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ABSTRACT

Elomaa, Hanna

The roles of immune cell composition and immunosuppressive factors in the
colorectal cancer microenvironment

Jyvaskyla: University of Jyvaskyld, 2024, 88 p.

(JYU Dissertations

ISSN 2489-9003; 809)

ISBN 978-952-86-0244-6 (PDF)

Yhteenveto: Immuunisolujen ja immuunivastetta hillitsevien tekijoiden merkitys
paksu- ja perdsuolisyovan mikroympaéristossa

Diss.

Colorectal cancer is among the most prevalent cancers globally. High immune
cell density in the tumor microenvironment has been found to be associated with
improved colorectal cancer prognosis. However, the role of certain immune cell
types remains incompletely understood. Tumor cells can promote their own
growth by suppressing immune cell activity, for example, by upregulating the
expression of programmed death-1 (PD-1, PDCD1) and programmed death-
ligand 1 (PD-L1, CD274) immune checkpoints, or altering amino acid metabolism
through increasing the expression of indoleamine 2,3-dioxygenase (IDO) and
arginase-1 (ARG1) enzymes. In this study, immunohistochemistry and machine
learning-based image analyses were used to assess the prognostic significance of
immune cell densities and distribution, along with the expression of immune
suppressive molecules, in colorectal cancer. Multimarker analyses enabled
detailed phenotyping of immune cell subtypes and examination of the tumor
microenvironment. The overall densities of monocytic cells, granulocytes, or
mast cells, or their spatial proximity with tumor cells did not independently
associate with colorectal cancer patient survival. However, higher density of T
cells, particularly within tumor cell proximity was a strong prognostic indicator
of favorable outcome. Moreover, despite the immunosuppressive nature of
CD274 and IDO, increased infiltration of CD274* macrophages and IDO*
monocytic cells was associated with better prognosis in colorectal cancer. These
findings enhance the understanding of immune cell infiltration and the spatial
interactions between tumor and host immune cells, potentially refining
prognostication of colorectal cancer patients and assisting in development of new
cancer therapies.

Keywords: Colorectal carcinoma; immunohistochemistry; inflammatory cell;
machine-learning; multimarker staining; prognostic factor; spatial analysis.

Hanna Elomaa, University of Jyvdskyld, Department of Biological and Environmental
Science, P.O. Box 35, FI-40014 University of Jyvdskyld, Finland; Wellbeing Services
County of Central Finland, Department of Education and Research, Hoitajantie 3, FI-
40620 Jyviskyld, Finland.
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Paksu- ja perdsuolisyopéd on yksi yleisimmistd syovistd maailmanlaajuisesti. Syo-
van mikroymparistossd korkean immuunisolumédédran on todettu parantavan
paksu- ja perdsuolisydpdpotilaan ennustetta, mutta joidenkin solutyyppien mer-
kitys tunnetaan vield huonosti. Sydpdsolut voivat myos edistdd omaa kasvuaan
heikentamadlld immuunisolujen toimintaa esimerkiksi lisidmaélla PDCD1 (engl.
programmed death-1, PD-1) ja CD274 (engl. programmed death-ligand-1, PD-L1)
immuunivasteen tarkastuspisteproteiinien ilmenemistd tai muuttamalla solujen
aminohappoaineenvaihduntaa lisddmalld aminohappoja hajottavien indoleamii-
ni 2,3-dioksigenaasi (IDO) ja arginaasi-1 (ARG1) entsyymien mddraa. Tassa tutki-
muksessa kartoitettiin useiden eri immuunisolutyyppien tiheyksid ja spatiaalista
jarjestaytymistd, immuunivastetta hillitsevien molekyylien ilmenemistd sekd
ndiden ennustemerkitystd paksu- ja perdsuolisydvassd immunohistokemiallisilla
vdrjdysmenetelmilld ja tietokoneavusteisella kuva-analyysillda. Kdytetyt menetel-
mit mahdollistivat immuunisolutyyppien tarkan tunnistamisen ja immuunivas-
tetta hillitsevien proteiinien ilmenemisen analysoimisen eri solutyypeissd. Mono-
syyttien, granulosyyttien tai syottosolujen kokonaistiheyksilld tai spatiaalisella
sijainnilla ei ollut itsendistd ennustemerkitystd, mutta korkealla T-solutiheydelld,
etenkin syopédsolujen ldheisyydessd, oli vahva yhteys potilaan parempaan ennus-
teeseen. Huolimatta CD274 ja IDO proteiinien mahdollisesta immuunisolujen
toimintaa hillitsevéstd vaikutuksesta, korkeilla CD274* makrofagien ja IDO*
monosyyttien tiheyksilld oli potilaan ennustetta parantava vaikutus. Tutkimus
lisdd tietoa eri immuunisolutyyppien merkityksestd sekd sydpd- ja immuuniso-
lujen vilisistd vuorovaikutuksista ja tulokset voisivat edistdd paksu- ja perdsuoli-
syovan ennusteen arviointia sekd uusien syopahoitojen kehittamista.

Avainsanat: Ennustetekijd; immunohistokemia; kolorektaalisy6pd; koneoppimi-
nen; monimarkkerivérjdys; spatiaalianalyysi; tulehdussolu.

Hanna Elomaa, Jyviskylin yliopisto, Bio- ja ympidristotieteiden laitos, PL 35, 40014
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1 INTRODUCTION

Colorectal cancer ranks as the third most prevalent cancer type globally, with
over 1.9 million new cases annually (Bray et al. 2024). Several risk factors
predispose to colorectal cancer, including high age (Miller et al. 2022), as well as
factors such as obesity and adherence to a Western dietary pattern (Renehan et
al. 2008, Garcia-Larsen et al. 2019). The majority of cases develop sporadically
from precursor lesions within colorectal epithelium without specific germline
genetic associations (Jasperson et al. 2010, Hamilton and Sekine 2019). Most
colorectal cancers develop through the chromosomal instability pathway, while
others follow the hypermutated pathways, each exhibiting distinct genetic,
molecular, and clinical characteristics (Nagtegaal et al. 2019).

The cells of innate and adaptive immune systems play a pivotal role in
detecting and eliminating pathogens and other aberrant cells (Murphy and
Weaver 2017). In cancer, immune cells are crucial in recognizing and targeting
tumor cells, although the interaction between tumor and host immune cells is
complex (Alexander et al. 2020). Immune cell density and composition vary
widely within tumors and among different patients (Pages et al. 2008). A strong
inflammatory reaction has been found to associate with favorable survival
outcomes in colorectal cancer patients (Alexander et al. 2020), although certain
immune cells may possess anti-inflammatory and tumor growth-promoting
effects (Zamarron and Chen 2011). Additionally, tumor cells have the capability
to modulate the tumor microenvironment, allowing them to evade immune
detection and promote their own proliferation (Vinay et al. 2015). For instance,
they may upregulate the expression of immune checkpoint proteins or modulate
amino acid metabolism (Zhang et al. 2023, Chen et al. 2024) to potentially decrease
immune cell activity (Chen 2004, Vinay et al. 2015, Ma et al. 2019).

Prognostic assessment and treatment planning for colorectal cancer mainly
rely on evaluating the tumor size and extent (Union for International Cancer
Control 2017). However, this approach has some limitations and does not
consider the immunological state of the tumor (Kannarkatt et al. 2017, Cheng et
al. 2020). Thus, new biomarkers characterizing immune cells in the tumor
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microenvironment could complement the existing prognostic parameters in
colorectal cancer.

This study characterizes the colorectal cancer microenvironment to provide
detailed insights into immune cell infiltration and the expression patterns of
immunosuppressive molecules. The objective is to clarify the prognostic role of
various immune cell subtypes and analyse interactions between tumor cells and
host immune cells.
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2 LITERATURE REVIEW

2.1 Large intestine

2.1.1 Anatomy and function

The large intestine, comprising the colon and rectum, has vital roles in the
digestive system. The colon is involved in processing and transporting food
material, as well as absorbing nutrients and water, while the rectum disposes of
unabsorbed waste products (Kierszenbaum and Tres 2020). The large intestine is
divided into proximal and distal colon based on their embryological origins. The
proximal colon, developed from midgut derivates, extends from the caecum to
the splenic flexure, whereas the distal colon develops from hindgut derivates and
encompasses the structures from the splenic flexure to the rectum (Fig. 1). These
parts differ in their arterial supply and lymphatic drainage patterns (Ponz de
Leon and Di Gregorio 2001, Bazira 2023).
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FIGURE 1 The anatomy of the large intestine. Modified from Ponz de Leon and Di Gregorio

(2001).
2.1.2 Histology

The large intestine is lined by a mucosal layer, organized as Lieberkiithn crypts.
The mucosa is composed of epithelium, lamina propria, and muscularis
mucosae. The epithelium contains specialized cells, including enterocytes, goblet
cells, and immune cells, which maintain the balance of microbial flora, absorb
water and nutrients, and provide a protective barrier against harmful microbes
and pathogens (Suzuki 2020). The lamina propria is a connective tissue layer with
blood and lymphatic vessels and a high variety of cells, including immune cells.
The muscularis mucosae is a smooth muscle layer that controls the shape of the
mucosa, thereby regulating its physiological properties (Ponz de Leon and Di
Gregorio 2001). The histology of colon is represented in Fig. 2.
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MuCosa

FIGURE 2 The histology of the colon.

2.2 Colorectal cancer epidemiology

Cancer is a disease characterized by uncontrollable proliferation of abnormal
cells. It develops through a multistep process known as carcinogenesis, where
normal cells transform into malignant cells due to accumulating genetic
alterations. Over time, cancer may acquire the potential to spread to other organs
through lymphatic vessels or the bloodstream. The hallmarks of cancer, initially
introduced by Hanahan and Weinberg (Hanahan and Weinberg 2000), delineate
key alterations and typical capabilities shared by most cancers. There are ten core
hallmarks, along with four prospective emerging cancer hallmarks and enabling
characteristics, which have been proposed as potential hallmarks (Hanahan
2022). The hallmarks are listed in Table 1.
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TABLE 1 Cancer hallmarks!.

Core hallmarks
Sustaining proliferative signaling
Evading growth suppressors
Avoiding immune destruction
Enabling replicative immortality
Tumor-promoting inflammation
Activating invasion and metastasis
Inducing or accessing vasculature
Genome instability and mutation
Resisting cell death
Deregulating cellular metabolism

New emerging hallmarks
Unlocking phenotypic plasticity
Senescent cells

New enabling characteristics
Nonmutational epigenetic reprogramming
Polymorphic microbiomes

1Adapted from Hanahan (2022).

Colorectal cancers encompass tumors in both proximal and distal parts of the
colon, with rectal cancers typically addressed separately due to their distinct
anatomic location, diagnosis, and treatment. Additionally, proximal and distal
tumors have shown to differ in molecular, histological, epidemiological, and
genetical characteristics (Baran et al. 2018). However, rather than being two
distinct anatomical sites, the colorectal continuum model suggests that these
tumor characteristics evolve gradually and linearly from the proximal colon to
the rectum (Yamauchi et al. 2012).

2.2.1 Prevalence

Colorectal cancer is globally the third most diagnosed cancer after breast and
lung cancers. It comprises over 1.9 million new cases annually and stands as the
second leading cause of all cancer deaths after lung cancer. In men, colorectal
cancer ranks third in both incidence and mortality. Conversely, among women,
it ranks second in incidence and third in mortality worldwide (Bray et al. 2024).
In Finland, colorectal cancer has the second highest incidence rates for both men
and women, while it ranks third in mortality rates for men and fourth in women
(Seppd et al. 2023). The incidence and mortality rates of colorectal cancer in
Finland from 1953 to 2021 are depicted in Fig. 3.
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FIGURE 3 Age-standardized (Finland 2014) incidence and mortality rates for colorectal
cancer in Finland from 1953 to 2021. Data adapted from the Finnish Cancer

Registry (2023).
2.2.2 Risk factors

The primary risk factors for colorectal cancers encompass various lifestyle,
environmental, and genetic components. Colorectal cancer incidence notably
increases after the age of 50, with the median age at diagnosis for sporadic cases
being approximately 67 years (Miller et al. 2022). However, there has been a
global increase in incidence among individuals under 50 years in recent decades
(Saraiva et al. 2023). Predominant dietary and lifestyle factors associated with
colorectal cancer include obesity (Renehan et al. 2008, Clinton et al. 2020, Bray et
al. 2024), adherence to a Western dietary pattern (Garcia-Larsen et al. 2019),
consumption of red and processed meat (Larsson and Wolk 2006, Clinton ef al.
2020), excessive alcohol consumption (Fedirko et al. 2011, Clinton et al. 2020), and
smoking (Walter et al. 2014). While family history also plays a significant role as
a predisposing risk factor, it contributes to a smaller fraction of colorectal cancer
cases (Fuchs et al. 1994). Several protective factors, such as regular physical
activity (Samad et al. 2005, Boyle et al. 2012, Clinton et al. 2020), adherence to a
prudent and fibre-rich diet (Garcia-Larsen et al. 2019, Bray et al. 2024), and
consumption of calcium supplements (Bray et al. 2024), have also been
acknowledged.

Traditionally, the impact of specific risk factors has been evaluated in
relation to the overall risk of developing colorectal cancer, without considering
interactions between multiple factors or molecular changes. Molecular
pathologic epidemiology investigates the interaction of risk factors, somatic
molecular changes, and the development of colorectal cancer. It has been
suggested that certain factors may facilitate colorectal cancer progression by
affecting molecular alterations (Ogino et al. 2011). Moreover, it has been
demonstrated that smoking, for instance, is associated with microsatellite
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instability (Slattery et al. 2001), while obesity has been linked to microsatellite
stable tumors (Campbell et al. 2010).

2.3 Colorectal carcinogenesis

The majority of colorectal cancers are sporadic, indicating that the gene
alterations responsible for cancer development occur during the subjects lifetime.
Approximately 2-5% of cases result from hereditary cancer syndromes with well-
known inherited mutations (Jasperson et al. 2010). However, approximately 20-
30% of colorectal cancers are associated with some degree of family history,
although specific gene alterations have not been identified (Lichtenstein et al.
2000).

Colorectal cancer development begins with the accumulation of genetic
alterations within the colorectal epithelial cells. The process is influenced by a
combination of genetic, environmental, and lifestyle factors. Typically, colorectal
cancers originate from precancerous lesions, which are benign, localized growths
of abnormal cells within the mucosal layer. These lesions have the potential to
evolve into invasive colorectal cancer over time (Simon 2016). A benign tumor
becomes colorectal cancer after invasion through the muscularis mucosae
(Nagtegaal et al. 2019). Tumor cells may acquire the capability to disseminate and
spread into lymph nodes or distant organs, such as the liver and lungs, through
the lymphatic or blood vessels (Luo et al. 2018, Leong et al. 2022). Fig. 4 illustrates
different stages of colorectal cancer progression.

A. Non-neoplastic colon B. Precursor lesion C. Adenocarcinoma pT2

i .

D. Adenocarcinoma pT3 E. Lymph node metastasis F. Lung metastasis
)]

FIGURE 4 Colorectal cancer progression.
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2.3.1 Precursor lesions

Colorectal cancers typically originate from benign precursor lesions that develop
within the epithelium. However, only a minority of the benign lesions develop
into malignant adenocarcinomas. The two main types of precursor lesions are
conventional adenomas and serrated lesions and polyps.

Conventional adenomas are characterized by dysplastic epithelium,
indicating the presence of abnormal cells. They are further classified based on
their villosity into tubular, tubulovillous, and villous adenomas. Tubular
adenomas consist mainly of tubular structures, with less than 25% of the
adenoma displaying villous structures. Villous adenomas are defined as
adenomas displaying more than 75% of villous structures, while tubulovillous
adenomas exhibit both tubular and villous structures (Hamilton and Sekine
2019).

The second most common type of precursor lesions is the serrated lesions
and polyps, which primarily develop through the sessile serrated neoplasia
pathway (Pai et al. 2019). Serrated lesions encompass three main subtypes,
including hyperplastic polyps, sessile serrated lesions, and traditional serrated
adenomas. Hyperplastic polyps are the most prevalent subtype but rarely
develop into malignant carcinoma (Nguyen et al. 2020).

2.3.2 Pathogenesis

Of colorectal adenocarcinomas, approximately 84% develop via the non-
hypermutated conventional adenoma-carcinoma sequence. The pathway is
primarily characterized by chromosomal instability, leading to significant
chromosomal changes. The remaining cancers arise through the hypermutant
pathway, encompassing tumors with microsatellite instability (MSI, 13%) and
tumors with defective DNA proofreading polymerases (3%) (Nagtegaal et al.
2019).

2.3.21 Chromosomal instability pathway

The chromosomal instability pathway results in a high number of structural (i.e.
translocations, duplications, or deletions) or numeral chromosomal alterations
(i.e. chromosomal gains or losses) (Pino and Chung 2010). Tumors with the
chromosomal instability tend to exhibit a low frequency of mutations but a high
frequency of DNA somatic copy number alterations (Noack and Langer 2023).
They typically acquire an inactivating mutation in APC gene as the first mutation
(Powell et al. 1992). Other common mutations include loss-of-function mutations
in TP53 and SMAD4, as well as activating mutations in KRAS and PIK3CA
(Cancer Genome Atlas Network 2012, Nagtegaal et al. 2019).

2.3.2.2 Hypermutated pathway

Hypermutated tumors exhibit a very high frequency of mutations, resulting in
increased tumor mutation burden and a high number of neoantigens.
Additionally, hypermutated tumors typically display greater intratumoral
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heterogeneity compared to tumors with the chromosomal instability (Angelova
et al. 2015). Most hypermutated tumors are characterized by MSI, where short
repeating DNA sequences called microsatellites are accumulated by mutations.
MSI is caused by a deficient DNA mismatch repair (MMR) system, which is
responsible for correcting errors during DNA replication. A defective MMR
system arises from loss-of-function mutations in one or several DNA mismatch
repair (MMR) genes (MLH1, MSH2, MSH6, PMS2) or from hypermethylation of
the MLH1 promoter (de la Chapelle and Hampel 2010). MSI tumors often exhibit
the CpG island methylator phenotype, characterized by abnormal and high-level
methylation in CpG sites of gene promoter regions, leading to hypermethylation
of MLH1 (Cancer Genome Atlas Network 2012). MSI tumors are often associated
with high tumor grade, mucinous histology, higher infiltration of lymphocytes,
a Crohn’s like lymphoid reaction, proximal colon location, lower tumor stage,
and favorable prognosis (Jenkins et al. 2007, Ogino et al. 2009).

In some MSI tumors, the BRAF mutation is the initiating mutation. These
tumors have typically developed from sessile serrated lesions rather than from
conventional adenomas and in these cases, the MSI pathway is converged with
the sessile serrated pathway (Nagtegaal et al. 2019, Nguyen et al. 2020). The
tumorigenesis in MSI tumors initiated by BRAF mutation takes a shorter span of
time than that in MSI tumors initiated by APC mutation (Nguyen et al. 2020).

Approximately 10-15% of MSI colorectal cancers are associated with Lynch
syndrome, an inherited syndrome predisposing cancer development (Peltomiki
2014). Unlike most sporadic MSI tumors, Lynch syndrome-related tumors arise
from MMR gene mutation rather than MLH1 hypermethylation (Peltoméki 2014).
These tumors do not typically exhibit the CpG island methylator phenotype or
harbor the BRAF mutation (Deng et al. 2004, Bessa et al. 2008, Nagasaka et al. 2008).

Ultramutated tumors are microsatellite stable, indicating a functional MMR
system. They arise from mutations in DNA proofreading polymerases, which
replace incorrectly synthetized base pairs during DNA replication. Mutations
typically occur in genes encoding the exonuclease domains of DNA polymerase
Epsilon (POLE) or Delta 1 (POLD1), leading to errors in DNA replication and
accumulation of mutations. In comparison to tumors with chromosomal
instability, MSI and ultramutated tumors are strongly enriched for BRAF and
TGFBR2 mutations, whereas the frequencies of APC, KRAS and TP53 mutations
are lower (Rajagopalan et al. 2002, Cancer Genome Atlas Network 2012).

2.3.3 Hereditary cancer syndromes

Up to 5% of colorectal cancers are associated with some inherited cancer
syndromes, typically leading to cancer development at a relatively young age
(Jasperson et al. 2010). Lynch syndrome, formerly known as hereditary non-
polyposis colorectal cancer, is the most prevalent inherited syndrome,
accounting for approximately 1-3% of all colorectal cancer cases (Vasen et al.
2013, Peltomadki et al. 2023). Lynch syndrome carriers have a significantly
increased risk for several gastrointestinal and gynecologic tract cancers, along
with a susceptibility to multiple tumors. Lynch syndrome-related colorectal
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cancer is primarily caused by a germline MMR mutation combined with an
inactivating mutation in the remaining functional allele (Vasen et al. 2013).

The second most common hereditary disorder is Familial adenomatous
polyposis. It is typically caused by a germline mutation in the APC gene,
although some cases are related to inherited MUTYH mutation. Familial
adenomatous polyposis is characterized by the presence of a large number of
adenomatous polyps, which almost inevitably progress to colorectal cancer if left
untreated (Half et al. 2009).

MUTYH-associated polyposis arises from a germline mutation in MUTYH
and typically presents with an increased number of polyps compared to sporadic
colorectal cancers. MUTYH is involved in the base excision repair pathway,
responsible for repairing oxidative DNA damage resulting from cellular
metabolism. A defective base excision repair pathway predisposes to the
accumulation of mutations and subsequent cancer development (Ma et al. 2018).

Both Lynch syndrome and Familial adenomatous polyposis are dominantly
inherited syndromes, whereas MUTYH-associated polyposis follows a recessive
inheritance pattern (Half et al. 2009, Ma et al. 2018). Additionally, there are several
other polyposis syndromes, such as Peutz-Jeghers syndrome, Juvenile polyposis
syndrome, and serrated polyposis syndrome (Ma et al. 2018, Arends et al. 2019).

2.3.4 Signalling pathways

Colorectal cancer development is a multistep process involving the accumulation
of multiple mutations. Mutations contributing to carcinogenesis are typically
occurring in tumor-suppressor genes and proto-oncogenes, which are critical
regulators of cell growth and differentiation. Tumor-suppressor genes normally
restrain cell growth, and mutations in these genes promote uncontrollable cell
growth and tumor progression. Proto-oncogenes are genes typically involved in
maintaining normal cell growth and division. Mutations in proto-oncogenes may
lead to their conversion into oncogenes, which have a potential to drive
uncontrollable cell growth and promote carcinogenesis (Fearon and Vogelstein
1990). Many tumor-suppressor genes and oncogenes are key regulators in several
signalling pathways, including Wnt/ CTNNB1, MAPK, Notch, PI3K/AKT, NF-
kB, TGFB, p53, and JAK/STAT pathways (Kandoth et al. 2013). Table 2 represents
some tumor-suppressor genes and oncogenes implicated in colorectal cancer
development.
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TABLE 2

Typically mutated tumor-suppressor genes and oncogenes in colorectal cancer.

