, Bottom panel: FAP adenocarcinoma showing
mature blood vessels along with formation of new blood vessels through a process known as neo-angiogenesis (inset). Tumor cells
require a higher supply of nutrition and oxygen for proliferation. Vimentin is a marker for Epithelial-to-Mesenchymal transition, which is
also expressed on the endothelial lining during neo-angiogenesis.
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Fig. 3. Dynamic interaction of cancer cells and immune cells within FAP adenocarcinoma/sporadic CRC microenvironment. a.
Representative CODEX images of FAP mucosa and FAP polyp samples showing fraction of stem cells that are expressing cancer stem cell
marker, SOX2. FAP polyps have a statistically significant higher percentage of stem cells expressing SOX2 than that of FAP mucosa., b.
shows FAP polyps have higher percentage of memory T cells expressing FOXP2 (statistically significant), thereby transforming into higher
number of regulatory T cells when compared with FAP mucosa, ¢. Regulatory T cells (Tregs) are situated near cancer stem cells which
are in the intestinal glandular crypts. It has been shown that Tregs help in cancer stem cell proliferation by secreting TGF-f, interleukins
int tumor microenvironment, and also control CSCs via angiogenesis and through indirect tumor associated macrophage (TAM) effect, d.
CODEX images showing increased expression of carcinoembryonic antigen (CEA) during the FAP disease progression and bar plot shows
the quantification. As expected, FAP adenocarcinoma and sporadic CRCs express significantly higher than the other diseased state while
normal mucosa don’t express CEA, e. CEA marker has been useful to image the tumor ‘nest’ in one FAP adenocarcinoma sample. Cancer
cells recruit TAMs near its periphery which results in tumor angiogenesis. Several immune cells such as CD4+ T, CD8+ T, B cells have been
found in the ‘nest’ boundary. A typical composition of tumor microenvironment has been presented, f. Density contour of cancer cells
within the tumor ‘nest’ (upper panel), density contour of immune cells near the tumor boundary and absent from the tumor ‘nest’
depicting an immunosuppressive tumor microenvironment, g. Codex image showing the presence of TAMs at tumor invasive front, while
M1 macrophages have been shown further away from the tumor. M1 macrophages express inducible nitric oxide synthase as a part of
macrophage inflammatory/adaptive response, h. Codex images showing the escape of cancer cells (white) from the tumor nest by
disrupting the vascular endothelial cells (green). Near the escape point, a bunch of immune cells comprising of CD8+ T cell, CD4+ T cell, B
cell counteracts with the invading cancer cells, thereby preventing the tumor progression.
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Fig. 4. Role of Cancer associated fibroblasts (CAFs) in FAP disease progression. a. This figure shows representative H&E images of
stromal compartments from normal mucosa samples and other FAP diseased states. The images within the box have been magnified, b.
shows normalized fluorescent intensity of various stromal markers including CAFs such as alpha-SMA, Vimentin, Podoplanin and
Versican. As expected, collagen expression is higher in normal mucosa while lower in the rest of the FAP diseased tissue samples, c. shows
the CODEX images of stromal compartment imaged with the stromal markers. The inset shows a CAF marker expression (Podoplanin),
which is absent from normal mucosa, d. shows % of normal fibroblast, fibroblast (EMT), activated fibroblast, inflammatory related
fibroblast and cancer associated fibroblast. Except normal fibroblasts, all other fibroblasts are higher in the FAP disease continuum, e.
this figure depicts the overlap between the inflammatory region and cancer associated fibroblasts (CAFs). VCAN = inflammatory marker,
PDPN = CAF marker, COL6A2 = normal fibroblast/basal lamina. When both polyps and adenocarcinoma were stained with these markers,
a surface plot of pixel intensity was generated using Image ] software. The images were subjected to Van steelsen’s cross correlation
coefficient, which shows how the Pearson coefficient changes after shifting the red image voxel over the green image voxel. By observing
the shape of CCF plot as a function of this shift, it can be determined if the signals of the two channels are actually positively correlated.