Gene

Pathway Frequency Effect of mutation

Tumor-suppressor genes

APC WNT 80% CTNNBI accumulation leading to activation
of proto-oncogene transcription

TP53 P53 60% Defective response to DNA damages, defects
in regulating cell cycle arrest and apoptosis

TGFBR2 TGFB 20% Defects in regulating cell growth and
apoptosis

MLH1, MSH2, MMR 15% Defects in DNA repair system, accumulation

MSH6, PMS2 of oncogenic mutations

SMAD4 TGFB 15-20% Upregulation of tumor growth

PTEN PI3K 10-30% Promoting cell survival and preventing
apoptosis

Oncogenes

KRAS MAPK  40% Constant GTP-bound? active state, promoting
cell survival and preventing apoptosis

BRAF MAPK  10% Promoting cancer cell growth

PIK3CA PI3K 10-20% Promoting uncontrollable cell growth and

survival

1Based on Cancer Genome Atlas Network (2012), Kuipers et al. (2015), and Nagtegaal ef al. (2019).

2Abbreviations: GTP, guasine triphosphate.

2.4 Immune system

The immune system, divided into the innate and adaptive immune systems,
maintains tissue homeostasis by identifying and eliminating abnormal
molecules, invading pathogens, and damaged cells. All immune cells develop
from multipotent hematopoietic stem cells, first differentiating into common
myeloid and lymphoid progenitor cells, and subsequently maturating into innate
and adaptive immune cells (Fig. 5) (Murphy and Weaver 2017).
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FIGURE 5 Classification of immune cells. Abbreviations: ILC, innate lymphoid cell; NK,
natural killer; Tth, T follicular helper; Th, T helper; Treg, T regulatory. Based on
Murphy and Weaver (2017).

2.4.1 Innate immune system

Innate immune cells function as the first-line defence. Some innate immune cells
are constantly monitoring tissues for pathogens to prompt a rapid response. In
cases where tissue homeostasis is disrupted, macrophages and mast cells activate
inflammation by releasing a substantial amount of mediators, which recruit and
activate other immune cells, facilitating their migration to the affected tissue
(Murphy and Weaver 2017).

24.1.1 Macrophages

Macrophages play a pivotal role in maintaining tissue homeostasis, responding
to infections, and contributing to overall immune defense. They can perform two
functionally different polarization states: classically activated (M1) and
alternatively activated (M2) macrophages (Murray 2017). M1 macrophages
exhibit a multifaceted role in promoting inflammation. They can directly
eliminate pathogens and necrotic host cells. Additionally, they induce T helper
(Th) 1 responses by producing proinflammatory cytokines and present antigens
to T cells through the major histocompatibility complex (MHC) I and II.
Conversely, anti-inflammatory M2 macrophages can promote Th2 responses
through anti-inflammatory cytokines and deplete the activity of T cells, B cells,
and natural killer cells. In addition, they can contribute to tissue repair and
extracellular matrix synthesis (Yadav et al. 2022). However, instead of two
distinct macrophage subtypes, the M1-M2 polarization is a continuum, and the
state can also change in a response to microenvironmental changes (Italiani et al.
2014). Macrophages are among the most predominant leukocytes in the tumor
microenvironment of solid tumors, including colorectal cancer (Nielsen and
Schmid 2017, Li et al. 2023). These tumor-associated macrophages are often
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influenced by cancer to adopt an M2 polarization. The shift towards M2
polarization results in macrophages that generally support tumor progression
and growth (Yahaya et al. 2019).

24.1.2 Neutrophils

Neutrophils, which are the most abundant immune cell type in blood, play an
important role in orchestrating immune responses by promoting inflammation
and triggering adaptive immune cells (Jaillon et al. 2020). However, like
macrophages, neutrophils are plastic and can polarize into two functionally
distinct subtypes, N1 and N2 neutrophils, which in cancer can demonstrate anti-
and pro-tumorigenic roles, respectively. Tumor cells typically favor the
differentiation of neutrophils towards N2 neutrophils through releasing
cytokines and other signalling mediators (Fridlender et al. 2010).

2.4.1.3 Dendritic cells

Dendritic cells are highly immunogenic and are in a key role in mediating
communication between the innate and adaptive immune systems. They can be
differentiated into several subtypes, including conventional dendritic cells,
plasmacytoid dendritic cells, monocyte-derived dendritic cells, and Langerhans
cells. Conventional dendritic cells, which include type 1 and 2 cells, are the
predominant subtype capable of capturing and presenting antigens to cytotoxic
T cells and helper T cells on MHC I and II, respectively. Dendritic cells can also
contribute to the differentiation of helper T cells into effector cells (Hilligan and
Ronchese 2020). Under certain circumstances, dendritic cells can exhibit anti-
inflammatory effects through various mechanisms, including expressing low
levels of MHC molecules and co-stimulatory signals for T cells, promoting helper
T cell differentiation into regulatory T cells, or secreting anti-inflammatory
cytokines (Ness et al. 2021). Cancer may prevent the pro-inflammatory activity of
dendritic cells by impeding their maturation (Gabrilovich et al. 1996, Michielsen
et al. 2011).

2.4.1.4 Natural killer cells

Natural killer cells are innate immune cells with T cell-like characteristics. They
can detect and directly kill intracellular pathogens and aberrant cells through
various cytotoxic mechanisms, including the release of granules and death-
receptor-mediated apoptosis. Natural killer cells release granules containing the
lytic protein perforin and granzyme proteases. Perforin forms pores in the target
cell membrane, allowing granzymes to enter the cell and induce apoptosis. In
death-receptor-mediated apoptosis, target cell death is induced when Fas ligand,
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), or tumor
necrosis factor (TNF) engage with their specific receptors on the target cell
surface (Prager and Watzl 2019). Unlike T cells, natural killer cells lack specific
surface antigen receptors and are capable of detecting aberrant cells which have
lost MHC I molecules (Kérre et al. 1986). Natural killer cells can upregulate
inflammation by promoting T cell activity, inducing MHC 1 expression, or
activating dendritic cells (Reid et al. 2021). However, they may also restrict
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immune activity by eliminating some activated immune cells and releasing
immunoregulatory cytokines (Zitti and Bryceson 2018).

2.4.1.5 Mast cells

Mast cells are well-known for their significant role in mediating allergic
reactions. When exposed to allergens, activated mast cells release
proinflammatory mediators and cytokines, such as histamine, serotonin, and
TNFA to contribute to inflammation and trigger physiologic symptoms
(Theoharides et al. 2012). In inflammatory reactions, mast cells are involved in
direct elimination of pathogens and in recruitment of other immune cells to the
infection site (De Giovanni et al. 2022, Liu et al. 2023). Furthermore, mast cells can
modulate the function of Th2, regulatory T, and B cells and promote the
maturation of Th17 cells (Theoharides et al. 2012, Cardamone et al. 2016).
Conversely, mast cells can also exhibit an anti-inflammatory effect driven by Th2
cytokine secretion (Bischoff et al. 2001). In cancer, mast cells have been shown to
promote angiogenesis and lymphangiogenesis and to release both pro- and anti-
tumor mediators (Liu et al. 2023).

24.1.6 Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are a heterogenous population of
myeloid cells with immunoregulatory effects. During chronic inflammation and
in cancer, myeloid cells may undergo pathological activation, disrupting the
maturation process and leading to the development of incompletely maturated
MDSCs. MDSCs, comprising polymorphonuclear and monocytic main subsets,
share some traits with mature granulocytes and monocytes but exhibit
differences in phenotype and function. MDSCs typically lack phagocytotic
capability and can secrete immunosuppressive cytokines, reactive oxygen and
nitrogen species, and other immunosuppressive molecules, thereby possessing
high immunosuppressive and tumor growth-promoting potential (Bronte et al.
2016).

2.4.2 Adaptive immune system

The adaptive immune system comprises T and B cells and its activation is slower
compared to the innate immune system. Adaptive immunity recognizes aberrant
cells or pathogens based on their specific surface antigens and establishes an
immunological memory, which enables a faster and more efficient response upon
subsequent exposure to the same foreign antigen (Murphy and Weaver 2017).

24.21 T cells

T cells are adaptive immune cells involved in cell-mediated immunity. T cell
activation of naive T cells into effector cells requires three signals: antigen-
dependent, co-stimulatory, and cytokine-dependent signals. The antigen-
dependent signal corresponds to the recognition of a specific antigen presented
on MHC molecules on antigen presenting cells, including mature dendritic cells,
macrophages, and activated B cells. This recognition is mediated by T cell
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receptor on T cell (Wilcox 2016). The co-stimulatory signal enhances T cell
receptor-mediated activation and prevents T cell anergy, a state in which T cell is
unable to respond to the presented antigen and remains inactive. The co-
stimulatory signal is formed between the CD28 receptor on T cells and the CD80
(B7.1) or CD86 (B7.2) receptors on antigen presenting cells (Wilcox 2016, Zumerle
et al. 2017). The cytokine-dependent signal is required to complete the activation
process, allowing T cells to differentiate into effector or memory T cells and
proliferate (Wilcox 2016). Activated T cells undergo clonal expansion, during
which the number of effective antigen-specific T cells is increased, and
differentiation, leading to the formation of various specialized T cell subtypes. T
cells are categorized into aff and y0 T cells based on their glycoprotein chains on
T cell receptors. aPp T cells encompass helper T cells, cytotoxic T cells, and
memory T cells. yd T cells constitute approximately 5-10% of all T cells, and their
role in immune system, as well as their antigen recognition mechanisms, are less
well understood compared to af} T cells (Morath and Schamel 2020).

Helper T cells, activated through MHC II, regulate immune responses by
directly interacting with other immune cells and by releasing cytokines. Helper
T cells promote the clonal expansion and differentiation of cytotoxic T cells, as
well as the activation and antibody production of B cells (Borst et al. 2018).
Furthermore, a subset of helper T cells can directly work as cytolytic cells and
eliminate abnormal cells (Quezada et al. 2010, Hashimoto et al. 2019). Helper T
cells can differentiate into several subsets, including Th1, Th2, Th3, Th9, Th17,
Th22, T regulatory 1, follicular Th, and regulatory T cells, each differing in their
surface receptors cytokine profiles, and transcription factors (Cenerenti et al.
2022). Of the subsets, Thl, Th2, and regulatory T cells are the most well-
established. Th1 cells are pro-inflammatory and are involved in the activation of
cytotoxic T cells, B cells, and macrophages, particularly in defence against
intracellular pathogens and virus-infected cells (Meitei and Lal 2023). Th2 cells
are involved especially in promoting the elimination of intracellular pathogens,
tissue damage repair, B cell proliferation, and M2 macrophage polarization
(Walker and McKenzie 2018). Regulatory T cells downregulate T cell activity and
have an important role in preventing autoimmune diseases and the overactivity
of cytotoxic T cells (Spence et al. 2015). However, they can also suppress the
maturation, effector function, or interaction of other immune cells (Vignali et al.
2008).

Cytotoxic T cells, activated through MHC I, are considered the primary
effectors in the anti-tumor immune response (Schiiler et al. 1999). Activated
cytotoxic T cells can eliminate target cells by inducing apoptosis through the
secretion of perforin and granzymes. Alternatively, target cells may also be killed
through the interaction between the Fas ligand on cytotoxic T cells and the Fas
receptor on the target cell, resulting in target cell DNA fragmentation (Gordy and
He 2012, Fu et al. 2016, Raskov et al. 2021). Some T cells differentiate into memory
T cells, which exhibit a long-lasting memory to specific pathogens, enabling the
immune system to mount a faster and more efficient response upon re-exposure
(Farber et al. 2014).
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T cells have been extensively studied in the context of colorectal cancer
prognosis. Higher densities of cytotoxic T cells and Th1 cells have shown to be
associated with prolonged survival and reduced tumor recurrence (Naito et al.
1998, Galon et al. 2006, Pages et al. 2008, Tosolini et al. 2011). In addition, higher
infiltration of overall and memory T cell populations has demonstrated a positive
prognostic effect (Galon et al. 2006, Pages et al. 2008). Regulatory T cells may be
associated with worse survival in colorectal cancer patients, although previous
studies have reported both positive and negative prognostic associations (Salama
et al. 2009, Sinicrope et al. 2009, Frey et al. 2010).

2.4.2.2 Bcells

B cells are adaptive immune system cells mediating humoral immunity. Upon
activation, they differentiate into antibody-secreting plasma cells and memory
cells. B cells directly eliminate pathogens and can amplify inflammation by
assisting other immune cells to recognize and eliminate pathogens through
antibodies. Additionally, B cells can activate CD4* and CD8* T cells and promote
their differentiation. In cancer, inactive B cells may deplete T cell responses and
potentially promote tumor progression. However, B cells typically become

activated in cancer and thus present a high potential for tumor cell elimination
(Nelson 2010).

2.5 Interaction between tumor and host

2.5.1 Inflammation

Tumors possess a complex and flexible interaction with the host immune system
in colorectal cancer. The immune system induces anti-tumor immunity to
efficiently detect and eliminate tumor cells, and a strong immune response is
found to be associated with better prognosis in colorectal cancer patients
(Alexander et al. 2020). However, it is widely acknowledged that inflammation
can also predispose to cancer development and certain immune cells may
promote cancer progression (Shankaran ef al. 2001, Hanahan and Weinberg 2011).
There exists a balance between pro- and anti-tumor immune responses, in which
the composition of immune cells potentially alters in different stages of tumor
progression (Bindea et al. 2013). Additionally, the densities and localization of
immune cells within the colorectal cancer microenvironment and between
different patients can be highly heterogenous (Galon et al. 2006, Pages et al. 2008,
Halama et al. 2010, Edin et al. 2019).

Acute inflammation is a normal, short-term, and well-coordinated process
aiming at restoring tissue homeostasis by eliminating abnormal cells (de Visser
et al. 2006). However, under certain circumstances, inflammation may persist in
a disordered and destructive state and lead to chronic inflammation. Chronic
inflammation results in excessive immune activation and disrupted balance
between the innate and adaptive systems. In this state, adaptive immunity may
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induce constant and excessive activity of innate immunity, while innate
immunity may suppress the anti-tumor response of adaptive immunity (de
Visser et al. 2006). Chronic inflammation is recognized as a significant factor
predisposing to cancer progression. Diseases characterized by chronic
inflammation, such as Crohn’s disease and ulcerative colitis, are notably
associated with an increased risk for colorectal cancer development (Eaden et al.
2001, Waldner and Neurath 2009).

2.5.2 Tumor microenvironment

Tumor microenvironment is a dynamic ecosystem encompassing tumor cells,
immune cells, fibroblasts, epithelial cells, mesenchymal cells, extracellular
matrix, blood and lymphatic vessels, and signalling molecules produced by both
tumor and host cells (Chen et al. 2021b). Cells within the tumor
microenvironment interact through direct cell contacts, secreting
immunomodulating mediators, or modulating stroma, extracellular matrix, or
vascularization (Giraldo et al. 2014).

Cytokines serve as signalling molecules regulating numerous cellular
processes through autocrine or paracrine signalling, exhibiting either
immunostimulatory or tumor growth-preventing, or immunoinhibitory or
tumor growth-promoting effects. Additionally, they can modulate angiogenesis
and the metastatic potential of tumor cells or influence therapeutic response.
Cytokines encompass a high variety of different mediators, including interferons,
interleukins, chemokines, mesenchymal growth factors, tumor necrosis factors,
and colony-stimulating factors (Conlon et al. 2019).

The tumor stroma, consisting of supportive connective tissue and non-
neoplastic cells surrounding tumor cells, includes fibroblasts, immune cells,
blood vessels, and extracellular matrix. Cancer cells impact the stroma by
inducing angiogenesis and upregulating the number of fibroblasts, leading to the
synthesis of extracellular matrix and collagen (Bremnes et al. 2011). Cancer can
also activate fibroblasts into a subset of cancer-associated fibroblasts, which
exhibit pro-tumorigenic effects (Sahai et al. 2020).

A rapid proliferation rate of tumor cells necessitates an increased oxygen
supply within the tumor microenvironment. Consequently, a hypoxic
microenvironment induces the production of pro-angiogenic factors resulting in
the formation of new, typically functionally and morphologically abnormal
blood vessels around the tumor (Carmeliet and Jain 2000). Furthermore, tumor
angiogenesis may downregulate immune cell activity by forming a physical
barrier, thereby impeding immune infiltration (Hamzah et al. 2008).

2.5.3 Cancer immunoediting

The dynamic interplay between a developing tumor and host immunity is
described by the three-step cancer immunoediting hypothesis, delineating the
key phases of cancer progression: elimination, equilibrium, and escape (Dunn et
al. 2004). The elimination phase (i.e., immunosurveillance), represents the early
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stages of tumor progression, during which the immune system identifies and
eliminates transformed tumor cells. Successful tumor elimination significantly
depends on the production of pro-inflammatory IFNG and the cytotoxic
capabilities of immune cells. However, if some tumor cells manage to evade
immune-mediated destruction, cancer progression may undergo a transition into
the typically prolonged and dynamic equilibrium phase, sustained by the
adaptive immune system. Within the equilibrium, some tumor cells are
recognized and destroyed, while novel, unrecognized tumor cell variants emerge
and evade immune detection. In the equilibrium phase, the tumor may either be
completely eradicated or progress into the escape phase, characterized by
immune system failure to restrict tumor growth, leading to the development of
invasive cancer (Dunn et al. 2004).

2.5.4 Immune evasion

Tumor cells possess the ability to modulate the immune cell composition and
exploit host cells to favor their own growth and survival (Vinay et al. 2015).
Additionally, cancer employs various mechanisms to evade immune destruction.
Tumor cells can dampen the expression of tumor antigens or MHC molecules to
prevent immune detection and destruction (Beatty and Gladney 2015). Moreover,
they typically lack the expression of costimulatory molecules crucial for T cell
activation. Instead, they upregulate the expression of inhibitory molecules on
both tumor and antigen-presenting cells, thus inducing T cell anergy or tolerance
(Driessens et al. 2009). Tumor cells also produce immune suppressive cytokines,
such as TGFB and IL10, which may contribute to cancer growth, decrease anti-
tumor immune responses, or downregulate the antigen-presenting capability of
dendritic cells by preventing their maturation (Gabrilovich et al. 1996, Vinay et al.
2015).

2.5.4.1 PDCD1 and CD274 immune checkpoints

Programmed death-1 (PD-1, PDCD1, CD279) and its ligand, programmed death-
ligand-1 (PD-L1, CD274, B7-H1), are immune checkpoint proteins which exert
immunoinhibitory effects and have emerged as potential targets for
immunotherapy (Pardoll 2012, Marhelava et al. 2019). PDCD1 is expressed on
various immune cells, including activated T cells, B cells, natural killer cells, and
monocytes (Marhelava et al. 2019, Chen et al. 2024). CD274 is primarily expressed
on antigen presenting cells but can also be found on dendritic cells and on some
tumor cells (Dong et al. 2002, Keir et al. 2006, Marhelava et al. 2019).

The interaction between PDCD1/CD274 on T cells and antigen presenting
cells generates a co-inhibitory signal that prevents T cell activation, resulting in
reduced T cell proliferation (Wherry 2011, Chen et al. 2024). Under normal
conditions, the PDCD1/CD274 interaction serves to prevent immune
overactivity. However, during chronic inflammation and in many cancers,
including colorectal cancer, the expression levels of PDCD1 and CD274 are
typically upregulated. The upregulation contributes to immune evasion and
induces T cell exhaustion, characterized by their decreased proliferation, activity,
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and effector function (Fig. 6) (Dong et al. 2002, Blackburn et al. 2009, Chen et al.
2024).
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FIGURE 6 Immunosuppressive role of PDCD1/CD274 interaction. The interaction

potentially downregulates the activation of T cells (A) or prevent their effector
functions (B). Abbreviations: Ag, antigen; MHC, major histocompatibility
complex; TCR, T cell receptor. Based on Marhelava et al. (2019).

25.4.2 IDO and ARG1 metabolic enzymes

Amino acid metabolism is frequently altered in cancer and cancer cells may
undergo metabolic reprogramming to facilitate their rapid growth and
proliferation (Zhang et al. 2023). Indoleamine 2’3’-dioxygenase (IDO) and
arginase 1 (ARG1) are amino acid metabolizing enzymes, which frequently show
increased expression in colorectal cancer (Leu and Wang 1992, Brandacher et al.
2006, Bishnupuri et al. 2019, Ma et al. 2019). Increased expression of IDO and
ARG1 may promote immunosuppression and cancer growth (Vinay et al. 2015,
Ma et al. 2019).

Tryptophan is an essential amino acid involved in kynurenine pathway,
which plays a vital role in maintaining cell cycle progression and differentiation
of T cells (Lee et al. 2002, Ye et al. 2019). IDO is a metabolizing enzyme regulating
the first and rate-limiting step of tryptophan catabolism (Ye et al. 2019). IDO has
two isoforms, IDO1 and IDO2, with IDO1 being more prevalent. In addition to
IDO, also tryptophan-2,3-dioxygenase contributes to tryptophan catabolism but
is primarily expressed in the liver (Hornyak et al. 2018). IDO1 promotes the
catabolism of tryptophan into toxic kynurenine metabolites, thus having a
profound immunoregulatory impact. Specifically, IDO1 downregulates T cell
activity, induces T cell apoptosis, promotes the differentiation of regulatory T
cells, stimulates the production of immune-inhibiting cytokines, drives M2-like
macrophage polarization, and promotes the proliferation while suppressing
apoptosis of tumor cells (Fallarino et al. 2002, Bishnupuri et al. 2019, Yang et al.
2019, Ye et al. 2019). IDO is primarily expressed in macrophages and dendritic
cells, but also in some tumor cells (Meireson et al. 2020).

Arginase is a metabolizing enzyme catalysing the conversion of L-arginine
into L-ornithine and urea (Caldwell et al. 2018). L-Arginine is a semi-essential
amino acid that plays a crucial role in the liver, where systemic nitric waste
compounds are transformed into less toxic urea in the urea cycle (Caldwell et al.
2018). ARG is a cytoplasmic isoform of arginase, primarily found in the liver
(Jenkinson et al. 1996). However, its expression has been found to be increased in
various cancers, including colorectal cancer (Niu et al. 2022). ARG1 is
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predominantly expressed in granulocytes (Zea et al. 2005, Munder et al. 2005) and
on myeloid-derived suppressor cells (Rodriguez et al. 2009). L-arginine has an
important role in many processes in the immune system. Reduced levels of L-
arginine can downregulate T cell activity by preventing the assembly of T cell
receptors and by inducing cell cycle arrest (Zea et al. 2004, Rodriguez et al. 2007).
Increased ARG1 expression also leads to elevated levels of L-ornithine, which is
further metabolized into polyamines. Polyamines are essential for cell
differentiation and proliferation, suggesting that the increased expression of
ARG1 may be related to the increased demand of polyamines by cancer cells
(Chang et al. 2001).

2.6 Colorectal cancer classification

Approximately 90% of colorectal cancers are adenocarcinomas, originating from
the glandular epithelial cells of colorectal mucosa. The remaining cancers
encompass neuroendocrine and squamous cell carcinomas (Nagtegaal et al.
2019). Most colorectal adenocarcinomas are classified as conventional
adenocarcinomas, but multiple histopathological subtypes for adenocarcinomas
are identified (Table 3). In addition to histology, these variants may differ in other
features, including mucin formation, lymphocyte infiltration, site of origin,
prognosis, aggressivity, mutation profile, and age at diagnosis (Nagtegaal et al.
2019).
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TABLE 3 Histological subtypes of colorectal adenocarcinomas!.

Type

Frequency Histologic description

Mucinous adenocarcinoma

Micropapillary adenocarcinoma 5-20%

Serrated adenocarcinoma

5-20%

10-15%

Adenoma-like adenocarcinoma 3-9%

Medullary carcinoma

Signet-ring cell carcinoma
Adenosquamous carcinoma

Carcinomas with sarcomatoid
component

Undifferentiated carcinoma

2%

1%

<0.1%

<0.1%

<0.1%

>50% of the tumor lesion composed of
extracellular mucins

>5% of the tumor including small tumor cell
clusters within stromal spaces

Glandular serrations, low nucleus-to-
cytoplasm ratio

250% of the invasive areas having an
adenoma-like aspect with villous structures
and a low-grade differentiation

Sheets of malignant cells with vesicular
nuclei, prominent nucleoli, and abundant
eosinophilic cytoplasm with strong immune
cell infiltration

>50% of the tumor cells with
intracytoplasmic mucins

Features of adenocarcinoma and squamous
cell carcinoma

Partly undifferentiated, sarcomatoid aspects,
large tumor size, cells with abundant intra-
cytoplasmic, eosinophilic rhabdoid bodies,
often dyscohesive and myxoid matrix-
embedded cells, pleomorphic giant or
spindle cells, areas of glandular
differentiation

No evidence of differentiation, lacking
pushing borders, syncytial growth pattern,
and prominent lymphoplasmacytic
infiltrates

1Classification and features adapted from Nagtegaal et al. (2019).

Colorectal cancers are classified using a two-tiered grading system based on
glandular differentiation within the tumor. The classification is based on the least
differentiated component within the tumor, as the invasive margin is excluded.
Tumors are categorized into low-grade tumors, characterized by well-
differentiated glandular structures, and high-grade tumors, exhibiting poorly
differentiated glands (Nagtegaal et al. 2019).

2.7 Colorectal cancer diagnosis and treatment

2.7.1 Screening

Cancer screening plays a crucial role in detecting tumors in a localized, early-
stage phase, facilitating treatment and reducing cancer-associated mortality
(Shaukat and Levin 2022). Colorectal cancer screening tools include faecal occult
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blood-based and imaging-based methods from which a faecal immunochemical
test and colonoscopy are the most widely used approaches worldwide. The faecal
immunochemical test targets haemoglobin with antibodies to detect blood in
stool samples, as faecal blood may indicate colorectal cancer or precursor lesions.
Colonoscopy is used for detecting and removing polyps or abnormal tissue from
the colorectum using a tube-like instrument with a lens. Both the faecal
immunochemical test and colonoscopy has shown to be effective in reducing
colorectal cancer mortality (Hewitson et al. 2008, Brenner et al. 2014). Other
screening methods include flexible sigmoidoscopy, multitarget stool DNA test,
and colonography (Shaukat and Levin 2022). In Finland, nationwide colorectal
cancer screening with a faecal immunological test for citizens aged 60-68-year
was started in 2022 (Finnish Cancer Registry 2024).

2.7.2 Prognostic and predictive factors

Prognostic factors serve as markers to identify patients at an elevated or reduced
risk for cancer-related mortality and to assess the course of the disease. On the
other hand, predictive markers are employed in the selection of treatment
strategies (Sargent et al. 2005). Prognostic and predictive assessment of colorectal
cancer primarily relies on histological tumor parameters, supported by some
molecular biomarkers (Chen et al. 2021a).

2.7.2.1 Histological factors

Tumor, node, metastasis (ITNM) staging system, designed by The American Joint
Committee on Cancer (AJCC) and The Union for International Cancer
Control (UICC), continues to be the primary and most reliable method for
evaluating the prognosis of colorectal cancer. TNM staging classifies invasive
tumors into four stages (I-IV) based on the extent of the primary tumor, the
number of lymph node metastases, and the presence of distant metastases (Table
4) (Union for International Cancer Control 2017). The survival prospects of
colorectal cancer patients are closely related on the stage. On average, patients
with stage I tumors typically exhibit an average 5-year survival rate of
approximately 90%, whereas those with stage IV tumors have a survival rate of
only 15% (Cardoso et al. 2022). Although TNM staging is a robust prognostic
parameter, the prognosis and clinical outcome can vary, particularly in tumors
with intermediate stages II or III (Kannarkatt et al. 2017).
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TABLE 4 TNM staging of colorectal cancer?.

TNM stage Classification Description

Stage 0 Tis No tumor invasion from the lamina propria through the
NO muscularis mucosae, carcinoma in-situ (Tis). No regional
MO lymph node metastases (NO) or distant metastases (M0)

Stage I T1/T2 Tumor invasion into submucosa (T1) or muscularis
NO propria (T2). No regional lymph node metastases (NO) or
MO distant metastases (MO)

Stage II T3/T4 Tumor invasion into subserosa or into non-
NO peritonealized pericolic or perirectal tissues (T3) or has
MO invaded into visceral peritoneum and/or into other

organs or structures (T4). No regional lymph node
metastases (NO) or distant metastases (MO)

Stage II1 any T Carcinoma in-situ or tumor invasion into submucosa,
N1/N2 muscularis propria, subserosa, non-peritonealized
MO pericolic or perirectal tissues, visceral peritoneum, or

other organs/structures (Any T). Metastasis in 1-3 (N1)
or in 4 or more (N2) regional lymph nodes. No distant
metastases (MO)

Stage IV any T Carcinoma in-situ or tumor invasion into submucosa,
any N muscularis propria, subserosa, non-peritonealized
M1 pericolic or perirectal tissues, visceral peritoneum, or

other organs/structures (Any T). Metastasis or no
metastasis in regional lymph nodes (Any N). Distant
metastasis to one or several organs and/or to the
peritoneum (M1).

1Adapted from Union for International Cancer Control (2017).

Tumor grading is a widely employed histological classification system for
prognostication along with TNM staging. High-grade tumors, exhibiting poor
glandular differentiation, are typically associated with an advanced TNM stage
and poorer survival outcomes compared to low-grade tumors with well-
differentiated glandular structures (Nagtegaal et al. 2019, Chen et al. 2021a).
Multiple other histological parameters, such as tumor location and size,
lymphovascular and perineural invasion, intramural and extramural vascular
invasion, tumor budding, lymph node ratio, circumferential resection margin in
rectal cancer, and tumor-infiltrating lymphocytes have demonstrated to be
potential additional prognostic markers (Union for International Cancer Control
2017, Nagtegaal et al. 2019, Chen et al. 2021a).

The characteristics and spatial distribution of tumor-infiltrating
lymphocytes in the tumor microenvironment have significant prognostic value
in colorectal cancer (Galon et al. 2006, Berntsson et al. 2017, Glaire et al. 2019,
Kuwahara et al. 2019). Immunoscore® is a method used to assess immune cell
infiltration in the colorectal cancer microenvironment. It quantifies CD3* and
CD8* T cell densities in the tumor center and the invasive margin, resulting in a
three-tiered classification categorizing tumors as having low, intermediate, or
high Immunoscore (Pages et al. 2018). A high Immunoscore has been shown to
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serve as a robust and independent prognostic factor in colorectal cancer patients
with stage I-III tumors (Galon et al. 2014, Pages et al. 2018).

2.7.2.2 Molecular factors

There are several prognostic and predictive molecular biomarkers, widely used
in clinical practice, including BRAF, KRAS/NRAS, and MSI statuses (Nagtegaal et
al. 2019, Chen et al. 2021a). Moreover, the Colorectal Cancer Subtyping
Consortium has defined four consensus molecular subtypes, that classify tumors
based on their gene expression patterns and other molecular features (Guinney
et al. 2015). The subtyping could potentially contribute to evaluation of colorectal
cancer prognosis and treatment response, as considered alongside other
biomarkers (Guinney et al. 2015, Mooi et al. 2018). The characteristics of consensus
molecular subtypes 1-4 are summarized in Table 5.

TABLE 5 Characteristics of consensus molecular subtypes.
Molecular subtype CMS12 CMS2 CMS3 CMS4
(MSI immune) (canonical) (metabolic) (mesenchymal)
Incidence 14 % 37 % 13 % 23 %3
Location proximal colon distal colon to proximal colon colorectum
rectum
Molecular pathway hypermutated CIN CIN/hypermutated CIN
MMR status MSI MSS MSS/MSI MSS
CIMP methylation high intermediate
SCNA number low high intermediate high
Mutation profile BRAF HNF4A KRAS
Signaling pathways RTK, MAPK ~ WNT,MYC  RTK, MAPK
Immune infiltration high moderate lower than CMS1, variable
variable
Prognosis poor survival  better survival better survival after worse overall
after relapse after relapse  relapse than others and relapse-
than others free survival
Immunotherapy high poor
response potential
Other young age, diagnosed at  metabolic angiogenesis,
female gender, more advanced dysregulation EMT
higher tumor  stages activation,
grade matrix

remodelling,

diagnosed at

more advanced

stages
1Classification and features adapted from Guinney et al. (2015) and Noack and Langer (2023).
2Abbreviations: CIMP, CpG island methylator phenotype; CIN, chromosomal instability; CMS,
consensus molecular subtype; EMT, epithelial-mesenchymal transition; MMR, mismatch repair;
MSI, microsatellite instability; MSS, microsatellite stable; SCNA, somatic copy number alteration.
3The rest 13% of colorectal cancers excluded from CMS classification due to mixed phenotype
and/or intra-tumoral heterogeneity.
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2.7.3 Treatment

Colonoscopy, computer tomography imaging, or magnetic resonance imaging
are typically employed to confirm colorectal cancer diagnosis and to assess the
presence of distant metastases. TNM staging, MMR status, and the number of
lymph nodes are utilized to evaluate the risk of relapse (Argilés et al. 2020). The
primary curative approach for operable colon and rectal cancers is surgery,
entailing the removal of resection margins and adjacent lymph nodes (Argilés et
al. 2020, Biller and Schrag 2021). Typically, patients with rectal cancer undergo
preoperative treatment, commonly involving neoadjuvant radiotherapy or
chemoradiotherapy. This treatment aims to enhance surgical outcomes by
reducing the tumor size or extent and minimizing local recurrences and
micrometastases (Kuipers et al. 2015). For non-operable metastatic colorectal
cancers, systematic chemotherapy with or without immunotherapy is the
primary therapeutic approach (Biller and Schrag 2021, Fabregas et al. 2022). In
metastatic colorectal cancers, the molecular profile, including MMR status, BRAF
mutation status, and KRAS/NRAS mutation status, significantly influences
treatment selection and patient prognosis (Fabregas et al. 2022, Leowattana et al.
2023).

Immunotherapy represents a potential treatment option for certain
patients with metastatic = MMR-deficient/MSI-high colorectal cancer.
Immunotherapy operates by modulating the host immune response to enhance
its capability to target and eliminate tumor cells (Chen et al. 2024). Due to a
limited number of tumor antigens, immunotherapies exhibit reduced efficacy for
MMR-proficient/ MSI-low tumors (Leowattana et al. 2023). Currently, three
immunotherapies are approved by the Food and Drug Administration for
colorectal cancer. These therapies are immune checkpoint inhibitors, which
restore the anti-tumor activity of T cells through blocking the interaction between
immune checkpoint molecules. Two immunotherapies, Pembrolizumab and
Nivolumab, target PDCD1, while the third, Ipilimumab, targets cytotoxic T-
Lymphocyte Antigen 4 (Biller and Schrag 2021, Chen et al. 2024). Although
immunotherapies have demonstrated effective and durable responses in certain
cancer types and patient populations, a majority of patients still fail to respond
to therapy. Resistance to therapy constitutes a critical factor leading to treatment
failure (Chen et al. 2024).
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3 AIMS OF THE STUDY

i)

iii)

iv)

To characterize the patterns of infiltration and prognostic value of
immune cells in colorectal cancer (I-III).

To analyse the spatial arrangement of immune cell subtypes and assess the
prognostic significance of immune cells in spatial proximity of tumor cells
(I-I11).

To assess the expression patterns and prognostic value of PDCD1 and
CD274 immune checkpoints in T cells, macrophages, and tumor cells (II).

To evaluate the expression levels and prognostic value of IDO and ARG1
amino acid metabolizing enzymes in myeloid cells and in tumor cells (III).
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4 PATIENTS AND METHODS

4.1 Patients (I-III)

The studies (I-III) were based on a retrospectively collected colorectal cancer
cohort of 1,343 patients. The patients were operated in Central Finland Central
Hospital (Jyvéaskyld, Finland) between January 1, 2000 and December 31, 2015.
The annual population of the area during this period averaged around 270,000
(Kellokumpu et al. 2021). The clinical data for the patients was retrieved from the
digital patient database of Central Finland Central Hospital.

The median age of patients at the time of primary colorectal cancer surgery
was 71 (IQR 63-79) years. All patients were followed from the primary colorectal
cancer diagnosis until the end of November 2019. The mean follow-up time for
censored patients (N=547) was 10.6 (IQR 7.0-13.7) years. During the study
period, 30% of the patients experienced cancer-associated death, and 28%
experienced non-cancer-related death. Estimated with the Kaplan-Meier method,
the 5-year and 10-year cancer-specific survival rates were 73% and 68% and
overall survival rates were 61% and 45%, respectively. During the study period
(2000-2015), there was an increase in the frequency of neoadjuvant treatments
administered to patients with rectal carcinoma. Additionally, the number of
colon cancer surgeries increased among patients with severe co-morbidities
(Kellokumpu et al. 2021). Furthermore, the introduction of novel monoclonal
antibodies advanced the treatment of patients with metastatic colorectal cancers.
Monoclonal antibodies targeting epidermal growth factor receptor (EGFR) were
employed to impede or slow down cell growth in KRAS/NRAS wild-type
tumors, while those targeting vascular endothelial growth factor receptor (VEGF)
were utilized to disrupt blood vessel growth (Biller and Schrag 2021).

This study was conducted according to the guidelines of the Declaration of
Helsinki and approved by the administration and Ethics Committee of Wellbeing
Services County of Central Finland (Dnro13U/2011, 1/2016, 8/2020, and
2/2023), the National Supervisory Authority for Welfare and Health (Valvira),
the Finnish Medicines Agency (Fimea), and the Central Finland Biobank (BB23-
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0172). The need to obtain informed consent from the study patients was waived
(Valvira Dnro 3916/06.01.03.01/2016, Dnro FIMEA /2023/001573, 4/2023).

4.2 Histopathological features (I-III)

Tumor stage, grade, and the presence of lymphovascular invasion were
retrospectively analyzed from hematoxylin and eosin-stained tissue sections
following the latest guidelines (World Health Organization 2019, AJCC 8t
edition). The assessment of MMR status and BRAF mutation status were
conducted using immunohistochemistry. MMR proficiency was confirmed in
patients exhibiting positive expression of all four MMR proteins (MLH1, MSH2,
MSH6, PMS2) within the nuclei of tumor cells. In contrast, MMR deficiency was
defined as the absence of expression of one or several MMR proteins in tumor
cells. Tumors with BRAF mutation were detected using an antibody that
specifically targets the mutated BRAFV60E protein, with positive
immunoreactivity in tumor cells classifying them as BRAF-mutated tumors.

4.3 Study cohorts (I-III)

We excluded patients who had received any preoperative oncological treatments,
including chemotherapy, radiotherapy, or chemoradiotherapy, or had died
within 30 days after surgery for the primary tumor. Preoperative radiotherapy is
mostly used before rectal cancer surgery as it has been shown to increase the
likelihood of complete tumor removal and reduce local recurrences (Folkesson et
al. 2005). However, it has also been associated with a reduction in certain immune
cells, particularly T cells (Nagtegaal et al. 2002), and was therefore considered a
potential confounding factor. Deaths within 30 days after primary tumor surgery
were considered to be mostly related to surgical complications. Additionally,
tumors with unsuccessful immunohistochemistry or inadequate tumor tissue
were excluded, resulting in varying patient numbers across the final cohorts in
studies I-III. The full cohort and final cohorts for each Study are represented in
Table 6.
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TABLE 6 Demographic and clinical characteristics of colorectal cancer cases.
Characteristic N total N (Study I) N (Study II) N (Study III)
All cases 1343 (100%) 983 (100%) 910 (100%) 833 (100%)
Gender

female 628 (47%) 481 (49%) 464 (51%) 411 (49%)

male 715 (53%) 502 (51%) 446 (49%) 422 (51%)
Age (years)

<65 400 (30%) 265 (27 %) 247 27%) 225 (27%)

65-75 457 (34%) 348 (35%) 331 (36%) 297 (36%)

>75 486 (36%) 370 (38%) 332 (36%) 311 (37%)
Year of operation

2000-2005 451 (34%) 299 (30%) 280 (31%) 262 (31%)

2006-2010 414 (31%) 315 (32%) 283 (31%) 261 (31%)

2011-2015 478 (36%) 369 38%) 347 (38%) 310 (37%)
Tumor location

proximal colon 536 (40%) 478 (49%) 445 (49%) 409 (49%)

distal colon 404 (30%) 359 (37%) 332 (36%) 299 (36%)

rectum 403 (30%) 146 (15%) 133 (15%) 125 (15%)
AJCC1 stage

I 250 (19%) 162 (16%) 151 (17%) 143 (17%)

II 489 (36%) 371 (38%) 342 (38%) 317 (38%)

III 429 (32%) 322 (33%) 301 (33%) 270 (32%)

v 175 (13%) 128 (13%) 116 (13%) 103 (12%)

Tumor grade
low-grade (well to moderately 1118 (83%) 813 (83%) 760 (84%) 704 (85%)
differentiated)
high-grade (poorly differentiated) 225 (17%) 170 (17%) 150 (16%) 129 (15%)
Lymphovascular invasion

no 1054 (78%) 772 (79%) 719 (79%) 654 (79%)

yes 289 (22%) 211 (21%) 191 (21%) 179 (21%)
MMR status

MMR proficient 1170 (87%) 833 (85%) 772 (85%) 705 (85%)

MMR deficient 172 (13%) 150 (15%) 137 (15%) 128 (15%)

missing 1(0.07%) 0 (0.00%) 0(0.00%)  0(0.00%)
BRAF status

wild type 1152 (86%) 824 (84%) 763 (84%) 697 (84%)

mutant 188 (14%) 159 (16%) 147 (16%) 136 (16%)

missing 3 (0.22%) 0 (0.00%) 0(0.00%)  0(0.00%)
Preoperative oncological treatment

no 1100 (82%) 983 (100%) 910 (100%) 833 (100%)

yes 243 (18%)  0(0%) 0 (0%) 0 (0%)
30-day mortality

no 1303 (97%) 983 (100%) 910 (100%) 833 (100%)

yes 40 (3%) 0 (0%) 0 (0%) 0 (0%)

1Abbreviations: AJCC, American Joint Committee on Cancer; MMR, mismatch repair.
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4.4 Immune cell detection

4.4.1 Tissue specimens

The cohort consisted of 1,343 formalin-fixed, paraffin-embedded tissue
specimens. In cases where several sequential tissue specimens were available for
a patient, the most representative specimen, with the deepest invasion and/or
highest amount of viable tumor tissue was selected.

4.4.2 Tissue microarray construction

The tissue microarray, first introduced by Kononen et al. 1998, is a high-
throughput method, in which small cylindrical tissue biopsies from multiple
different tumor specimens are transferred into one empty paraffin block. The
tissue microarray technique enables the analysis of a large number of tissue
specimens uniformly, faster, and more cost-efficiently compared to single whole
tissue specimens (Kononen et al. 1998).

The tissue specimens (N=1,343) were sampled into 25 tissue microarray
blocks for immunohistochemistry. Each tissue microarray was composed of 228
1-mm diameter tumor cores with two tonsil cores as staining control. From each
tumor, two cores were taken from both the tumor center and the invasive margin,
if possible. In minimum, one core was taken from both tumor compartments.
Using hematoxylin and eosin-stained tissue slides, the core sites were selected to
include histologically different sites of the tumor to capture tumor heterogeneity
as comprehensively as possible. The cores from the invasive margin were
selected from the sites of deepest invasion and were targeted to span 500 pm into
non-neoplastic tissue and 500 pm into tumor tissue. Necrotic areas were avoided.

To test antibodies for immunohistochemistry, a separate tissue microarray
block consisting of 1.5-mm diameter cores with tonsil tissue, non-neoplastic
colon, and colorectal cancer tissue cores was constructed. The tumor tissue
samples were chosen to represent a range of years from 2000 to 2015 and to
include histologically diverse types of tumors.

4.4.3 Immunohistochemistry (I-1II)

For immunohistochemistry, 3.5 pm thick tissue sections were cut into positively
charged hydrophilic slides. All immunohistochemistry, except for BRAFV600E
mutated protein, was performed using the BOND-III automated
immunohistochemistry stainer (Leica Biosystems, Buffalo Grove, IL, USA). Heat-
induced epitope retrieval was conducted with BOND Epitope Retrieval Solution
1 (citrate-based buffer, pH 6.0) or BOND Epitope Retrieval 2 (EDTA-based buffer,
pH 9.0, Leica Biosystems). The epitope retrieval solution was selected separately
for each antibody to enable optimal signal-to-noise ratio. Bound antibodies were
detected with BOND Polymer Refine Detection system (Leica Biosystems), which
employs 3,3'-Diaminobenzidine (DAB) as a chromogen and hematoxylin for
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counterstaining. Immunohistochemistry for each marker was performed in a
single batch to ensure uniform staining quality. Immunohistochemistry for
BRAFV60OE  mutated protein was conducted using a BenchMark XT
immunostainer (Ventana Medical Systems, Tucson, AZ, USA). The amplification
was done with OptiView Amplification (Ventana). All monoclonal antibodies
used for immunohistochemistry in studies I-III are listed in Table 7. To follow
the recommendations of the expert panel and reduce ambiguity, the
standardized nomenclature system for genes and gene products was used
(Fujiyoshi et al. 2021).