The CCF between inflammatory marker (VCAN) and CAF marker (PDPN) increases within FAP adenocarcinoma sample, f. shows the
graph with CCF values, where overlap CCF between PDPN and VCAN increase in adenocarcinoma/sporadic CRC while overlap CCF
between PDPN and COL6A2 decreases in AdCa/CRC. This indicates that CAFs are present near inflammatory regions of the tissue and
promote malignancy, g. CODEX images showing how CAFs (green) from stromal compartment invade colon epithelial layer by
disorganizing the basal lamina. Expression of alpha-SMA on myofibroblasts further helps in matrix contraction and remodeling, h. E-
Cadherin is required for cell-cell adhesion in normal/healthy mucosa. In adenocarcinoma, CAFs have been shown to suppress E-Cad
expression (magenta) near its vicinity. This leads to weakening of cell-cell adhesion leading to tumor proliferation and metastases. On the
other hand, E-cad expression is higher within epithelial compartments which are further away from CAFs migratory path, resulting in
tight cell-cell adhesion (normal morphology). Spatial map of a tumor stroma has been shown to locate tumor region, tumor bud, and
inflammatory fibroblasts, i. CODEX images showing how higher CAF population within stroma of FAP adenocarcinoma inhibits tumor
infiltrated lymphocytes, thereby assisting in immunosuppressive microenvironment. TILs are a group of mononuclear T cells infiltrated
from tumor tissue found in most solid tumors. TILs are found in stroma within tumor area and contain mostly T cells, and few B cells.
Alternatively, lower CAF population within sporadic CRC inhibits TILs to a lesser extent, suggesting that CAFs are also responsible for
dampening the effect of immune cells needed for eradicating the tumor cells, j. graph showing % of TILs in tumor stroma in the presence
of either high or low CAF. In the presence of high CAF population in the tumor stroma, CD4+ T, CD8+ T and plasma B cells are decreased,
while low CAFs promote statistically higher presence of these immune cells in their stromal microenvironment. It’s interesting to see that
regulatory T cells (Tregs) are not affected by either high or low CAFs. This results in a higher number of Tregs in the tumor environment.
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Fig. 5. Neighborhood analyses between adjacent FAP mucosa and FAP polyp show differences in cell type location based on
functionality. a. Heatmap showing the fold change of cell types in different regions from FAP mucosa samples (left) and FAP polyp
samples (right). In both the cases, certain cell types colocalize within the same region because of functional/biological significance
(marked with black outline). For example, in FAP mucosa, the endothelial cells (ECs) and CD4+ T cells reside within region 1, EC-T cell
interactions control of T cell recruitment and activation. Similarly, monocytes and neutrophils migrate with lymphatic endothelial cells
(region 7) while CD8+ T cells are found near the enterocytes, gaurding these epithelial cells from invading pathogens (region 9). In FAP
polyp samples, macrophages and CD4+ T cells colocalize within region 0, which basically activates each other and prepare themselves
for attacking any invading pathogens. Neutrophils migrate towards the intraepithelial zone and join CD8+ T cells (IELs) to further bolster
the immune attack (region 1). Moreover, mast cells colocalize with lymphatic endothelial cells and migrate to different regions of the
polyp tissue, b. Circos representation of cell-cell interaction within FAP mucosa and FAP polyp samples. Interactions between the cell
types increase with the FAP disease progression (see text for details), c. Magnified image showing the precancer microenvironment near
the lymphoid follicles found within adjacent FAP mucosa (blue) and FAP polyp (magenta). Epithelial cells expressing CEA+ marker within
FAP polyp microenvironment is shown with white arrow, d. Line plots depicting fold change of different cell types from FAP mucosa
(upper panel) and FAP polyp samples (lower panel). For example, B cell inside the lymphoid follcile (in FAP mucosa) and memory T cells
outside the lymphoid follicle (in FAP polyp) has been indicated to their respective line plots. Overall, 10 regions were detected in both
FAP mucosa and FAP polyp samples using neighborhood analyses. In FAP mucosa, where the severity of the cancer cells expressing PD-
L1+/CEA+ tumor marKkers is low, we see immune cells within the same region as that of the tumor cells. Unlike FAP mucosa
microenvironment, an immunosuppressive microenvironment is created where the PD-L1+/CEA+ expressing cells and immune cells
segregate to separate regions, e. Heatmap showing the p-values of Pearson correlation coefficient for cell-cell interaction based on
location within the adjacent FAP polyp samples. Several interesting differences in terms of cell-cell localization were found in FAP polyps
when compared to that of FAP mucosa samples (see text for details)
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