TABLE 7 Antibodies and protocols used for immunohistochemistry.
Marker Clone Manufacturer Target Study
MLH1 ES05 Novocastra MMR protein, MLH1 I-11I
MSH2 FE11 Calbiochem MMR protein, MSH2 I-1II
MSH6 EP49 Epitomics MMR protein, MSH6 I-1I1
PMS2 Al6-4 BD-Pharmingen MMR protein, PMS2 [-1II
BRAFV600E VE1 Spring Bioscience BRAFV60E mutated protein ~ I-III
CD3 LN10 Leica T cell III
CD8 SP16 Thermo Scientific cytotoxic T cell I
ITGAM (CD11b) D6XIN Cell Signaling myeloid cell III
CD14 D7A2T Cell Signaling monocytic cell I
CD68 KP1 Biolegend macrophage II
CD86 E2G8P Cell Signaling M1-like macrophage II
HLADR TAL1B5  Santa Cruz M1-like macrophage, IL1I1
mature monocytic cell
CD163 10D6 Thermo Scientific M2-like macrophage I
MRC1 (CD206) E2L9N Cell Signaling M2-like macrophage I
CEACAMS (CD66b) G10F5 Biolegend granulocyte I
FCGR3 (CD16) D1N9L Cell Signaling FCGR3 protein I
CD33 SP266 Abcam myeloid cell I
TPSABI (tryptase) AAl Santa Cruz mast cell 11
KRT BS5 BioSite Histo epithelial cell IL1I1
PDCD1 (PD-1) SP269 Abcam PDCD1 protein I
CD274 (PD-L1) E1L3N Cell Signaling CD274 protein II
ARG1 EPR6672(B) Abcam arginase I
IDO EPR20374 Abcam indoleamine 2,3-dioxygenase 1III

4.4.4 Multiplex immunohistochemistry (II, III)

Multiplex immunohistochemistry is a technique that allows for the simultaneous
detection of multiple targets within a single tissue section, enabling more
detailed cell phenotyping compared to conventional immunohistochemistry
(Tan et al. 2020). In the present study, a cyclic chromogenic multiplex
immunohistochemistry staining assay, together with computer-assisted image
analysis, was applied to phenotype each cell in a tissue specimen with multiple
markers. The staining was conducted using the same equipment and reagents as
in conventional immunohistochemistry, with the exception that DAB chromogen
was replaced with alcohol-soluble 3-Amino-9-Ethylcarbazole (AEC).
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4.4.4.1 Staining procedure

The first staining cycle of the multiplex immunohistochemistry-panel followed
the protocol of conventional immunohistochemistry. After the staining, the slides
were temporarily mounted for scanning using VectaMount AQ Aqueous
Mounting Medium (Vector Laboratories, Newark, CA, USA). The slides were
digitized, after which they were soaked in water to detach the coverslips. Before
the following staining cycle, the AEC chromogen was removed using 100%
ethanol, and the antibodies were stripped by heating the slides. The multiplex
immunohistochemistry staining procedure is described in Fig. 7.

A. Preprocessing B. Multiplex-IHC staining C. Image analysis
tissue microarray sectioning IHC staining co-registration of images &
¥ - ¥ multiplex-IHC visualization
<7}
deparaffinization | E | scanning L]
7 ;<-' " machine learning-based cell
and tissue phenotyping
peroxidase block destaining & antibody ¥
v stripping analysis of cell and tissue
antigen retrieval data
FIGURE 7 Procedure for multiplex immunohistochemistry staining and computer-assisted

image analysis. Abbreviations: IHC, immunohistochemistry.

Although the staining can be repeated many times, it is notable that the risk for
tissue sample detachment or damage heightens with increasing number of
staining cycles. Repeated heating steps may also compromise the functionality of
certain antibodies. Study II included a multiplex immunohistochemistry panel
with 9 cycles, while Study III employed a panel with 10 cycles. To prevent the
drying of tissue sections, slides were preserved in water at +4°C between staining
cycles.

4.4.4.2 Optimizing the staining panel

All antibodies used in multiplex immunohistochemistry were first tested and
optimized using conventional immunohistochemistry. The optimal staining
order for antibodies in the panel was tested using a separate test tissue
microarray specimen with tonsil, non-neoplastic colon, and colorectal cancer
tissues. To ensure the functionality of the panel, the staining patterns were
visually compared with those of conventional immunohistochemistry. To further
validate the accuracy of multiplex immunohistochemistry staining panel, cell
densities were manually calculated from respective tumor regions of
immunohistochemistry and multiplex immunohistochemistry-stained slides (II).

4.4.4.3 Slide digitizing

Immunohistochemistry-stained tissue sections were mounted with a Tissue-Tek
Glas Automated Glass Coverslipper (Sakura Finetek, Torrance, CA, USA) and
digitized with NanoZoomer XR (Hamamatsu Photonics, Hamamatsu City,
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Japan, resolution 0.45 pm/pixel) using a 20x magnification to enable computer-
assisted image analyses.

44.4.4 Image preparation for image analyses

Tissue microarray cores were identified and separated into single core images
using the TMA dearrayer function in QuPath open-source bioimage analysis
software (Bankhead ef al. 2017). Tumor cores that were detached, ruptured,
necrotic, or contained minimal amount or no viable tumor tissue were excluded.
Furthermore, for final analyses, only tumors that were successfully analyzed for
at least one tumor core in both the tumor center and the invasive margin were
included.

For multiplex immunohistochemistry panels, single core images of each
staining cycle were co-registered into multi-channel images by aligning cell
nuclei using the MultiStackReg macro in Fiji/Image] open-source software
(Schindelin et al. 2012). Subsequently, these images were converted into pseudo-
immunofluorescence images, with each channel represented by a unique colour

(Fig. 8).

B. Image co-registration C. Pseudo-IF visualization

A. Multiplex immunohistochemistry images
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FIGURE 8 Co-registration and pseudo-immunofluorescence conversion of multiplex
immunohistochemistry images in Studies II and III. Digitized multiple
immunohistochemistry images from each staining cycle for one tumor (A), image
co-registration into multi-channel image (B), and pseudo-immunofluorescence
visualization (C). Abbreviations: IF, immunofluorescence.

4.5 Immune cell analyses

4.5.1 Computer-assisted digital image analyses (I-III)

Image analyses for multiplex immunohistochemistry images were conducted in
QuPath, using supervised machine-learning based algorithms (Bankhead et al.
2017). QuPath was trained to classify cell types and tissue categories by manually
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annotating cells or small regions in immunohistochemistry-stained slide images.
The training was performed for a set of tumor regions selected from
histologically variable tumor cores, which were assembled into two training
images. One training image was utilized for cell classification, while another
image was employed for tissue categorization.

Cells were detected using the cell detection function, with manual parameter
adjustment to optimize the detection of cell nuclei. During cell detection, several
features were calculated for each cell, including the area of nuclei, spatial
localization of nuclei centroids in XY coordinates, and the mean staining
intensities of each marker within each cell nuclei and cytoplasm (Bankhead et al.
2017). Additionally, Haralick (I) and Smoothed (I-IIl) features were then
calculated to potentially enhance the classification of tissue compartments and
cells, respectively. Haralick features measure grey-level intensities for each pixel
across the tissue specimen to identify and analyse different tissue textures
(Haralick et al. 1973), whereas Smoothed features compute weighted averages of
specific cell parameters within a defined radius (Bankhead et al. 2017).

Training for cell classification was performed using the built-in random
forest algorithm-based object classifier function, allowing cells to be efficiently
trained into the main cell categories (i.e., T cells, tumor cells, and other cells). The
accuracy of the automated cell detection and classification in QuPath was
validated by comparing cell densities obtained through manual cell counting
with those derived from automated cell counting (I). In Study II, QuPath was
trained to phenotype T cells, macrophages, tumor cells, and other cells. In Study
I1I, cells were phenotyped into monocytic cells, granulocytic cells, mast cells,
tumor cells, and other cells.

Tissue segments were classified using the built-in pixel classifier function,
based on the random forest algorithm. Tissue segments were trained into tumor
epithelial and stromal regions. Tumor core regions that were empty, ruptured, or
necrotic, were excluded. Cell detection parameters along with cell and tissue
classifications, were combined into a script, which was subsequently run for all
representative tissue microarray cores in the cohort. The cell data yielded
phenotypes, intensities of each marker, and cell coordinates for each cell. Tissue
data included the areas of tumor epithelial and stromal regions along with counts
of each cell type within each tissue microarray core. All image analyses were
conducted blinded to any associated clinical data. Examples of cell phenotyping
and tissue category segmentations in studies II and III are depicted in Fig. 9.
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A. Pseudo-IF image B. Cell phenotyping C. Tissue category segmentation
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FIGURE 9 Cell phenotyping and tissue category segmentation using QuPath in Studies II
and III. Pseudo-immunofluorescence image (A), machine learning-based cell
segmentation and phenotyping (B), and mask images of the tissue category
segmentation (C). Abbreviations: IF, immunofluorescence. Reproduced from
publications II (Fig. 1e-g) and III (Fig. 1c). © Authors, CC BY.

4.5.2 Immune cell phenotyping (I, III)

Further cell and tissue data analyses, as well as statistical analyses, were
performed in RStudio (RStudio Team 2020) using the R programming language
(R Core Team 2020). For multiplex immunohistochemistry panels (II, III), which
included markers for additional cell types not previously phenotyped in QuPath,
the intensity information for each cell was utilized to classify the main cell types
into more detailed subtypes. In Study II, macrophages were further phenotyped
into M1- and M2-like macrophages. Additionally, CD274 expression was
assessed in macrophages and their subtypes, as well as in tumor cells, while
PDCD1 expression was evaluated in T cells. In Study III, Granulocytes were
further classified based on their ARG1 and FCGR3 expression. Monocytes and
tumor cells were further examined for IDO expression.

4.5.3 Spatial analyses (I-III)

Spatial information may provide deeper insights into cell-cell interactions within
the tumor microenvironment compared to the overall immune cell infiltration
(Tsujikawa et al. 2020). The spatial arrangement of immune cells was assessed
using the Nearest Neighbor Distance (NND, II, III) or the G-cross function (I) in
spatial point pattern analyses with the spatstat R package (Baddeley and Turner
2005).
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4.5.3.1 Nearest Neighbor Distance analysis (II, III)

NND is the distance from a specific point to its nearest neighbor point of a specific
type (Baddeley and Turner 2005). In studies II and III, NND was utilized for
measuring the distance from each immune cell of a specific type to its closest
tumor cell (Fig. 10). In further analyses, the average distances between specific
immune cells to the closest tumor cells in each tumor were analyzed.
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FIGURE 10 Spatial analysis using the Nearest Neighbor Distance analysis. Pseudo-
immunofluorescence image illustrating CD274* cells, macrophages, and tumor
cells (A). Cell phenotyping maps with Nearest Neighbor Distance analysis from
each CD274* and CD274- macrophage to the closest tumor cell and boxplots
visualizing the distribution of Nearest Neighbor Distances (B). Abbreviations: IF,
immunofluorescence; NND, Nearest Neighbor Distance.

4.5.3.2 G-cross function (I)

G-cross function is a tool for estimating the probability to find at least one cell of
the certain type X within a certain radius from any cell of type Y (Baddeley and
Turner 2005, Barua et al. 2018). G-cross function was utilized for analyzing the co-
localization of T cells and tumor cells by evaluating the likelihood of at least one
T cell to be located within 20 pm distance of any tumor cell (Fig. 11). Kaplan-
Meier method was used for correcting edge effects due to the unobservable
points in G-cross analysis window. The area under the curve of G-cross function
represents T cell infiltration within the radius of 0-20 pm from tumor cells. The
radius of 20 pm was chosen based on the suggestion that cells within this range
could potentially engage in direct cell-cell interactions (Carstens et al. 2017).
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FIGURE 11 Spatial analysis using the G-cross function. CD3* stained immunohistochemistry
image (A), corresponding phenotyping map for T cells, tumor cells, and other
cells (B), and spatial proximity analysis with G-cross (Giumor cel:Tcenl) as a function
of radius (r) (C). Reproduced from publication I (Supplementary Fig. S6A). ©
Authors, CC BY.

4.5.4 Immune cell quantification

4.5.4.1 Immune cell density (I-III)

Immune cell infiltration was predominantly analyzed by calculating cell
densities (cells/ mm?) separately in the tumor intraepithelial and stromal regions,
as well as in the tumor center and the invasive margin. In case of several
successfully analyzed tumor cores in the tumor center or in the invasive margin
for one patient, the mean density was calculated. The densities were divided into
ordinal quartiles (Q1-Q4, from low to high) for downstream analyses.

4.5.4.2 CD274 histoscore (II)

CD274 expressing tumor cells were assessed using the weighted histoscore
method. Each tumor cell was categorized according to its CD274 expression
intensity into negative, low, moderate, or high. Furthermore, the percentage of
CD274* tumor cells was calculated separately in the tumor center and the
invasive margin. The intensities and percentages were combined into histoscore
as follows: histoscore = 1 x percentage of weakly stained cells + 2 x percentage of
moderately stained cells + 3 x strongly stained cells (McCarty et al. 1986). In case
of multiple tumor cores in the tumor center or the invasive margin for one
patient, the mean histoscore was calculated.

4.5.4.3 T cell density and proximity score (I)

T cell infiltration within the tumor microenvironment was analyzed using T cell
density score that was based on the principles of the Inmunoscore® assay (Pages
et al. 2018). In T cell density score, the densities of all (CD3*) T cells and cytotoxic
(CD8*) T cells were quantified both in the tumor center and the invasive margin.
These four density values were then converted into percentiles (0-100%), from
which the mean percentile was calculated. T cell density score classified the mean
percentile into three categories of low (0-25%), intermediate (>25-70%), and high
(>70-100%). The quantification of T cell density score is illustrated in Fig. 12.
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T cell density score analysis. Immunohistochemistry images for all T cells (CD3+)

and cytotoxic T cells (CD8*) in one example tumor core from the tumor center
and the invasive margin (A). Corresponding phenotyping maps for T cells,
tumor cells, and other cells (B). Calculation chart for T cell density score (C).

In addition to assessing T cell densities, T cell proximity score was introduced
the as a novel prognostic factor. This score utilized the G-cross [Giumor cell:Tcell]
function to determine the probability of T cells being located within 20 um from
any tumor cell. The quantification T cell proximity score based on the individual
G-cross function values followed the principles of T cell density score. G-cross
function values (range: 0-1) for CD3* and CD8* T cells in both the tumor center
and the invasive margin were converted to percentiles (0-100%). The mean
percentile, derived from the four percentile values (0-100%), was calculated and
subsequently categorized into three categories of T cell proximity score: low (0-
25%), intermediate (>25-70%), and high (>70-100%). The quantification of T cell
proximity score is illustrated in Fig. 13.
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FIGURE 13 T cell proximity score analysis. Cell phenotyping maps for CD3*/CD8* T cells,
tumor cells, and other cells in one example tumor core from the tumor center and
the invasive margin (A). Spatial proximity analysis with G-cross (Gumor cell:Tcell) @S
a function of radius (r) (B). Calculation chart for T cell proximity score (C).

4.5.5 Single-cell RNA analyses (III)

In addition to immunohistochemistry-based analyses, an independent publicly
available single-cell dataset for 62 tumors (Pelka et al. 2021) was utilized to
analyse IDO1 gene expression in colorectal cancer. IDO1 messenger RNA
expression and the activity of the tryptophan metabolism pathway, regulated by
IDO, were analyzed in various cell populations, including immune cell subsets,
stromal cells, and tumor cells. Moreover, gene enrichment analysis was
performed on IDO1* and IDO1- monocytes to identify the biological processes
associated with IDO1 expression in monocytes. The analysis included Gene
Ontology Biological process gene sets. These gene sets are related to a wide range

of biological processes, each orchestrated by multiple molecular-level activities
(Thomas 2017).
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4.5.6 Statistical analyses (I-III)

The associations between two categorical variables were analyzed through
crosstabulation with the Chi-square test to compare differences between groups
(I-II). Continuous variables were presented as medians with interquartile
ranges. The associations between continuous and categorical variables were
tested using the Wilcoxon rank-sum test (for dichotomous variables) or with
Kruskal-Wallis test (for variables with three or more categories) (II, III).
Correlations between categorical data were examined with Spearman’s
correlation coefficients (II, III).

Cox proportion hazard regression models and Kaplan-Meier method were
employed for survival analyses (I-IIl). Univariable and multivariable Cox
proportion hazard regression models were used to estimate hazard ratio (HR)
point estimates and 95% confidence intervals (CI) for cancer-specific and overall
survival. Cancer-specific survival was defined as the time from primary tumor
resection until colorectal cancer-related death or the end of follow-up. Overall
survival was defined as the time from cancer diagnosis until death from any
cause or the end of follow-up. Cancer-specific survival was set as the primary
endpoint, and the follow-up was limited to 10 years following surgery for
primary colorectal cancer, as Schoenfeld residual plots supported the
proportionality of hazards during most of the follow-up period up to 10 years.
The multivariable models were adjusted for pre-determined variables, including
gender, age, year of operation, tumor location, tumor stage, tumor grade,
lymphovascular invasion, MMR status, and BRAF mutation status. Kaplan-Meier
method with the log-rank test was used to visualize colorectal-cancer specific
survival. All P values were two-tailed, and statistical significance was set at
P<0.005 as recommended by an expert panel (Benjamin et al. 2018).
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5 RESULTS

5.1 Immune cell infiltration patterns and the expression of
immunosuppressive molecules

This study characterized T cells (I, II), monocytic cells (I, III), granulocytes (III)
and mast cells (III). These immune cell types were further phenotyped into their
subtypes and analyzed for the expression of immunosuppressive molecules. For
most immune cell types, the densities tended to be higher in tumor stromal than
intraepithelial regions and in the tumor center than the invasive margin. To gain
insights into the interaction between the tumor microenvironment and the
immune system, associations for several clinical and pathological features were
analyzed. Higher densities of T cells (I, II), monocytic cells (IIT), macrophages (II),
and granulocytes (III) were associated with high tumor grade, MMR deficiency,
and BRAF mutation. In contrast, higher mast cell density (III) was associated with
low tumor grade, MMR proficiency, and BRAF wild type status. Additionally,
the densities of macrophages, monocytic cells, and granulocytes tended to be
higher in the proximal colon compared to the distal colon or rectum. Higher
densities of T cells, granulocytes, and mast cells were linked to low tumor stage.
Granulocytes were more infiltrated in tumors without lymphovascular invasion.
T cells were further tested for the expression of PDCD1 and subdivided into
cytotoxic T cells. Of T cells, 22% were positive for PDCD1 (II). Macrophages were
subdivided into M1-like and M2-like subtypes and further tested for CD274
expression (II). CD274 was expressed on 20% of macrophages and more likely in
M1-like than M2-like macrophages. Monocytic cells were subdivided according
to their HLADR, FCGR3, and IDO expression being more likely HLADR* and
FCGR3* than HLADR- or FCGR3- monocytic cells. Of monocytic cells, 4%
expressed IDO (III). Granulocytes were further phenotyped into neutrophils with
FCGR3 and tested for ARG1 expression (III). The majority of granulocytes were
neutrophils and expressed ARG1 (81%). In addition to macrophages and
monocytic cells, CD274 and IDO expression were found in some tumor cells.
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The densities of CD274* macrophages, PDCD1* T cells, IDO* monocytic
cells, and ARG1* granulocytes were assessed in relation to the clinicopathological
characteristics. Higher densities of all these immune cell subsets were associated
with lower tumor stage, MMR deficiency, and absence of lymphovascular
invasion. Additionally, associations with high grade (all except for IDO*
monocytic cells), BRAF mutation (ARG1* granulocytes and CD274*
macrophages), proximal colon location (CD274* macrophages), and late
operation year (IDO* monocytic cells) were found.

In additional analyses, independent single-cell RNA data were utilized to
further analyze the expression patterns of IDO1 (IIl) (Fig. 14). The IDO1 activity,
as well as the activity of tryptophan metabolism, was found to be highest in
dendritic cells and monocytes. Gene enrichment analysis for IDO1* and IDO1-
monocytes revealed several IFNG-regulated immunostimulatory pathways to be
enriched in IDOI* monocytes. Furthermore, a strong association between high
expression of IDO1 and IFNG, and a higher T cell count, was observed as tumors
were divided based on high and low monocytic cell IDO1 expression.
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FIGURE 14 The distribution of IDO1 expression and association with IFNG activity. Uniform
Manifold Approximation and Projection representation for clustering cell
communities (A). The expression level of IDO1 in cell communities (B). IFNG
activity in tumors with high and low IDO1 activity (C). Abbreviations: DC,
dendritic cell; ILC, innate lymphoid cell; NK, natural killer;, UMAP, Uniform
Manifold Approximation and Projection. Reproduced from publication III (Fig.
4A, B, and F). © Authors, CC BY.
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5.2 The prognostic value of immune cell subtypes

In survival analyses, colorectal cancer-specific survival was used as the primary
endpoint. The analyses for the main immune cell types are represented in Table
8. The cell densities were categorized into ordinal quartiles from low (Q1) to high

(Q4).

TABLE 8 Univariable and multivariable Cox regression models for colorectal cancer-
specific survival according to the main cell type densities in the tumor center and
the invasive margin.

Colorectal cancer-specific survival

Cell type Univariable Pirend Multivariable Ptena Study
HR! for Q4 [vs. Q1] HR for Q4 [vs. Q1]
(95% CI) (95% CI)
T cells III
tumor center 0.31 (0.25-0.52) <0.0001 0.52 (0.35-0.76) 0.0001 I
0.38 (0.26-0.55) <0.0001 0.67 (0.47-0.94) 0.0003 1II
invasive margin 0.31 (0.21-0.45) <0.0001 0.48 (0.32-0.71) <0.0001 I
0.39 (0.27-0.56) <0.0001  0.58 (0.40-0.85) 0.0005 1II
Monocytic cells 111
tumor center 0.92 (0.64-1.33) 0.54 0.92 (0.62-1.35) 0.45
invasive margin 0.82 (0.57-1.19) 0.27 0.86 (0.58-1.28) 0.41
Macrophages II
tumor center 0.93 (0.65-1.32) 0.87 0.80 (0.56-1.16) 0.29
invasive margin 0.99 (0.70-1.39) 0.54 0.93 (0.66-1.32) 0.46
Granulocytes 11
tumor center 0.50 (0.33-0.73) <0.0001 0.64 (0.42-0.97) 0.022
invasive margin 0.48 (0.32-0.70) <0.0001 0.79 (0.53-1.19) 0.13
Mast cells I
tumor center 0.69 (0.47-1.01) 0.086 0.68 (0.46-1.01) 0.098
invasive margin 0.47 (0.32-0.69) 0.0002  0.60 (0.41-0.88) 0.0057

1Abbreviations: CI, confidence interval, HR, hazard ratio.

Higher density of T cells (Table 8) and higher T cell density score were
significantly associated with prolonged survival (I, II). The expression of PDCD1
in T cells did not significantly affect the prognostic value of T cells, as higher
densities of both PDCD1* and PDCD1- T cells remained strongly associated with
prolonged survival (II).

The overall densities of monocytic cells or macrophages were not associated
with survival. However, higher densities of IDO* monocytic cells in both the
tumor center and the invasive margin (III), as well as a higher density of CD274*
macrophages in the invasive margin (II), were associated with prolonged
survival independent of confounding factors. Furthermore, a higher density of
M1-like macrophages in the tumor center was associated with improved survival
in multivariable models, whereas a higher density of M2-like macrophages was
a suggestive factor for poorer survival (II). CD274* M1-like macrophages had an
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independent prognostic association with prolonged survival in both the tumor
center and the invasive margin (II). The prognostic impacts of IDO (III) and
PDCD1 (II) were further assessed in tumor cells, but no significant associations
were found in multivariable models.

The prognostic associations of the densities of granulocytes, FCGR3*
neutrophils, and ARG1* granulocytes were similar, showing an association with
favorable prognosis in univariable analyses (III). These associations did not
remain significant after adjusting for other confounding factors, but higher
density of ARG1*FCGR3* neutrophils in the tumor center was associated with
prolonged survival also independent of the covariates. A higher density of mast
cells was associated with better survival in the invasive margin in univariable
analyses (III) (Table 8).

5.3 Spatial immune cells analyses for characterizing tumor-host
interactions

5.3.1 Spatial arrangement of immune cells

Spatial localization of immune cells was analyzed using the G-cross function (I)
and NND analysis (IL, IIT). T cell proximity score utilized the G-cross function to
quantify spatial co-localization of T cells and tumor cells (I). Among all tumors,
20% were classified as having a high proximity score, indicating a high
probability of at least one CD3*/CD8* T cell being co-localized with any tumor
cell, while 55% of tumors were classified as intermediate and 25% as low for the
proximity score.

NND analysis was employed to measure distances from each immune cell
to its closest tumor cell (II, III). NNDs for multiple cell populations were
calculated and visualized in Fig 14. T cells were, on average, located closer to
tumor cells than macrophages. Among macrophages, M1-like macrophages were
closer to tumor cells compared to M2-like macrophages. CD274* macrophages
and PDCD1* T cells were closer to tumor cells than CD274- macrophages and
PDCD1- T cells, respectively.

Among myeloid cell populations, granulocytes were found to be closer to
tumor cells than monocytic cells. Furthermore, IDO* monocytic cells were closer
to tumor cells than IDO- monocytic cells, and ARG1- granulocytes located closer
to tumor cells than ARG1* granulocytes (Fig. 15).
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FIGURE 15 Nearest Neighbor Distance analyses for immune cell populations. The
distribution of Nearest Neighbor Distances from each immune cell to its closest
tumor cell are visualized. The significance between immune cell types was tested
with Wilcoxon rank-sum test. ***P < 0.0001. Reproduced from publications II
(Fig. 3a-b) and III (Fig. 3C). © Authors, CC BY.

5.3.2 Immune cell-tumor cell proximity

The prognostic value of T cell proximity to tumor cells was evaluated using T cell
proximity score and NND analysis. Higher T cell proximity score was an
independent prognostic factor in multivariable analyses for cancer-specific [HR
for high (vs. low) 0.33, 95% CI 0.20-0.52, Prend < 0.0001] survival (I). Furthermore,
the prognostic significance of T cell proximity score was independent of T cell
density score. However, NND analyses for T cell-tumor cell proximity did not
show statistically significant prognostic impact (II). NND analysis was further
applied to investigate the prognostic significance of cells expressing
immunosuppressive molecules in tumor cell proximity. The spatial proximity of
PDCD1* T cells, CD274* macrophages, IDO* monocytes, or ARG1* granulocytes
with tumor cells did not demonstrate significance for cancer-specific survival.
However, when analyzing the importance of proximity between PDCD1* T cells
and CD274* macrophages, it was found that higher number of PDCD1+*/CD274*
clusters, indicating a PDCD1* T cell to be within a 20 pm distance from a CD274+
macrophage, served as an independent factor for prolonged survival (II).
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6 DISCUSSION

The prognostication and treatment planning of colorectal cancer predominantly
rely on TNM staging, which categorizes tumors based on size, extent, and
invasion (Union for International Cancer Control 2017). Although TNM staging
is a robust prognostic indicator, patient outcomes can vary even within the same
stage, highlighting the need for additional biomarkers (Kannarkatt et al. 2017, Li
et al. 2020). In the 215t century, understanding of the role of immune cells in cancer
progression has deepened, leading to the development of immunotherapies
(Chen et al. 2024). Strong immune cell infiltration in the tumor
microenvironment, particularly high T cell density, has been recognized as
beneficial for survival in colorectal cancer patients with stage I-III tumors,
highlighting the potential of immune cell infiltration as a clinically relevant
prognostic factor (Galon et al. 2006, Pages et al. 2018, Alexander et al. 2020).
However, immune infiltrate within the tumor microenvironment is highly
heterogenous and can evolve over time, and its role and function remain
incompletely characterized (Pages et al. 2008, Philip and Schietinger 2022). This
study aimed to increase the understanding of the tumor microenvironment by
analyzing immune cell infiltration and the expression of immunoinhibitory
molecules in a cohort of 1,343 colorectal cancer patients.

6.1 Characterization of the tumor microenvironment

Immunohistochemistry is a commonly used method for identifying cells or
analyzing protein expression with antigen-specific antibodies in both routine
diagnostics and research. However, phenotyping certain immune cells with a
single marker is challenging due to their similar, non-specific surface antigens
(Tan et al. 2020). In addition to conventional immunohistochemistry, this study
utilized a cyclic chromogenic multiplex immunohistochemistry assay to
phenotype cells based on multiple markers.

In addition to immunohistochemistry-based methods, multiple other
approaches are utilized in characterizing the tumor microenvironment.
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Multiplex immunofluorescence utilizes fluorophore-labeled antibodies to detect
multiple targets (Rojas et al. 2022, Yan et al. 2024). Cytometry-based techniques,
including flow cytometry, mass cytometry, and imaging mass cytometry, are
used for detecting cells using fluorescent dye-labeled or metal-conjugated
antibodies (Giesen et al. 2014, Adan et al. 2017, Yan et al. 2024). RNA sequencing
techniques, such as bulk RNA sequencing, single-cell RNA sequencing, and
spatial RNA sequencing, characterize gene expression profiles at the single-cell
level and enable detailed characterization of cells and cellular interactions.
Artificial Intelligence can be employed to analyze large amounts of biological
data from the tumor microenvironment using machine learning and deep
learning algorithms. However, of these methods, only multiplex
immunofluorescence, imaging mass cytometry, and spatial RNA sequencing
along with multiplex immunohistochemistry, enable the analysis of spatial
localization of cells (Yan et al. 2024).

To analyse digitized immunohistochemistry-stained tissue specimens,
machine learning-based image analysis tools in QuPath were used for
categorizing and phenotyping cells and tissue compartments. In addition to
QuPath, other open-source software platforms and tools are available for
analyzing digitized tissue slides with machine-learning algorithms, including
CellProlifer (McQuin et al. 2018) and HistoCAT (Schapiro et al. 2017).
Additionally, several commercial platforms (i.e., Halo and Oncotopix) are also
available. Machine learning-based tools facilitate uniform analysis of a large
number of samples, minimizing inter- or intra-observer variability and providing
detailed information about each cell (Tan et al. 2020).

6.2 The significance of lymphoid and myeloid lineage immune
cells

Immune cells have a critical role in tumor development and progression, and
their significance in colorectal cancer has been increasingly recognized in recent
decades (Guo et al. 2020). Typically, tumors with high immune cell infiltration
exhibit an active anti-tumor immune response and favorable survival outcomes
(Alexander et al. 2020). However, some immune cells may exert tumor-promoting
or anti-inflammatory effects, and tumor cells can modulate certain immune cell
types to support their own growth (Shankaran et al. 2001, Hanahan and Weinberg
2011).

This study examined the associations between immune cell infiltration
and various clinicopathological features. Monocytic cells, macrophages,
granulocytes, and T cells demonstrated higher densities in tumors with high
grade, MMR deficiency, and BRAF mutation. Additionally, except for T cells,
these cell types were more abundant in tumors located in the proximal colon.
These associations align with the characteristics of MMR deficient tumors,
commonly located in the proximal colon, exhibiting high grade, and harbouring
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BRAF mutation (Kim and Kang 2014). The findings support the notion that MMR
deficient tumors possess an elevated mutation burden, resulting in increased
levels of neoantigens and a stronger immune response (Sammalkorpi et al. 2007,
Zlobec and Lugli 2008).

Higher density of all T cells and cytotoxic T cells emerged as strong
prognostic indicators, consistent with previous studies (Alexander et al. 2020,
Idos et al. 2020). Immunoscore®, which quantifies T cell infiltration in the tumor
center and the invasive margin, has been proposed as a new prognostic marker
for colorectal cancer (Pages et al. 2018). In this study, Immunoscore-based T cell
density score proved to be a robust prognostic biomarker.

In addition to T cells, this study assessed the role of myeloid cells. Monocytic
cells, macrophages, or mast cells did not exhibit prognostic effects, but
granulocytes in the tumor center and the invasive margin and mast cells in the
invasive margin were associated with favorable survival in univariable analyses.
Further assessment of myeloid cell subtypes showed that M1-like macrophages,
characterized by pro-inflammatory cells with high antigen presentation and
cytotoxicity capabilities (Yadav et al. 2022), predicted prolonged survival
independent of confounding factors, consistent with previous reports (Edin et al.
2012, Vayrynen et al. 2021).

Certain myeloid cell types display plasticity, indicating potential to exhibit
both tumor growth-promoting or preventing effects (Fridlender et al. 2010,
Italiani et al. 2014). Thus, the total infiltration of those myeloid cells may not exert
strong prognostic effects in the tumor microenvironment. Additionally, myeloid
cells lack specificity for tumor antigens (Murphy and Weaver 2017), suggesting
that their infiltration may not directly correlate with the effectiveness of anti-
tumor immune response. Moreover, in cancer, some myeloid cells may undergo
incomplete maturation and develop into immunosuppressive MDSCs, which
exhibit highly similar surface antigen structures to mature monocytic cells and
granulocytes, making their phenotyping and differentiation from mature cells
challenging (Bronte et al. 2016). Our findings from the survival analyses for
myeloid cells underscore the importance of detailed immune cell phenotyping
and characterization.

6.3 The role of immunosuppressive molecules

The present study assessed the prognostic impact of PDCD1 and CD274 immune
checkpoint proteins, as well as IDO and ARG1 metabolic enzymes, all of which
have been associated with immunosuppression due to their ability to
downregulate T cell activation (Mondanelli et al. 2019, Pauken et al. 2021).
Contrary to the expectation that high expression of immunosuppressive
molecules could predict poor outcome in colorectal cancer, it was found that
higher densities of IDO* monocytic cells and CD274* macrophages were
significantly associated with better prognosis, independently of known
prognostic indicators, such as stage, grade, MMR status, or BRAF mutation



60

status. Concordantly, some studies have previously reported associations
between increased expression of IDO and CD274 in immune cells and better
survival in colorectal cancer (Lee et al. 2017, Lee et al. 2018, Wyss et al. 2019).
PDCD1 expression did not significantly affect the strong prognostic value of T
cells, as both higher densities of PDCD1* and PDCD1- T cells showed an
association with favorable survival. This suggests that the prognostic significance
of T cells could be strong enough to not be affected by PDCD1 expression. The
prognostic value of ARG1* granulocytes was similar to that of all granulocytes,
both being suggestive markers for favorable survival. This similarity of the
association could result from the majority of granulocytes expressing ARGL1.

The findings indicating that higher expression levels of
immunosuppressive molecules in immune cells tend to be associated with
prolonged survival in colorectal cancer are paradoxical, but some explanations
have been suggested. Their increased expression could be a response to an active
anti-tumor immune reaction (Lazarus et al. 2018, Ahtiainen et al. 2019).
Additionally, higher expression of immunosuppressive molecules could
represent an intrinsic negative feedback mechanism of the immune system to
downregulate excessive immune cell activity and prevent tissue damage (Pardoll
2012). Analyses of IDO1 gene expression revealed correlations between IDO1 and
IFNG gene expression and higher T cell counts. IFNG, a proinflammatory
cytokine primarily produced by T cells and natural killer cells, has been shown
to correlate with favorable survival in colorectal cancer, but also to induce the
expression of PDCD1, CD274 and IDO (Brandacher et al. 2006, Li et al. 2016,
Mulder et al. 2021). These findings support the potential explanations of
increased expression of immunosuppressive molecules as a response to active
immune reactions, and further suggest that IFNG could be a key mediator for
their expression. In this study, higher expression of immunosuppressive
molecules tended to be associated with lower tumor stages, absence of
lymphovascular invasion, and MMR deficiency. Since all these features are
correlate with improved survival rates in colorectal cancer, the presence of
immunosuppressive molecules might indicate a less aggressive tumor
phenotype (Popat et al. 2005, Zlobec and Lugli 2008). Furthermore, it has been
acknowledged that certain risk factors may lead to favorable disease outcomes.
A molecular pathologic epidemiologic approach suggests that these relationships
could be related to interpersonal or inherent disease heterogeneity, leading to
variations in the genetic background of the patient or the molecular
characteristics of the tumor (Nishihara et al. 2015). According to this approach,
the incongruous associations between high expression of immunosuppressive
molecules and improved prognosis could reflect the intricate balance between
the immune system and individual molecular profiles.
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6.4 Spatial localization of immune cells in the tumor
microenvironment

A comprehensive characterization of spatial localization of immune cells is
important for unravelling the dynamics of tumor-host interactions. Variations in
immune cell infiltration and function across different tumor compartments have
been observed (Galon et al. 2006, Fu et al. 2021), and patients with similar immune
cell composition may exhibit differing prognoses (Galon et al. 2006, Schiirch et al.
2020, Fu et al. 2021). For instance, tumor stromal T cell infiltration may be higher
than intraepithelial infiltration (Halama et al. 2009), and intraepithelial cytotoxic
T cells may exert more significant roles compared to those in other compartments
(Naito et al. 1998, Chiba et al. 2004). Typically, immune cell infiltration is analyzed
separately in the tumor center and the invasive margin. The invasive margin
represents the interface where immune cells interact with the tumor, thus
typically showing higher immune cell infiltration compared to the tumor center
(Fu et al. 2021). To gain more detailed insight into tumor-host interactions within
the tumor microenvironment, advanced spatial analysis methods have been
employed. These methods encompass measuring distances between different cell
types or calculating cell densities around specific cells, analyzing the spatial
distribution of immunoregulatory molecules, and examining well-organized
spatial patterns like tertiary lymphoid structures (Fu et al. 2021).

In this study, immune cell densities were separately analyzed in the tumor
center and the invasive margin, as well as within the tumor intraepithelial and
stromal regions. Additionally, detailed spatial analyses were conducted. Immune
cell densities tended to be higher in the stromal than intraepithelial regions, and
in the invasive margin than the tumor center. Moreover, the prognostic
significance of certain cell types varied between the tumor compartments,
although consistent findings across different cell types were lacking.

Spatial analyses further delineated differences in spatial distribution of
immune cells in relation to tumor cells. Immune cells within tumor cell proximity
are suggested to possess enhanced potential for direct cell-cell interactions, and
subsequent anti-tumor activity (Carstens et al. 2017, Barua et al. 2018). Still, only
higher density of T cells in tumor cell proximity, when analyzed using T cell
proximity score, exhibited stronger prognostic value compared to total T cell
density. For myeloid cell types, spatial proximity with tumor cells did not
enhance or diminish prognostic value compared to total cell densities. It is
notable that spatial proximity between cells is not necessarily an indication of
actual cellular interactions, although their likelihood is increased (Fu et al. 2021).
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6.5 Strengths and limitations

This study characterized the infiltration of multiple immune cell subtypes using
multimarker analysis in a large study cohort. However, some limitations need to
be considered. First, excluding patients with preoperative treatment due to their
potential effects on immune infiltrate led to underrepresentation of rectal cancer.
Second, standardizing methodologies and immune cell analyses could improve
the reproducibility and comparability between studies (Alexander et al. 2020). For
instance, a broad spectrum of antibodies with varying antigen-specificity and
marker signal quality has been employed. Additionally, cell counting methods
vary, including manual, semi-quantitative, or automated cell counting assays.
Furthermore, criteria for setting thresholds for marker positivity, classifying cells
into subtypes, and categorizing cells for further analyses fluctuate. In this study,
antibody selection was based on their use in previous studies or in clinical routine
pathology, and their functionality was tested using a test tissue microarray.
Third, the analyses were conducted for tissue microarray specimens instead of
whole tissue specimens, which has raised concern about their capability to
adequately cover tumor heterogeneity (Voduc et al. 2008). However, sufficient
coverage was ensured in this study by calculating core-to-core correlations for
immune cell densities between the two cores in the tumor center and the invasive
margin and has also been previously demonstrated in colorectal cancer
(Hendriks et al. 2003, Jourdan et al. 2003) and other cancer types (Camp et al. 2000,
Rosen et al. 2004). Fourth, the tissue sections captured only a single plane of the
tissue, potentially providing limited information about the tumor architecture
and the spatial distribution of cells (Lin et al. 2023). Fifth, in multiplex
immunohistochemistry panels, multiple staining cycles resulted in some level of
tissue microarray core loss or damage, leading to a reduced number of
successfully analyzed tissue microarray cores and smaller number of tumors in
the final cohorts. In addition, staining quality for certain antibodies decreased
along the cycles, but this could be mostly addressed by the panel design and
antibody ordering. However, multiplex-immunohistochemistry, compared to
conventional immunohistochemistry, enabled the phenotyping of each cell with
several markers simultaneously and conserved the tissue material. Sixth, cell
detection and phenotyping and tissue compartmentalization, done using
machine learning-based algorithms, were complicated by certain factors, and
some compromise was needed. For instance, variabilities in cell morphologies
and signal intensities tended to leave some cells split, merged, or undetected,
affecting the number of analyzed cells. Histological variability between tumors
and necrotic regions caused difficulties in tissue compartmentalization in some
tumors. Furthermore, some technical errors during sample processing, such as
tissue folding, artifacts, or improperly focused regions during slide scanning,
complicated the analysis. An attempt was made to minimize these challenges by
optimizing the staining protocol and antibody concentrations to acquire clear
staining signals. Tumor areas for training batches were selected to encompass a
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broad range of histological phenotypes. The results from the image analyses were
confirmed by visually comparing the detected and phenotyped cells and tissue
compartments in tissue microarray specimens with the immunohistochemistry-
stained tissue microarrays. Multiplex immunohistochemistry combined with
machine learning-based image analysis included a high amount of manual work,
so wider implementation of the method would require further development and
automation.

However, the study has numerous important strengths. The study
included a large cohort of 1,343 colorectal cancer patients with comprehensive
associated clinical, histological, and molecular data. The long follow-up time,
being 10.6 years by mean for censored patients, enabled long course survival
analyses. The methods applied in this study enabled analyzing the whole study
cohort uniformly, enabling a detailed characterization of immune cells, tumor
cells, and immunosuppressive molecules together with their spatial interactions
and prognostic value. The study employed equipment utilized in routine
pathology laboratory and open-source software for image processing
(Fiji/Image]), image analysis (QuPath), and data analysis (RStudio), requiring no
significant additional financial resources.

6.6 Clinical applications and future perspectives

This study offers detailed insight into immune cell infiltration and expression
patterns of immunosuppressive molecules. The results contribute to the
development and introduction of new prognostic biomarkers, supplementing
those already in clinical use, to clarify colorectal cancer prognostication and
treatment planning. Currently, no prognostic parameters based on assessing the
tumor microenvironment are in clinical use. This study reinforced the potential
utility of T cell infiltration as a prognostic factor, further suggesting T cells within
tumor cell proximity, analyzed with T cell proximity score, to be a more robust
biomarker.

Immunoinhibitory molecules, including PDCD1, CD274, IDO, and ARG1
suppress T cell activity and induce T cell exhaustion (Dong et al. 2002, Blackburn
et al. 2009, Vinay et al. 2015, Ma et al. 2019, Chen et al. 2024), thus serving as
potential predictive biomarkers for immunotherapy treatment responses and as
targets for immunotherapy (Vinay et al. 2015). Currently, only two clinically
approved checkpoint inhibitors targeting PDCD1 (Biller and Schrag 2021, Chen
et al. 2024) have been established for metastatic colorectal cancer, with effective
and durable responses achieved in only certain patients (Le et al. 2017). To
develop more efficient immunotherapies, more detailed understanding of
immune checkpoint molecules in colorectal cancer is required. Contradictory to
our hypothesis, this study showed higher expression of IDO and CD274 in
immune cells to be significantly associated with improved survival of colorectal
cancer patients. These findings underline the complexity of the tumor
microenvironment and highlights the need for additional studies characterizing
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the role and expression of immunosuppressive molecules in different stages of
cancer development.

The comprehensive data produced in this study could be utilized to further
examine the colorectal cancer microenvironment. Both the findings and methods
utilized in this study could be also used and applied to studying other solid
cancer types. Although multiplex immunohistochemistry in its current form is
not applicable for clinical use, it is a potential tool for providing detailed
information, for instance, of the expression patterns of the immunosuppressive
molecules in the tumor microenvironment. This information could be applied to
evaluate the prognosis of colorectal cancer patients and the functionality of
immunotherapies.

A deeper understanding of the immune landscape is necessary to create
new prognostic and predictive biomarkers, evaluate the treatment response of
cancer, and develop new effective immunotherapies. Standardized
methodologies for immune cell detection and classification could increase the
reproducibility =~ and comparability = between studies. = Additionally,
spatiotemporal immune cell analyses across different tumor stages could yield
new insights into colorectal cancer development and cell-cell interactions.
Analysing the interactions between immune cells and other components in the
tumor microenvironment, such as fibroblasts, could also enhance the
understanding of immune evasion by tumors and the effects of immunotherapy
within the tumor microenvironment (Fu ef al. 2021, Mun et al. 2022). While two-
dimensional tissue sections enable comprehensive characterization of the tumor
microenvironment, incorporating three-dimensional reconstruction could more
accurately capture its full complexity, complementing and refining the findings
of traditional two-dimensional methods (Lin et al. 2023).
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7 CONCLUSIONS

This study analyzed the infiltration patterns and significance of various immune
cell subtypes and the expression of immunoinhibitory molecules. Based on the
results, following conclusions were made:

i)

i)

iii)

iv)

Multiplex immunohistochemistry and computer-based image analysis
were shown to be accurate methods for phenotyping immune cell
subtypes in the tumor microenvironment.

Higher density of T cells, particularly in co-localization with tumor cells
predicted favorable outcomes in colorectal cancer, suggesting T cell
proximity score as a potential new prognostic parameter.

Infiltration patterns of the overall populations of monocytic cells,
macrophages, granulocytes, and mast cells, or their spatial proximity to
tumor cells, did not show independent prognostic significance in
colorectal cancer. Still their certain subtypes showed associations with
survival, emphasizing the importance of detailed immune cell
characterization.

Increased infiltration of CD274* macrophages and IDO* monocytic cells
had significant associations with improved survival, suggesting that the
expression of immunoinhibitory molecules might be a compensatory
response to active anti-tumor activity.
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YHTEENVETO (RESUME IN FINNISH)

Immuunisolujen ja immuunivastetta hillitsevien tekijoiden merkitys paksu-
ja perdsuolisyovian mikroympadristossa

Paksu- ja perdsuolisydopd on maailmanlaajuisesti kolmanneksi yleisin syopad ja
toisiksi eniten syopdkuolleisuutta aiheuttava tauti. Taméan vuoksi taudin vaiheen
madrittdiminen ja potilaan ennusteen arviointi on tarkedd hoidon suunnittelun
madrittdimiseksi. Syovan koon ja levinneisyyden arviointiin perustuva neliluok-
kainen TNM-luokitus on tdrkein paksu- ja perdsuolisytvian ennusteen ja hoidon
arvioinnissa kdytetty menetelmd, mutta ei vélttdmattd yksinddn riitd antamaan
riittdvan tarkkaa tietoa taudin kulusta. Viime vuosikymmenind syovan mikro-
ympéristossd olevilla immuunisoluilla on todettu olevan merkittava vaikutus
syovan kehittymisen, ennusteen ja hoitovasteen kannalta, mutta niiden merkitys
tunnetaan vield osin puutteellisesti.

Osa immuunijdrjestelmén soluista kykenee tunnistamaan ja eliminoimaan
syopdsoluja sekd aktivoimaan muita immuunisoluja. Etenkin T-solujen vahva
syovdn kasvua rajoittava vaikutus on havaittu useissa tutkimuksissa. Joillakin
immuunisoluilla on kuitenkin todettu olevan tulehdusreaktiota hillitsevi ja siten
syovan kasvua edistdvd vaikutus. Lisdksi syopdsolut voivat edistdd omaa kas-
vuaan heikentdmalld immuunijérjestelmén toimintaa. Immuunivasteen tarkas-
tuspisteet, kuten PDCD1 (engl. programmed death-1, PD-1) ja CD274 (engl.
programmed death-ligand 1, PD-L1) ovat proteiineja, jotka rajoittavat T-solujen
liiallista toimintaa. Useissa syovissd ndiden PDCD1 ja CD274 proteiinien maara
on kuitenkin lisddntynyt, mikd estdd T-solujen aktivoitumista ja kykyd elimi-
noida syopésoluja. Syopédsolut voivat hillitd immuunivastetta myo6s sddtelemalla
solujen aminohappoaineenvaihduntaa. Aminohapot ovat proteiinien rakennus-
aineita ja siten valttamattomid solun toiminnan kannalta. Indoleamiini 2,3-
dioksigenaasi (IDO) ja arginaasi-1 (ARG1) ovat entsyymejd, jotka hajottavat
etenkin T-solujen toiminnalle tdrkeitd aminohappoja, tryptofaania ja arginiinia.
ARG1 ja IDO entsyymien mddrd sydvassd on usein lisddntynyt, mikd voi johtaa
T-solujen toiminnan heikkenemiseen ja siten kiihdyttdd syovan kasvua.

Tama tutkimus koostui kolmesta osatystd, joissa tunnistettiin kattavasti eri
immuunisolutyyppejd ja kartoitettiin immuunivastetta heikentdvien molekyy-
lien ilmenemistd paksu- ja perdsuolisyovan mikroympaéristossa hyodyntamalla
immunohistokemiallisia vdrjiysmenetelmid ja tietokoneavusteista kuva-analyy-
sid. Tavoitteena oli selvittdd eri immuunisolutyyppien tiheyksien ja spatiaalisen
sijoittumisen merkitystd paksu- ja perdsuolisyopdpotilaan ennusteen kannalta.
Immunohistokemiallisessa véarjdyksessd solutyyppejd tunnistetaan vasta-ainei-
den ja vérireaktion aikaansaavan kromogeenin avulla. Perinteisen immunohisto-
kemian lisdksi tdssd tutkimuksessa hyddynnettiin syklistd immunohistokemial-
lista monivdrimenetelmad, jossa yhtd kudosleikettd véarjdttiin useasti perdkkain
eri vasta-aineilla. Monivdrimenetelmdlld jokainen solu voidaan tunnistaa usean
eri vasta-aineen avulla, mikd mahdollistaa perinteistd immunohistokemiallista
védrjdystd tarkemman immuunisolujen luokittelun alatyyppeihin. Vérjdttyjen ku-
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dosleikkeiden analysoimisessa hyoddynnettiin tietokoneavusteista kuva-ana-
lyysid, joka mahdollisti solutyyppien ja kudosalueiden yksityiskohtaisen tunnis-
tamisen ja luokittelun.

Ensimmadisessd tyossad kartoitettiin T-solutiheyden vaikutusta paksu- ja pe-
rasuolisyovan ennusteeseen kahdella eri menetelmalla. T cell density score-mene-
telmalld analysoitiin T-solujen kokonaistiheyttd syovan mikroymparistossa kah-
della eri alueella: syovan keskiosassa ja invaasioreunassa sydvéan ja terveen ku-
doksen rajapinnassa. Menetelméassa korkeampi T-solutiheys johti suurempaan T
cell density scorexn arvoon. Lisdksi tydssd kehitettiin uusi T cell proximity score-
menetelmd, jolla arvioitiin sydpasolujen ldheisyydessd olevien T-solujen tiheytta.
Seké korkea T cell density score ettd T cell proximity score olivat vahvoja itsendisid
ennustetekijoitd. Kuitenkin sydpdsolujen ldheisyydessd olevien T-solujen tihey-
delld oli hieman niiden kokonaistiheyttd suurempi merkitys.

Toisessa tyossa tutkittiin M1- ja M2-tyypin makrofagien ja T-solujen tiheyk-
sid sekd PDCD1 ja CD274 proteiinien ilmenemistd monivéari-immunohistoke-
mian avulla. Makrofagit ovat yksi paksu- ja perdsuolisytvan mikroympaériston
yleisimmistd immuunisolutyypeistd, joista on tunnistettu kaksi alatyyppid. M1-
makrofageilla on kyky eliminoida syopdsoluja ja aktivoida muita syovan kasvua
rajoittavia immuunisoluja, kun taas M2-makrofageilla on todettu olevan syovan
kasvua edistdvd vaikutus. Tyossd havaittiin, ettd PDCD1 ilmeni p&ddasiassa T-
soluissa, kun taas CD274 ilmeni makrofageissa ja joissakin syopdsoluissa. T-
solujen korkea tiheys oli yhteydessd paksu- ja perdsuolisyopdpotilaan parem-
paan ennusteeseen riippumatta PDCD1 proteiinin ilmenemisestd. Lisdksi kor-
kealla CD274* makrofagien tiheydelld yhteys potilaiden parempaan ennustee-
seen.

Kolmannessa tydssd selvitettiin monosyyttien, granulosyyttien ja syottoso-
lujen tiheyksien sekd IDO ja ARG1 entsyymien ilmenemisen vaikutusta moniva-
rimenetelmalld. Korkea IDO* monosyyttien tiheys oli merkittava itsendinen en-
nustetekija. Myos korkeat granulosyyttien ja ARG1* granulosyyttien méaéarat oli-
vat yhteydessd parempaan ennusteeseen, mutta nimd eivét olleet itsendisid en-
nustetekijoitd. Spatiaalianalyyseissd todettiin, ettei immuunisolujen sijainnilla
sydpdsolujen suhteen ollut merkittdvad vaikutusta ennusteen kannalta.

Tutkimuksessa kartoitettiin paksu- ja perdsuolisydvan mikroympaéristod
vdrjdys- ja analysointimenetelmilld, jotka mahdollistivat suuren sydpakudosai-
neiston analysoimisen yksityiskohtaisesti ja yhdenmukaisesti. Syovan mikroym-
pdriston immuunisoluja on perinteisesti tutkittu tiheyteen perustuvilla analyysi-
menetelmilld, mutta tdssd tyossa tutkittiin lisdksi immuunisolujen spatiaalista
sijoittumista. Kuten useissa aiemmissa tutkimuksissa, korkean T-solutiheyden
todettiin olevan merkittdva ennustetekijd. Lisdksi syopasoluja ldhelld olevien T-
solujen merkitys vaikutti olevan etddmmalld olevia T-soluja suurempi, mika voisi
olla seurausta ldhempand olevien T-solujen suuremmasta mahdollisuudesta olla
vuorovaikutuksessa syopdsolujen kanssa ja siten saada aikaan tehokkaamman
sydvdnvastaisen immuunireaktion. Vaikka korkealla CD274 ja IDO proteiinien
ilmenemiselld on todettu olevan T-solujen aktiivisuutta hillitsevéa ja siten po-
tentiaalinen syovan kasvua edistdvd vaikutus, tdssd tutkimuksessa korkeat
CD274* makrofagien ja IDO* monosyyttien tiheydet olivat yhteydessad paksu- ja
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perédsuolisyovan parempaan ennusteeseen. Vaikka tulos on oletuksen vastainen,
on esitetty, ettd vahva syovdn kasvua rajoittava tulehdusreaktio voisi saada ai-
kaan luontaisen vastareaktion. Siind immuunireaktion liiallista toimintaa tor-
jutaan lisddmalld immuunisolujen aktiivisuutta hillitsevien molekyylien ilmene-
mista.

Immuunisolujen rooli paksu- ja perdsuolisytvédssd tunnetaan vield osittain
puutteellisesti ja solujen tunnistamista hankaloittaa esimerkiksi niiden saman-
kaltaisuus ja taipumus muuntautua ympdéristostd tulevien signaalien seurauk-
sena. Tdssd tutkimuksessa kdytetyt immunohistokemiallinen monivarimene-
telmd ja tietokoneavusteisen kuva-analyysi osoittautuivat toimiviksi menetel-
miksi syovan mikroympadriston kartoittamiseen. Saadut tulokset edistdavét syo-
védn ja elimiston omien solujen vélisten vuorovaikutussuhteiden ymmartamista.
Tuloksia voidaan hyodyntdd uusien paksu- ja perdsuolisydvan ennustetekijoiden
maédrittdmisessd sekd syopdhoitojen kehittdmisessd ja toimivuuden arvioimi-
sessa.
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BACKGROUND: Although high T cell density is a strong favourable prognostic factor in colorectal cancer, the significance of the
spatial distribution of T cells is incompletely understood. We aimed to evaluate the prognostic significance of tumour cell-T cell co-

localisation and T cell densities.

METHODS: We analysed CD3 and CD8 immunohistochemistry in a study cohort of 983 colorectal cancer patients and a validation
cohort (N = 246). Individual immune and tumour cells were identified to calculate T cell densities (to derive T cell density score) and
G-cross function values, estimating the likelihood of tumour cells being co-located with T cells within 20 um radius (to derive T cell

proximity score).

RESULTS: High T cell proximity score associated with longer cancer-specific survival in both the study cohort [adjusted HR for high
(vs. low) 0.33, 95% Cl 0.20-0.52, Pyeng < 0.0001] and the validation cohort [adjusted HR for high (vs. low) 0.15, 95% Cl 0.05-0.45,
Pirend < 0.0001] and its prognostic value was independent of T cell density score.

CONCLUSIONS: The spatial point pattern analysis of tumour cell-T cell co-localisation could provide detailed information on
colorectal cancer prognosis, supporting the value of spatial measurement of T cell infiltrates as a novel, robust tumour-immune

biomarker.

British Journal of Cancer; https://doi.org/10.1038/s41416-022-01822-6

BACKGROUND

Colorectal cancer is the third most common cancer, covering
around 10% of all new cancer cases worldwide [1]. The tumour
microenvironment is composed of neoplastic tumour cells and
non-neoplastic cells, such as host immune cells, interacting
through cell-cell contacts and inflammatory mediators [2]. The
assessment of colorectal cancer prognosis and treatment is mainly
based on evaluating neoplastic tumour cells and tumour spread
rather than analysing the host immune response [3]. The most
widely used clinical staging system is the American Joint
Committee on Cancer/International Union Against Cancer (AJCC/
UICC) TNM classification, which includes the extent of the primary
tumour (T), presence of lymph node metastasis (N) and spread to
distant organs (M), while World Health Organization (WHO)
histologic grading categorises tumours according to their

differentiation [4]. However, these methods do not entirely
capture the characteristics of colorectal tumours and their
prognoses.

Immunoscore® is a T cell scoring system based on computer-
assisted quantification of CD3" and CD8" cell densities in the
tumour centre and the invasive margin [5, 6]. T cell density varies
within a single tumour and between different tumours. The
density is generally higher in the invasive margin than in the
centre of the tumour. In mismatch repair (MMR)-deficient color-
ectal cancers, T cell densities are also usually higher than in MMR
proficient tumours [7, 8]. High Immunoscore® has been associated
with better prognosis and has been internationally validated as an
independent prognostic parameter in a cohort of more than 2600
disease stage I-lll colorectal cancer cases [6]. However, most
studies evaluating immune cell infiltrates in colorectal cancer have
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been limited to density-based analyses [9] and the significance of
the co-localisation between tumour cells and T cells is not well-
established.

In this study, we used immunohistochemistry and digital image
analysis to identify CD3" and CD8™ cells and tumour cells in 1229
colorectal cancer samples, including a study cohort of 983 patients
and an independent validation cohort of 246 cases. We present
the T cell proximity score as a novel prognostic parameter based
on the evaluation of co-localisation of tumour cells with T cells.
Our primary aim was to evaluate the prognostic value of the T cell
proximity score and compare it to that of the T cell density score
(based on the principles of Immunoscore®). We hypothesised that
a high T cell proximity score (high likelihood of tumour cells being
co-located with T cells) might be associated with favourable
outcome. As secondary aims, we investigated the associations of T
cell proximity score with tumour and patient characteristics and
the prognostic significance of spatial T cell proximity measure-
ments separately in the tumour centre and the invasive margin, in
MMR proficient and MMR deficient tumour subgroups as well as in
low and high disease stage tumours.

METHODS

Patients

We identified 1343 patients who underwent resection for colorectal cancer
at Central Finland Central Hospital between January 1, 2000 and December
31, 2015 and had adequate tumour samples available. The samples were
retrospectively collected from the pathology registry of Central Finland
Central Hospital, which covers all colorectal cancers diagnosed in Central
Finland (the population of the area-averaged around 270,000 during the
study period) [10]. Associated clinical data were collected from clinical
patient records by study physicians. We excluded patients who died within
30 days after surgery (N=40) or received any preoperative oncological
treatments (radiotherapy, chemotherapy or chemoradiotherapy) (N = 243)
due to their potential influences on tumour characteristics [11]. The final
cohort with adequate samples in tissue microarrays and successful
quantification of CD3" and CD8™ cells included 983 patients. The median
follow-up time for censored was 9.3 years (IQR 6.8-13.3 years). The main
clinicopathologic features of the cases are shown in Table 1. Histological
tumour parameters were re-evaluated by the study pathologist (J.P.V.),
including tumour differentiation and lymphovascular invasion, using
hematoxylin and eosin (H&E) stained whole slides. All the histological
analyses were performed blinded to the clinical data.

Tissue microarrays

For tissue microarray construction, we selected one representative
formalin-fixed paraffin-embedded tumour sample with the deepest cancer
invasion for each patient. The arrays were constructed using a TMA Master
Il tissue microarrayer (3DHistech Ltd., Budapest, Hungary), and they
included two 1 mm-diameter cores from representative areas of the
tumour centre and the invasive margin (total: four cores). The core sites
were annotated to best represent overall tumour morphology while
avoiding necrosis. The invasive margin cores were targeted to span 500 um
into the healthy tissue and 500 um into the tumour. In total, the cohort
included 25 tissue microarray blocks, each containing two tonsil cores as
staining controls. Tissue microarray blocks were tempered overnight at 60 °
C and cut at 3.5 ym thickness.

Immunohistochemistry

The samples were screened for DNA mismatch repair (MMR) deficiency with
MLH1, MSH2, MSH6 and PMS2 immunohistochemistry and for BRAF V600E
mutation status with immunohistochemistry [12]. Immunohistochemistry
for T cells and MMR genes were performed by BOND-III automated IHC
stainer (Leica Biosystems, Buffalo Grove, IL, USA) with monoclonal
antibodies and protocols shown in Table S1. All antibodies were in clinical
use in the pathology laboratory of Central Finland Central Hospital, and
appropriate staining was also confirmed by examining positive and
negative controls. After bake, dewax and peroxide block, slides were
processed with heat-induced antigen retrieval with EDTA-based buffer, pH
9.0 (BOND Epitope retrieval solution 2, Leica Biosystems, AR9640) at 100 °C.
Antigen retrieval time was 30 min for MLH1, MSH2, MSH6 and PMS2 and 20

min for CD3 and CD8. Primary antibodies were incubated for 30 min.
Visualisation was performed according to the manufacturer’s instructions
using a BOND Polymer Refine Detection kit (Leica Biosystems, DS9800) with
a horseradish peroxidase-conjugated secondary antibody (<25 pg/ml), 3.3-
diaminobenzidine chromogen and hematoxylin (0.1%) counterstain.
Stained slides were coverslipped with a Tissue-Tek Glas Automated Glass
Coverslipper (Sakura) and digitalised with a NanoZoomer-XR (Hamamatsu
Photonics, Hamamatsu City, Japan) slide scanner with a x20 objective.

Immunohistochemistry to evaluate BRAF V600E mutation status was
conducted using a BenchMark XT immunostainer (Ventana Medical
Systems, Tucson, AZ) and a BRAF V600E mutation-specific mouse
monoclonal antibody (clone: VE1, Spring Bioscience, Pleasonton, CA, US,
dilution: 1:400). The amplification was done with OptiView Amplification
(Ventana [13]).

Image analysis

T cell analyses were conducted with supervised machine learning
approaches built-in QuPath (version 0.2.3), an open-source bioimage
analysis software [14], using previously validated algorithms [15]. The
software was trained to recognise tissue and cell types by manually
annotating representative areas/cells. The identification of tissue from the
background was done with the random forests pixel classifier. Cells were
detected and classified into tumour cells, T cells, and other cells using the
random forests object classifier. T cells were recognised by CD3 or CD8
expression and tumour cells were identified through their morphology.
The remaining cells were classified as other. The workflow for image
analysis is shown in Fig. S1. We confirmed the validity of the automated
cell classifier by reviewing the classification result images. We further
quantified the accuracy of the classifier by manually annotating each cell in
50 tumour regions (25 stained for CD3 and 25 stained for CD8; size 200 X
200 um) and comparing the cell densities observed in these regions with
those obtained with the automated classifier using the Spearman'’s rank
correlation test.

All tissue microarray cores were reviewed, and those with folding or
detaching during processing, minimal amount or absence of tumour, or
high amount of necrosis were excluded from the analyses. For the final
analyses, we included only cases that at least one representative successfully
analysed the tumour core from the tumour centre and the invasive margin
for both CD3 and CD8. For each tissue microarray core, we calculated CD3™
and CD8" cell densities by dividing the cell counts by the tumour core area
in mm?Z. For tumours with multiple successfully analysed tumour centre cores
or invasive margin cores, we calculated mean cell densities. As a result, each
tumour had one density value for (1) CD3™ cells in the tumour centre, (2)
CD3™ cells in the invasive margin, (3) CD8" cells in the tumour centre and
(4) CD8" cells in the invasive margin.

To calculate the T cell density score, we followed the main principles of
the Immunoscore assay [6]. The densities of CD3™ cells in the tumour
centre, CD3™ cells in the invasive margin, CD8" cells in the tumour centre
and CD8" cells in the invasive margin were converted to percentiles
(0-100), which resulted in four separate percentile values for each tumour.
T cell density score was determined by calculating the mean of the four
percentiles and categorising it to low (0-25), intermediate (>25-70) or high
(>70-100). The workflow for T cell density score analysis is shown in Fig. 1.

In this study, we introduced the T cell proximity score as a new prognostic
parameter based on tumour cell-T cell co-localisation. We estimated the
empirical G-cross [Grumour cell (] function for each sample, evaluating the
likelihood of any tumour cell in the sample having at least one T cell at a
specific radius r. The function is formed by measuring the distances from
each tumour cell centroid to the closest immune cell centroid. Thus, higher
G-cross function values result from a higher percentage of tumour cells
harbouring T cells in their proximity and indicate greater co-localisation of
tumour cells with T cells. We chose to examine the function values at 20 um
radius to identify T cell populations likely capable of effective, direct, cell-to-
cell interaction with tumour cells, consistent with previous reports [15-18].
We applied the Kaplan-Meier correction for edge effects. T cell proximity
score was calculated using a similar approach as in T cell density score. We
calculated G-cross [Guymour cell (20 pm)] function values for CD3™ and CD8™
cells in the tumour centre and in the invasive margin and converted these
four values into percentiles. To determine the T cell proximity score for each
tumour, we calculated the mean of the four percentiles and categorised it
into low (0-25), intermediate (>25-70) or high (>70-100). In sensitivity
analysis, we tested the T cell proximity score at G-cross function radii of 10,
30, 40, 50, 100 and 500 um. The workflow for the proximity score analysis for
two example cores of the same tumour is shown in Fig. 1. Figure S2
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Table 1.

Characteristic Total N

All cases 983 (100%)
Sex
Female 481 (49%)
Male 502 (51%)
Age (years)
<65 265 (27%)
65-75 348 (35%)
>75 370 (38%)
Year of operation
2000-2005 299 (30%)
2006-2010 315 (32%)
2011-2015 369 38%)

Tumour location
Proximal colon 478 (49%)
359 (40%)

146 (15%)

Distal colon
Rectum
AJCC disease stage
| 162 (16%)
I 371 (38%)
N 322 (33%)
\% 128 (13%)
Tumour grade
Low-grade (well to moderately differentiated) 813 (83%)
High-grade (poorly differentiated) 170 (17%)

Lymphovascular invasion

No 772 (79%)
Yes 211 (21%)
MMR status

MMR proficient
MMR deficient

833 (85%)
150 (15%)

BRAF status
Wild-type 824 (84%)
Mutant 159 (16%)

AJCC American Joint Committee on Cancer, MMR mismatch repair.

represents the respective analysis for the two remaining cores of the
example tumour.

Validation cohort

For validation, we retrospectively analysed an independent, previously
described colorectal cancer cohort operated at Oulu University Hospital
from 2006 to 2014 [19]. Patients with preoperative treatment and
unsuccessful CD3" or CD8™ cell analysis were excluded, and the final
data included 246 patients. The median follow-up time for censored cases
was 6.2 years (IQR 5.0-7.6 years). Analyses were conducted for one to four
3 mm-diameter TMA cores per patient [19]. Antibodies and staining
protocols are shown in Table S2. The densities and G-cross function values
were compared with those obtained in the study cohort to convert them
into percentiles.

Statistical analyses

Statistical analyses were performed using RStudio (version 1.3.1093) and R
statistical programming (version 4.0.5, R Core Team) with packages
gmodels (2.18.1), spatstat (2.1-0), survival (3.2-7), survminer (0.4.9) and
tidyverse (1.3.0).

British Journal of Cancer

Demographic and clinicopathologic characteristics of colorectal cancer cases according to T cell proximity score.

T cell proximity score

Low Intermediate High P
194 (20%) 545 (55%) 244 (25%)
0.65
96 (49%) 260 (48%) 125 (51%)
98 (51%) 285 (52%) 119 (49%)
0.17
57 (29%) 142 (26%) 66 (27%)
58 (30%) 211 (39%) 79 (32%)
79 (41%) 192 (35%) 99 (41%)
0.26
60 (31%) 153 (28%) 86 (35%)
65 (34%) 183 (34%) 67 (28%)
69 (36%) 209 (38%) 91 (37%)
0.0003
82 (42%) 249 (46%) 147 (60%)
83 (43%) 214 (39%) 62 (25%)
29 (15%) 82 (15%) 35 (14 %)
<0.0001
19 (10%) 84 (15%) 59 (24%)
62 (32%) 193 (35%) 116 (48%)
80 (41%) 186 (34%) 56 (23%)
33 (17%) 82 (15%) 13 (5.3%)
0.061
166 (86%) 457 (84%) 190 (78%)
28 (14%) 88 (16%) 54 (22%)
<0.0001
132 (68%) 423 (78%) 217 (89%)
62 (32%) 122 (22%) 17 (11%)
<0.0001
184 (95%) 485 (89%) 164 (67%)
10 (5.2%) 60 (11%) 80 (33%)
<0.0001

177 (91%)
17 (8.8%)

469 (86%)
76 (14 %)

178 (73%)
66 (27%)

Categorical data were analysed by cross-tabulation of T cell scores and
other variables and using Chi-square test to evaluate the statistical
significance. Kaplan-Meier method was used for visualising the cumulative
survival probabilities, and the comparison between categories was done with
the Log-rank test. As our primary analyses, we utilised univariable and
multivariable Cox proportion hazard regression to estimate mortality hazard
ratio (HR) point estimates and their 95% confidence intervals (Cls). Cancer-
specific survival was evaluated as the primary endpoint, and it was defined as
the time from surgery to cancer death. Overall survival was evaluated as the
secondary endpoint, and it was defined as the time between colorectal
cancer surgery and death. We limited the follow-up to 10 years, considering
that most colorectal cancer deaths occur within that period. Schoenfeld
residual plots supported the proportionality of hazards during most of the
follow-up period up to 10 years. Multivariable models included the following
pre-determined indicator variables (with the reference category listed first):
sex (male, female), age (<65, 65-75, >75), year of operation (2000-2005,
2006-2010, 2011-2015), tumour location (proximal colon, distal colon,
rectum), disease stage (I-Il, Il IV), tumour grade (well/moderately
differentiated, poorly differentiated), lymphovascular invasion (negative,
positive), MMR status (proficient, deficient), BRAF status (wild-type, mutant).
Cases with missing data (validation cohort only) were included in the majority
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Fig. 1

T cell proximity and density score analyses in colorectal cancer. The figure shows analysis steps for one example tumour core from

the tumour centre (CT) and the invasive margin (IM). Tumour cores stained with CD3 and CD8 (a) and corresponding phenotyping maps for
T cells, tumour cells and other cells (b). G-cross (GyumourT cenl) function curves, representing the likelihood of any tumour cell in the sample
being co-located with at least one CD3"/CD8" T cell within a radius r (c). Calculation charts for T cell proximity score (d) and for T cell density
score (e). Respective example images for two remaining cores of the same sample are shown in Fig. S2.

category of a given categorical covariate to limit the degrees of freedom. The
following covariates had missing values in the validation cohort: disease
stage (0.4% missing), differentiation (0.4% missing), lymphovascular invasion
(1.2% missing), MMR status (0.4% missing). Excluding those missing cases in
each covariate did not substantially alter results. We used a stringent alpha
level of 0.005 according to the recommendation of an expert panel [20].

RESULTS

Patient characteristics

We analysed T cell infiltrates in tumour samples of 983 colorectal
cancer patients. Of the patients, 481 (49%) were women and the

median age at the time of surgery was 72 years (range 36-100
years). The most prevalent site for the primary tumour was the
proximal colon (cecum to transverse colon) with 478 (49%) cases.
MMR deficiency was detected in 150 (15%) tumours (Table 1).

Cell analysis of tissue microarray cores

We successfully analysed a total of 2,351,513 CD3™ cells from 3632
tissue microarray cores and 1,105,424 CD8" cells from 3608 tissue
microarray cores. The average number of analysed cores was 3.7
per patient for both CD3 and CD8. Core-to-core correlations for
G-ross (GuumourT cen) function values at 20 um radius were 0.69 for

British Journal of Cancer



CD3™ cells in the tumour centre 0.70 for CD3™ cells in the invasive
margin, 0.69 for CD8" cells in the tumour centre and 0.70 for
CD8™" cells for the invasive margin (Fig. S3), being slightly higher
than the respective core-to-core correlations for T cell densities
(Fig. S4).

We tested the accuracy of machine-learning-based image
analysis by manually annotating all cells (T cells, tumour cells
and other cells) in 50 tumour images and then applying the
optimised automated classifier to these images. The total number
of detected cells was 11,312 in manual counting and 12,097 in
automated cell counting. The Spearman’s rank correlations
coefficient between automated and manual cell densities was
0.94 for T cells, 0.87 for tumour cells and 0.86 for other cells,
indicating that the classifier had reached good accuracy (Fig. S5).

T cell proximity and density score

T cell proximity score was calculated based on tumour cell-T cell
co-localisation measurements, using GumourT cenn fUnction values
at 20 um (Fig. 1). Examples of tissue microarray cores with distinct
T cell infiltration patterns and corresponding G-cross function
curves are shown in Fig. S6. Of the patients, 545 (55%) cases were
classified as intermediate for the proximity score, whereas low
covered 20% and high covered 25% of the cases. High T cell
proximity score was strongly associated with proximal tumour
location (P =0.0003), low disease stage, absence of lymphovas-
cular invasion, MMR deficiency and BRAF mutation (all P < 0.0001;
Table 1).

T cell density score was calculated based on the mean CD3*
and CD8" cell densities in the tumour centre and the invasive
margin according to the principles of Immunoscore® (Fig. 1). Like
the proximity score, high density score was associated with
proximal tumour location (P=0.003), low disease stage (P=
0.0002), absence of lymphovascular invasion (P =0.0004), MMR
deficiency (P < 0.0001) and BRAF mutation (P =0.001; Table S3).

Survival analyses

In total, there were 574 (58%) deaths including 278 (28%)
colorectal cancer deaths. The 5-year and 10-year cancer-specific
survival rates were 74% and 69% and overall survival rates were
61% and 46%, respectively.

Our primary aim was to evaluate the prognostic significance of
the T cell proximity score and compare it to that of the T cell
density score. High proximity and density scores predicted
improved outcomes compared to low scores. The 10-year
cancer-specific survival for patients with high and low proximity
scores were 88% and 48%, respectively (Fig. 2, Table 2). High T cell
proximity and density scores were associated with better cancer-
specific and overall survival both in univariable and multivariable
analyses. In cancer-specific survival analysis, the multivariable HR
for high (vs. low) T cell proximity score was 0.33 (95% Cl 0.20-0.52,
Pirend < 0.0001) and for high (vs. low) density score 0.47 (95% Cl
0.31-0.73, Pyeng = 0.0007) (Table 2, Table S4).

To directly compare the prognostic value of T cell proximity and
density scores for cancer-specific survival, we included these
variables in the same multivariable Cox regression model for
reciprocal adjustment (Table 3). This analysis indicated that the
prognostic significance of the proximity score (Pyeng = 0.001) was
independent of the density score (Pyeng = 0.75).

Of the proximity score high cases (N=244), 179 (73%) cases
were high and 65 (27%) were intermediate for the density score.
Of the proximity score low cases (N=196), 121 (62%) were low
and 75 (38%) were intermediate for the density score. We
categorised the tumours into four subgroups to evaluate the
combined prognostic effect of the proximity and density scores
(Fig. S7, Table S5). This analysis further indicated that a high T cell
proximity score was associated with better survival regardless of
the density score.
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In secondary analyses, we evaluated the survival associations of
the four components (CD3* and CD8™ cells in the tumour centre
and the invasive margin) of T cell proximity [(GiumourT cen) at a 20
pm radius] and density scores as ordinal quartile categories
(Table 4, Fig. S8). In this analysis, higher values in all four
components of both T cell proximity and T cell density score,
except CD8™ cell density in the tumour centre, were statistically
significantly associated with longer cancer-specific survival (all
Pirend < 0.005). The HR point estimates suggested stronger survival
associations for the measurements based on the invasive margin,
as compared to the tumour centre, and for the G-cross proximity
estimates, as compared to the densities.

For sensitivity analysis, modified T cell proximity scores were
derived from Gumour:T cenn function values at different radii (10-50,
100 and 500 um) (Table S6). Univariable and multivariable Cox
regression models for cancer-specific survival indicated strong
prognostic associations for the proximity scores at 10-50 um and
100 pm radii (all Pyeng < 0.0001), but not at 500 um radius (Pyeng =
0.22). These results support the significance of tumour cell-T cell
co-localisation within radii of 10-100 pm.

To further evaluate factors potentially influencing the prog-
nostic significance of the T cell proximity score, we investigated
the prognostic effect of the proximity score in MMR proficient and
deficient tumour subgroups, as well as in different disease stages.
The association between a higher T cell proximity score and
longer cancer-specific survival did not significantly differ by MMR
status (Pinteraction = 0.69) (Table S7), while a higher T cell proximity
score was associated with longer cancer-specific survival in stages
I-1Il but not in stage IV (Pinteraction < 0.0001) (Fig. S9, Tables S8, S9).

Validation cohort

We analysed an independent validation cohort of 246 patients.
The clinicopathologic features for the validation cohort (N = 246)
are shown in Table S10. High T cell proximity score was associated
with low disease stage (P<0.0001), absence of lymphovascular
invasion (P=0.0002), MMR deficiency (P<0.0001) and BRAF
mutation (P = 0.0002).

In total, there were 80 (33%) deaths including 58 (24%)
colorectal cancer deaths. In this cohort, T cell proximity score
was associated with longer cancer-specific survival [multivariable
HR for high (vs. low) 0.15, 95% Cl 0.05-0.45, Pyeng <0.0001;
Table S111. As in the main cohort, the prognostic association of the
proximity score was independent of the density score (Table S12).

DISCUSSION

We investigated the spatial distribution and density of CD3" and
CD8* cells in a large, population-based cohort of 983 colorectal
cancer patients and an independent validation cohort of 246
colorectal cancer cases. T cell density is a well-established
favourable prognostic parameter in colorectal cancer [9], but
relatively few studies [15-18, 21-24] have investigated the role of
the spatial organisation of immune cell infiltrates in cancer.
G-cross function has been previously used for analyzing the spatial
interactions of T cells and tumour cells in primary tumours [15, 17]
and in liver metastases [22] of colorectal cancer, in non-small cell
lung cancer [16] and in pancreatic cancer [18]. In this study, we
utilised CD3 and CD8 immunohistochemistry and quantified
G-cross (GuumourT cen) function values at 20 um radius at the
invasive margin and tumour centre and established T cell
proximity score as a new, reproducible system for analyzing the
co-localisation of tumour cells with T cells. Our main finding was
that a high T cell proximity score was associated with favourable
outcomes independent of potential confounding factors such as
disease stage and MMR status, as well as T cell density score. We
envision that the method would be applicable to the analysis of a
variety of other solid tumours and could be used as a quantitative
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Fig. 2 Kaplan-Meier estimates of colorectal cancer-specific survival. Kaplan—-Meier cancer-specific survival curves for T cell proximity score
(@) and T cell density score (b). Log-rank test was used to estimate the statistical significance.

Table 2.
T cell density score.

Colorectal cancer-specific survival

No. No. Univariable HR
of cases of events (95% ClI)
T cell proximity score
Low 194 88 1 (referent)
Intermediate 545 157 0.57 (0.44-0.75)
High 244 25 0.18 (0.12-0.29)
Ptrend <0.0001
T cell density score
Low 163 64 1 (referent)
Intermediate 596 172 0.69 (0.52-0.93)
High 224 34 0.34 (0.22-0.51)
Pirend <0.0001

Multivariable HR No.

Univariable and multivariable Cox regression models for cancer-specific survival and overall survival according to T cell proximity score and

Overall survival

Univariable HR Multivariable HR

(95% Cl) of events (95% ClI) (95% ClI)

1 (referent) 127 1 (referent) 1 (referent)
0.72 (0.55-0.94 269 0.66 (0.53-0.81) 0.74 (0.59-0.91)
0.33 (0.20-0.52) 98 0.47 (0.36-0.61) 0.57 (0.43-0.76)
<0.0001 <0.0001 0.0001

1 (referent) 98 1 (referent) 1 (referent)
0.74 (0.55-0.99) 302 0.78 (0.62-0.99) 0.78 (0.62-0.99)
0.47 (0.31-0.73) 94 0.59 (0.44-0.78) 0.62 (0.46-0.84)
0.0007 0.0002 0.002

Multivariable Cox proportional hazards regression models were adjusted for sex, age (<65, 65-75, >75), year of operation (2000-2005, 2006-2010, 2011-2015),
tumour location (proximal colon, distal colon, rectum), disease stage (I-Il, lll, IV), tumour grade (well/moderately differentiated, poorly differentiated),
lymphovascular invasion (negative, positive), MMR status (proficient, deficient), BRAF status (wild-type, mutant).

Piend Values were calculated by using the three ordinal categories of T cell proximity score and T cell density score as continuous variables in univariable and

multivariable Cox proportional hazard regression models.
Cl confidence interval, HR hazard ratio.

tumour-immune biomarker, evaluating not only the density but
also the spatial patterns of T cell infiltrates in the tumour.

Our findings were consistent with a recent study in colorectal
cancer, where the co-localisation of tumour cells with CD3" T cells
within 20 um radius was a stronger prognostic factor than total T
cell density in the tumour microenvironment [17]. Moreover,
previous studies have demonstrated that strong engagement and
mixing of CD8" cytotoxic T cells with tumour cells in colorectal
cancer liver metastases are associated with favourable outcomes
[21, 22]. In our study of primary colorectal cancer, the prognostic

value of the spatial measurements for CD3" cells was as
significant as those for CD8" cells both in the tumour centre
and in the invasive margin. The present study represents a
comprehensive analysis of tumour cell-T cell co-localisation in two
large colorectal cancer cohorts, with detailed clinicopathologic
characterisation [17].

T cell proximity score, introduced in this study, specifically
evaluates the co-localisation of tumour cells with T cells within 20
pum radius, ignoring T cells located further from tumour cells. In
our analyses, the proximity score had a higher prognostic value

British Journal of Cancer



H. Elomaa et al.

Table 3. Comparison of prognostic power of T cell proximity score and T cell density score using Cox regression models for cancer-specific survival.

No. of cases No. of events

(95% ClI)
T cell proximity score

Low 194 88 1 (referent)
Intermediate 545 157 0.57 (0.44-0.75)
High 244 25 0.18 (0.12-0.29)
R <0.0001
T cell density score

Low 163 64 1 (referent)
Intermediate 596 172 0.69 (0.52-0.93)
High 224 34 0.34 (0.22-0.51)
P~ <0.0001

Model 1 (univariable) HR

Model 2 (multivariable) HR Model 3 (multivariable) HR

(95% ClI)

1 (referent)
0.52 (0.38-0.73)
0.15 (0.08-0.27)
<0.0001

1 (referent)
1.15 (0.81-1.65)
1.33 (0.75-2.34)
0.35

(95% CI)

1 (referent)
0.75 (0.54-1.04)
0.32 (0.17-0.60)
0.001

1 (referent)
0.91 (0.64-1.30)
1.01 (0.56-1.81)
0.75

Model 2: Cox proportional hazards regression model including T cell proximity score and T cell density score.

Model 3: Cox proportional hazards regression model based on Model 2 that was additionally adjusted for sex, age (<65, 65-75, >75), year of operation
(2000-2005, 2006-2010, 2011-2015), tumour location (proximal colon, distal colon, rectum), disease stage (I-ll, lll, IV), tumour grade (well/moderately
differentiated, poorly differentiated), lymphovascular invasion (negative, positive), MMR status (proficient, deficient), BRAF status (wild-type, mutant).

Piend Values were calculated by using the three ordinal categories of T cell proximity score and T cell density score as continuous variables in univariable and

multivariable Cox proportional hazard regression models.
Cl confidence interval, HR hazard ratio.

than the density score. We hypothesise that this may be related to
the proximity score focusing on T cells with the potential for direct
cell-cell interactions with tumour cells, such as cytotoxicity
[15, 16, 18, 24]. It is conceivable that distant T cells may have a
reduced possibility for anti-tumoural activity compared with
T cells in close tumour proximity. Moreover, a high stromal
percentage predicts an unfavourable prognosis in colorectal
cancer, while a low stromal percentage is associated with
favourable outcomes [25, 26]. Considering that the majority of
immune cells in the colorectal cancer microenvironment are
located in tumour stromal rather than intraepithelial regions
[15, 27, 28], the tumours with low stroma percentage might have
low overall T cell densities as a result of low stromal content rather
than a weak anti-tumour-immune response, while spatial point
pattern analysis may still classify these tumours into higher T cell
proximity score categories if T cells are located close to tumour
cells. All four components of the proximity score (CD3* and CD8*
cells in tumour centre and in invasive margin) had strong
prognostic significance as separate variables. In addition, our
sensitivity analyses showed that high G-cross (GuumourT cell)
function values were associated with better prognosis within a
range of radii between 10-50 um and 100 um, but not at 500 pm.
These findings further highlight the robustness of the analysis, not
dependent on a single, specific radius or component, and
supports the potential of T cell proximity score as a relevant
prognostic factor in colorectal cancer.

We identified the cell types with a machine-learning-based cell
classifier using the QuPath software. We confirmed the adequacy
of the classifier by manually viewing all result images and tested
the accuracy of our cell classifier by comparing the densities of
manually annotated cells and automatedly classified cells,
supporting high concordance for all three cell types (T cells,
tumour cells, and other cells). The machine-learning-based cell
analysis for immunohistochemically stained tumour tissue sam-
ples using QuPath has also been validated in previous studies with
high accuracy [15, 29, 30].

Some limitations should be considered. First, we used tissue
microarrays, which may not totally represent the immunological
milieu in the whole tumour [31, 32]. However, we successfully
analysed on average 3.7 tumour cores for each patient, which
should demonstrate relatively good concordance with the whole
tumour [31]. We also observed reasonably good core-to-core
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correlation for both G-cross and density measurements, suggest-
ing that T cell infiltrates can be evaluated using our tissue
microarrays with reasonable accuracy. Moreover, measurement
errors related to tissue microarrays would likely have a nearly
random distribution, driving our findings towards the null
hypothesis. Tissue microarrays also enabled staining of all samples
at the same time, so the staining quality was uniform between the
specimens. Second, the information on cancer treatment was
lacking. Nevertheless, treatments have likely been principally
based on the disease stage and MMR status rather than immune
infiltrate, and we adjusted the multivariable survival models for
several factors, including disease stage and MMR status. Third, we
excluded all patients with preoperative treatment from analyses,
which led to the under-representation of rectal cancers in these
cohorts. The prognostic significance of the T cell proximity score
should be interpedently evaluated in rectal cancer patients who
have received neoadjuvant treatments. Fourth, although T cells
play a critical role in anti-tumoural immunity, this study lacks the
prognostic information of other immune cells in the tumour
microenvironment. Fifth, most patients were non-Hispanic White,
and the prognostic significance of the T cell proximity score
should be confirmed in different populations.

There were several strengths in the study. This study included a
large, thoroughly analysed study cohort [12, 33-36], as well as an
independent validation cohort, which can forward the generali-
sability of the findings. The histological parameters were
evaluated uniformly in accordance with the latest guidelines
and the tumours were screened for two key molecular prognostic
parameters (MMR status and BRAF mutation status). The machine
learning assessment of immune cell infiltrates enabled uniform
analysis throughout cases and spatial point pattern analyses based
on positions of single cells [15]. This facilitated more detailed
analyses of tumour cell-immune cell co-localisation than possible
using traditional methods.

In conclusion, this study showed that the T cell proximity score,
derived from G-cross measurements of co-localisation of tumour
cells with T cells, was strongly associated with the survival of
colorectal cancer patients, representing a new, quantitative
prognostic parameter for colorectal cancer. Our results highlight
the importance of the spatial context in the analysis of immune
cell infiltrates in cancer and could be utilised to develop improved
tumour-immune biomarkers for precision medicine.
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Table 4. Univariable and multivariable Cox regression models for cancer-specific and overall survival according to G-cross (GrumourT cell) Proximity
function values at 20 um radius and T cell densities.

Colorectal cancer-specific survival Overall survival

No. No. Univariable HR Multivariable HR No. Univariable HR Multivariable HR
of cases of events (95% ClI) (95% ClI) of events (95% ClI) (95% ClI)

CD3* cell proximity

Tumour center
Q1 246 100 1 (referent) 1 (referent) 152 1 (referent) 1 (referent)
Q2 246 82 0.75 (0.56-1.00) 0.88 (0.65-1.18) 135 0.81 (0.64-1.02) 0.86 (0.68-1.08)
Q3 246 55 0.48 (0.34-0.67) 0.65 (0.46-0.91) 114 0.64 (0.50-0.81) 0.75 (0.58-0.96)
Q4 245 33 0.26 (0.18-0.39) 0.45 (0.30-0.68) 93 0.47 (0.36-0.61) 0.57 (0.43-0.75)
Ptrend <0.0001 <0.0001 <0.0001 <0.0001

Invasive margin
Q1 246 106 1 (referent) 1 (referent) 158 1 (referent) 1 (referent)
Q2 246 91 0.84 (0.63-1.11) 0.93 (0.70-1.24) 137 0.84 (0.67-1.06) 0.88 (0.70-1.11)
Q3 246 45 0.35 (0.25-0.50) 0.61 (0.42-0.88) 9% 0.48 (0.37-0.62) 0.66 (0.50-0.86)
Q4 245 28 0.22 (0.15-0.34) 0.35 (0.22-0.55) 105 0.53 (0.42-0.68) 0.62 (0.47-0.81)
Puend <0.0001 <0.0001 <0.0001 <0.0001

CD8* cell proximity

Tumour center
Q1 246 95 1 (referent) 1 (referent) 146 1 (referent) 1 (referent)
Q2 246 82 0.85 (0.63-1.15) 1.08 (0.80-1.46) 135 0.91 (0.72-1.14) 1.04 (0.82-1.32)
Q3 246 57 0.54 (0.39-0.75) 0.77 (0.55-1.08) 110 0.65 (0.51-0.84 0.81 (0.63-1.04)
Q4 245 36 0.33 (0.22-0.48) 0.59 (0.39-0.89) 103 0.58 (0.45-0.74) 0.75 (0.57-0.98)
D <0.0001 0.006 <0.0001 0.012

Invasive margin
Q1 246 110 1 (referent) 1 (referent) 151 1 (referent) 1 (referent)
Q2 246 80 0.70 (0.53-0.94) 0.70 (0.52-0.94) 135 0.85 (0.67-1.07) 0.90 (0.71-1.14)
Q3 246 49 0.38 (0.27-0.53) 0.57 (0.40-0.82) 99 0.54 (0.42-0.70) 0.71 (0.55-0.93)
Q4 245 31 0.24 (0.16-0.35) 0.38 (0.25-0.58) 109 0.59 (0.46-0.75) 0.70 (0.53-0.91)
P— <0.0001 <0.0001 <0.0001 0.003

CD3" cell density

Tumour center
Q1 246 92 1 (referent) 1 (referent) 151 1 (referent) 1 (referent)
Q2 246 85 0.88 (0.66-1.19) 1.17 (0.86-1.59) 135 0.85 (0.67-1.07) 1.14 (0.89-1.45)
Q3 246 54 0.50 (0.36-0.70) 0.71 (0.50-1.00) 105 0.58 (0.45-0.75) 0.79 (0.61-1.02)
Q4 245 39 0.31 (0.25-0.52) 0.52 (0.35-0.76) 103 0.56 (0.43-0.71) 0.67 (0.52-0.87)
Ptrend <0.0001 0.0001 <0.0001 0.0003

Invasive margin
Q1 246 98 1 (referent) 1 (referent) 152 1 (referent) 1 (referent)
Q2 246 81 0.78 (0.58-1.05) 0.92 (0.68-1.24) 127 0.78 (0.61-0.98) 0.89 (0.70-1.13)
Q3 246 55 0.50 (0.36-0.69) 0.66 (0.47-0.93) 114 0.65 (0.51-0.83) 0.75 (0.58-0.96)
Q4 245 36 0.31 (0.21-0.45) 0.48 (0.32-0.71) 101 0.54 (0.42-0.69) 0.61 (0.47-0.80)
Puend <0.0001 <0.0001 <0.0001 0.0002

CD8" cell density

Tumour center
Q1 246 90 1 (referent) 1 (referent) 145 1 (referent) 1 (referent)
Q2 246 78 0.84 (0.62-1.13) 0.97 (0.71-1.31) 128 0.85 (0.67-1.08) 0.95 (0.74-1.20)
Q3 246 57 0.59 (0.42-0.82) 0.74 (0.52-1.04) 117 0.73 (0.57-0.93) 0.83 (0.65-1.06)
Q4 245 45 0.44 (0.31-0.63) 0.65 (0.45-0.95) 104 0.61 (0.48-0.79) 0.73 (0.56-0.95)
Puend <0.0001 0.010 <0.0001 0.011

Invasive margin
Q1 246 105 1 (referent) 1 (referent) 155 1 (referent) 1 (referent)
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Table 4. continued
Colorectal cancer-specific survival Overall survival
No. No. Univariable HR Multivariable HR No. Univariable HR Multivariable HR
of cases of events (95% ClI) (95% ClI) of events (95% ClI) (95% ClI)
Q2 246 62 0.51 (0.37-0.69) 0.73 (0.53-1.02) 112 0.60 (0.47-0.76) 0.76 (0.59-0.97)
Q3 246 61 0.51 (0.37-0.70) 0.65 (0.47-0.90) 114 0.64 (0.50-0.81) 0.72 (0.56-0.93)
Q4 245 42 0.34 (0.24-0.49) 0.53 (0.37-0.78) 113 0.61 (0.48-0.78) 0.72 (0.56-0.94)
-~ <0.0001 0.0004 0.0003 0.013
Analyses were done separately for CD3" and CD8" cells in tumour center and in invasive margin by using ordinal quartile categories (Q1-Q4, from low
to high).
Multivariable Cox proportional hazards regression models were adjusted for sex, age (<65, 65-75, >75), year of operation (2000-2005, 2006-2010, 2011-2015),
tumour location (proximal colon, distal colon, rectum), disease stage (I-lI, lll, V), tumour grade (well/moderately differentiated, poorly differentiated),

lymphovascular invasion (negative, positive), MMR status (proficient, deficient), BRAF status (wild-type, mutant).

Puend Values were calculated by using the four ordinal categories of G-cross (GiumourT cell) Proximity function values at 20 um radius and T cell densities as
continuous variables in univariable and multivariable Cox proportional hazard regression models.

Cl confidence interval, HR hazard ratio.
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BACKGROUND: The CD274 (PD-L1)/PDCD1 (PD-1) immune checkpoint interaction may promote cancer progression, but the
expression patterns and prognostic significance of PD-L1 and PD-1 in the colorectal cancer microenvironment are inadequately
characterised.

METHODS: We used a custom 9-plex immunohistochemistry assay to quantify the expression patterns of PD-L1 and PD-1 in
macrophages, T cells, and tumour cells in 910 colorectal cancer patients. We evaluated cancer-specific mortality according to
immune cell subset densities using multivariable Cox regression models.

RESULTS: Compared to PD-L1~ macrophages, PD-L1* macrophages were more likely M1-polarised than M2-polarised and located
closer to tumour cells. PD-L1" macrophage density in the invasive margin associated with longer cancer-specific survival

[Pirena = 0.0004, HR for the highest vs. lowest quartile, 0.52; 95% Cl: 0.34-0.78]. T cell densities associated with longer cancer-specific
survival regardless of PD-1 expression (Pyeng < 0.005 for both PD-1" and PD-1" subsets). Higher densities of PD-1" T cell/PD-L1"
macrophage clusters associated with longer cancer-specific survival (Pyeng < 0.005).

CONCLUSIONS: PD-L1" macrophages show distinct polarisation profiles (more M1-like), spatial features (greater co-localisation

with tumour cells and PD-17 T cells), and associations with favourable clinical outcome. Our comprehensive multimarker
assessment could enhance the understanding of immune checkpoints in the tumour microenvironment and promote the

development of improved immunotherapies.

British Journal of Cancer; https://doi.org/10.1038/s41416-023-02238-6

BACKGROUND

Colorectal cancer is the second leading cause of cancer death
worldwide with over 900,000 deaths in 2020 [1]. The assessment of
cancer prognosis and treatment is mainly based on the tumour
extent and tumour morphology, but the rapidly increasing knowl-
edge on the significance of tumour immune contexture has led to the
development of improved immune-related prognostic markers and
effective anticancer immunotherapies [2]. In addition to the quantity
of immune cells, the activity of immunoregulatory signalling
pathways, such as the co-inhibitory pathway of programmed death
ligand 1 (PD-L1, CD274) and its receptor programmed death 1 (PD-1,

PDCD1), may affect cancer progression. Hereinafter, CD274 and
PDCD1 are referred as PD-L1 and PD-1 due to the ubiquity of these
“colloquial” protein names. PD-L1 is mainly expressed in macrophages
[3], whereas PD-1 is mainly expressed in T cells [4]. The expression of
PD-L1 and PD-1 is often upregulated in cancer and their interaction
may lead to immunosuppression through T cell exhaustion, thus
promoting tumour growth [4]. However, the prognostic significance
of immune checkpoint protein expression in many tumour types,
including colorectal cancer, has remained controversial [5].
Macrophages are inflammatory cells which have shown to
associate with cancer progression [6]. They are commonly
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categorised into classically activated, M1-polarised, and alterna-
tively activated, M2-polarised macrophages, which differ by their
surface antigens, cytokine secretion profiles, and physiological
functions. However, instead of two completely distinct subtypes,
macrophages are considered to form a continuum of phenotypes
that may gradually change their polarisation towards M1-like or
M2-like and simultaneously express phenotypic markers for both
subtypes. In the tumour microenvironment, M1-like macrophages
are thought to have pro-inflammatory effect and be more
prevalent in early-stage cancer, whereas the proportion of anti-
inflammatory M2-like macrophages increases along cancer
progression [6]. Higher M1/M2-like macrophage ratio has been
thought to associate with improved cancer-specific survival [7].
The expression patterns of immune checkpoints in macrophages
and their clinical value are poorly established in colorectal cancer.

In this study, we used multiplex immunohistochemistry and
machine learning-based image analysis to comprehensively
characterise PD-L1 and PD-1 immune checkpoint expression in
M1-like and M2-like macrophages, T cells, and tumour cells in a
large, population-based colorectal cancer cohort of 910 patients.
Our primary aim was to (i) evaluate the expression patterns and
prognostic significance of PD-L1 and PD-1 in immune cells and
tumour cells. As secondary aims, we (i) clarified the associations
between immune checkpoint expression and tumour character-
istics, and (iii) investigated the infiltration patterns and prognostic
role of M1-like and M2-like polarised macrophages. We hypothe-
sised low expression of PD-L1 and PD-1 immune checkpoints and
higher density of M1-like macrophages to associate with
favourable colorectal cancer outcome.

METHODS

Study population

The study was based on a cohort of 1343 colorectal cancer patients, who
underwent a resection for primary colon or rectum carcinoma between
January 1, 2000 and December 31, 2015 in Central Finland Central Hospital.
The population of the area was on average 270,000 during the study
period [8]. The clinical, histopathological, and follow-up data were
retrospectively collected from the pathology registry and clinical records
of Central Finland Central Hospital. All tumours were screened for DNA
mismatch repair (MMR) deficiency and BRAF V600E mutation status with
immunohistochemistry [9]. Histological tumour parameters, including
tumour differentiation and lymphovascular invasion, were re-evaluated
from hematoxylin and eosin-stained whole slides by the study pathologist
(J.P.V). All histological data were analysed blinded to clinical data. We
excluded patients who died within 30 days after surgery (N=40) or
received any preoperative oncological treatments (radiotherapy, che-
motherapy, or chemoradiotherapy) (N=243) due to their potential
influences on tumour characteristics or immune response [10]. After
applying further exclusion criteria of unsuccessful multiplex immunohis-
tochemistry staining or inadequate tumour tissue of both the tumour
centre and the invasive margin in tissue microarrays (N = 150), the final
cohort comprised samples of 910 colorectal cancer patients.

Multiplex immunohistochemistry

Tissue microarrays were constructed by selecting four 1-mm diameter
cores from each tumour [9]. We designed a 9-plex immunohistochemistry
panel to identify macrophages with CD68 and CD163, T cells with CD3, and
tumour cells with KRT (keratin). PD-L1 and PD-1 immune checkpoint
molecules and four macrophage polarisation markers (CD86, CD163, HLA-
DR, MRC1) were included in the assay.

The multiplex immunohistochemistry staining was done with Bond-lll
automated IHC stainer (Leica Biosystems, Buffalo Grove, IL, USA) and Bond
Refine Detection kit (DS9800, Leica Biosystems). We used sections of
3.5 um. Candidate antibodies and suitable dilutions were optimised using
conventional immunohistochemistry with 3,3’-Diaminobenzidine (DAB)
chromogen in a test tissue microarray consisting of normal colorectal
mucosa, colorectal cancer tissue, and tonsil tissue. These antibodies
were then combined into a multiplex immunohistochemistry assay.
The correspondence of staining patterns of multiplex and conventional
immunohistochemistry were visually confirmed in serial sections of a test

microarray, and the correspondence was further quantified by manually
annotating cells in 10 respective regions (size 200 x 200 pm) of multiplex
and conventional immunohistochemistry (Supplementary Fig. S1). The
multiplex staining was conducted using a previously validated, cyclic
method that uses 3-Amino-9-Ethylcarbazole (AEC) as the chromogen [11].
The workflow for the staining is shown in Supplementary Fig. S2 and the
selected monoclonal antibodies along with their dilutions and antigen
retrieval conditions are listed in Supplementary Table S1. We used AEC*
high sensitivity substrate (K3469, Dako, Glostrup, Denmark) as the
chromogen. After each cycle, the slides were mounted with VectaMount
AQ Aqueous Mounting Medium (H-5501, Vector Laboratories, Newark, CA,
USA), scanned with 20x objective of NanoZoomer XR (Hamamatsu
Photonics, Hamamatsu City, Japan, resolution 0.45 um/pixel), de-stained
with ethanol, and heated to remove the primary and secondary antibodies.

Image analysis

The digitised images of multiplex immunohistochemistry slides were
processed with QuPath (version 0.2.3) [12]. Tissue microarray cores were
recognised with TMA dearrayer function and separated into single core
images. We excluded cores which were folded, included minimal amount
of tumour, were necrotic, or comprised less than 50% of the 1-mm
diameter core area after all staining cycles. The single core images of all
9 staining cycles were stacked into one 10-channel pseudo-immunofluor-
escence image (with hematoxylin as the 10th channel) by aligning cell
nuclei using the MultiStackReg macro (downloaded from http://
bradbusse.net/downloads.html) in Imagel/Fiji open-source software [13].
This macro enabled the co-registration of the images despite potential
minor shifts in tissue during the staining cycles. The conversion of single
images into a 10-plex pseudo-immunofluorescence image is illustrated in
Fig. 1a-d. The staining intensities were consistent across tissue microarrays
(Supplementary Fig. S3), indicating that the assay had performed
uniformly.

The pseudo-immunofluorescence images were analysed with QuPath,
utilising previously validated [14], supervised machine learning algorithms.
We identified cells with cell detection function and calculated additional
smoothed object features to improve subsequent cell phenotyping. Cells
were phenotyped into T cells, macrophages, tumour cells, and other cells
using the object classifier function built in QuPath, based on the random
forests algorithm. For training, example cells were annotated as follows: (1)
all CD3 expressing cells were phenotyped as T cells; (2) cells expressing
CD68 [15] and/or CD163 [7] were identified as macrophages in line with a
prior study [16]; (3) KRT expressing cells were phenotyped as tumour cells;
and (4) cells negative for CD3, CD68, CD163 and KRT were classified as
other cells. Cell data yielded phenotypes, marker intensities, and
coordinates for each cell. To classify tissue categories, QuPath was trained
to identify tissue segments of tumour epithelium and stroma using the
built-in pixel classifier function. Necrotic regions, empty white space
without any tissue, and regions of partial core loss (the hematoxylin
staining from the first staining cycle not corresponding with the
hematoxylin staining form the last staining cycle) were excluded. The
workflow for cell and tissue analyses is described in Supplementary Fig. S4
and the example images from cell segmentation and tissue categorisation
in QuPath are represented in Fig. 1e-h.

Immune cell phenotyping and classification
Cell level data were further processed with RStudio (version 1.3.1093) and
R statistical programming (version 4.0.3, R Core Team).

Macrophages were classified according to PD-L1 expression and M1/M2
polarisation state. To categorise macrophages according to their polarisa-
tion, we calculated a polarisation index for each macrophage consistent
with a prior study [16]. First, we converted the intensities of all four
macrophage markers into percentiles across all macrophages and
calculated a polarisation index by reducing the intensities of M2-like
macrophage markers from the intensities of M1-like macrophage markers
[formula: (CD86 + HLA-DR) — (CD163 + MRC1); with marker names denot-
ing intensity percentiles]. Using this formula, macrophages with higher
polarisation index values were considered more M1-polarised, while those
with lower values were considered more M2-polarised. For downstream
analyses, the index values were divided into ordinal quartile categories
(Q1-Q4) across all macrophages in 910 colorectal cancer cases. As in a
prior study [16], macrophages in the lowest group (Q1) were classified as
M1-like macrophages and those in the highest group (Q4) were classified
as M2-like macrophages. Macrophages in the middle groups (Q2-Q3),
covering 50% of the cells, were left unclassified to limit this analysis to the
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conversion

b Image co-registration
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Multiplex immunohistochemistry panel and image analysis. a Digitised multiplex immunohistochemistry image from each staining

cycle for one tumour. b, c Image co-registration based on aligning the hematoxylin layers to merge individual images into one 10-channel
pseudo-immunofluorescence image. d example images showing the expression patterns of each marker merged and separately. e—h pseudo-
immunofluorescence image (e), machine learning-based cell segmentation and phenotyping into T cells, macrophages, tumour cells, and
other cells (f), and mask images of the categorisation of tissue into tumour epithelium and stroma (g, h).

most strongly polarised M1-like and M2-like macrophages. For down-
stream survival analyses, we calculated the densities of various macro-
phage subsets in the tumour centre and the invasive margin and
categorised the densities into ordinal quartile categories (Q1-Q4). For
variables including over 25% zero densities, all zero values were
categorised into the lowest group Q1. The remaining values were divided
equally into groups Q2-Q4. Ordinal quartile categories were also similarly
defined for other immune cell variables.

In addition to macrophages, PD-L1 expression was evaluated in tumour
epithelial cells, based on the weighted histoscore method. For each cell,
we classified the staining intensity (negative, weak, intermediate, or high),
and for each case, we calculated the percentage (0-100%) of tumour cells
within each category separately in the tumour centre and the invasive
margin. In cases with multiple tissue microarray cores from one region, we
calculated the mean values. Finally, PD-L1 histoscore was calculated as
follows: PD-L1 histoscore =[(1 X percentage of weakly stained cells)
+(2 x percentage of moderately stained cells)+(3 x percentage of strongly
stained cells)]. The possible range for values was from 0 (all cells negative)
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to 300 (all cells strongly positive) [17]. For survival analyses, we calculated
the mean histoscore for each tumour and categorised the tumours into
negative or positive using a cut-off value of =5 for the positivity.

T cells were further subdivided into PD-1 positive or negative based on a
fixed cut-off value for their cytoplasmic PD-1 staining intensity (40 intensity
units).

To analyse spatial interactions between immune and tumour cells, we
used the spatstat (2.2-0) package to calculate nearest neighbour distances
(NNDs), which measure the distance from a specific point (e.g.,
macrophage) to its closest neighbour point of specific category (e.g.
tumour cell). For visualisation, scaled intensities of macrophage polarisa-
tion markers as a function of NND from tumour cells were plotted with
ggplot2 (3.3.3) package using generalised additive model smoothing
[formula y ~ s(x)]. For further spatial analyses, we calculated the density of
PD-17/PD-L1* clusters defined as PD-1" T cell located within 20-pym
distance from the closest PD-L1* macrophage. The radius was selected in
order to identify cells with capability for direct cell-cell interaction
consistent with prior reports [9, 18].



H. Elomaa et al.

Statistical analysis

Statistical analyses were performed in RStudio using packages corrplot
(0.90), forestplot (2.0.1), ggpubr (0.4.0), gmodels (2.18.1), spatstat (2.1-0),
survival (3.2-7), survminer (0.4.9), and tidyverse (1.3.1).

We used the Wilcoxon rank-sum test for dichotomous variables and the
Kruskal-Wallis test for variables with three or more categories to evaluate
the associations of continuous immune cell density variables with patient
characteristics. The associations of categorical immune cell density
variables with patient characteristics were tested with crosstabulation
and the Chi-square test to evaluate the statistical significance. We
examined the correlations between immune cell densities by calculating
Spearman’s correlation coefficients.

As our main analysis, we used univariable and multivariable Cox
proportion hazard regression models to measure hazard ratio (HR) point
estimates and 95% confidence intervals (Cls) for cancer-specific and overall
survival. Cancer-specific survival was considered as the primary survival
endpoint, and it was defined as the time from surgery to colorectal cancer
death or the end of follow-up. Overall survival was defined as the duration
from surgery to death of any cause or the end of follow-up. The total
number of deaths was 525 (58%) including 250 (31%) cancer-specific
deaths. The median follow-up time for censored cases was 10.1 years (IQR
6.6-13.1). We limited the follow-up to 10 years, considering that most
colorectal cancer deaths occur within that period. Schoenfeld residual
plots supported the proportionality of hazards during most of the follow-
up period up to 10 years. Multivariable models included the following pre-
determined indicator variables (with the reference category listed first): sex
(male, female), age (<65, 65-75, >75), year of operation (2000-2005,
2006-2010, 2011-2015), tumour location (proximal colon, distal colon,
rectum), American Joint Committee on Cancer (AJCC) stage (I-lI, lIl, V),
tumour grade (well/moderately differentiated, poorly differentiated),
lymphovascular invasion (negative, positive) MMR status (proficient,
deficient), BRAF status (wild-type, mutant). Kaplan—-Meier method was
used to visualise the estimates of cancer-specific survival, and the statistical
significance was tested with the Log-rank test. A P value less than 0.005
was considered statistically significant, in accordance with the recommen-
dation of an expert panel [19].

RESULTS

Image analysis

We analysed 3190 tissue microarray cores from 910 colorectal
cancer patients (mean 3.5 per patient, SD 0.69; tumour centre:
mean 1.8, SD 0.39; invasive margin: mean 1.7, SD 0.51). The
supervised machine learning algorithms yielded data for 21,503,560
cells including 9,136,506 tumour cells, 1,788,538 macrophages, and
1,582,095T cells. Macrophages were further phenotyped into PD-
L1* and PD-L1~ and M1- and M2-like subpopulations. T cells were
phenotyped into PD-1" and PD-1~ subpopulations. The median
immune cell densities in the tumour centre and the invasive margin
were 512 and 808 cells/mm? for all macrophages, 33 and 64 cells/
mm? for PD-L1" macrophages and 390 and 591 cells/mm? for
T cells, respectively. Core-to-core correlations for immune cell
densities were good or moderate in both the tumour centre and
the invasive margin (Supplementary Fig. S5).

PD-L1 expression patterns

PD-L1 expression was detected mainly in macrophages. Of
macrophages, 20% were positive and 80% were negative for
PD-L1. In macrophage subsets defined by four polarisation
markers, PD-L1 expression was enriched in M1-like macrophages.
Of PD-L1" macrophages, 33% were M1-like, 16% were M2-like,
and the remaining 51% were less strongly polarised mixed
phenotype macrophages. Correspondingly, PD-L1" macrophage
density and M1-like macrophage density showed a moderate
positive correlation (R = 0.54), while the correlation between the
densities of PD-L1" macrophages and M2-like macrophages was
weak (R=0.24) (Supplementary Fig. S6). Conversely, PD-L1~
macrophage densities showed a stronger correlation with M2-
like macrophage densities (R=0.67) than M1-like macrophage
densities (R = 0.29). Median densities for both PD-L1* and PD-L1~
macrophages were higher in tumour stromal (110/mm? for

PD-L17 and 991/mm? for PD-L17) than intraepithelial regions
(11.5/mm? for PD-L1" and 119/mm? for PD-L1").

The clinicopathological characteristics according to PD-L1" and
PD-L1~ macrophage densities are shown in Table 1. Higher
density of PD-L1" macrophages associated with proximal tumour
location (P=0.0012), low stage, poor tumour differentiation,
absent lymphovascular invasion, MMR deficiency, and BRAF
mutation (all P <0.0001). Higher density of PD-L1~ macrophages
associated with high stage (P=0.0049). The associations of
macrophage polarisation with clinicopathological characteristics
are visualised in Supplementary Fig. S7.

In addition to macrophages, we investigated the PD-L1 expres-
sion in tumour cells using the histoscore method. Most of the
tumours were negative for PD-L1 or showed very weak expression
(histoscore < 5), and only 66 (7%) of the tumours were classified as
PD-L1 positive (histoscore > 5). Similar to high PD-L1* macrophage
density, PD-L1 positivity in tumour cells associated with proximal
tumour location, poor differentiation, MMR deficiency and BRAF
mutation (all P <0.0001), but there were no associations with stage
or lymphovascular invasion (Supplementary Table S2).

PD-1 expression patterns

We evaluated PD-1 expression in T cells. Of all detected T cells, 22%
were positive for PD-1. Higher T cell density associated with low
stage [P =0.00025 (tumour centre), P<0.0001 (invasive margin)],
high tumour grade (P <0.0001, P =0.0032), MMR deficiency (both
P <0.0001) and BRAF mutation (P < 0.0001, P = 0.062). The findings
were mainly similar for PD-1" and PD-1" T cells (Supplementary
Fig. S8). The density of PD-L1" macrophages positively correlated
with the densities of both PD-1" T cells (R=0.64) and PD-1" T cells
(R=0.50) (Supplementary Fig. S6).

Survival analyses
We first examined the prognostic role of total (CD68*/CD163™)
macrophage population, which did not reach statistical signifi-
cance either in the tumour centre or the invasive margin in
univariable (Supplementary Fig. S9, Table 2) or multivariable
analyses (Table 2) (all P>0.005). When macrophages were
classified according to their PD-L1 expression, higher density of
PD-L1" macrophages associated with improved cancer-specific
survival in both the tumour centre and the invasive margin in
univariable analyses (Fig. 2a, Table 2). The prognostic value
remained significant in the invasive margin in multivariable
analysis  (Pyeng = 0.0004, HR for Q4 vs. Q1 0.52, 95% Cl
0.34-0.78) (Table 2). The full multivariable Cox regression models
for PD-L1" and PD-L1~ macrophage densities are shown in
Supplementary Table S3. When tumour epithelial and stromal
compartments were examined separately, higher PD-L1* macro-
phage density associated with longer cancer-specific survival in
both tumour intraepithelial and stromal compartments of the
tumour centre and the invasive margin in univariable analyses (all
Pieng < 0.005) (Supplementary Fig. S10, Supplementary Table S4).
These associations remained significant in the invasive margin in
multivariable analyses (Supplementary Table S4). Higher density of
PD-L1~ macrophages in the invasive margin tended to associate
with poor survival but did not reach statistical significance in
either univariable or multivariable analysis (Pyeng > 0.005) (Table 2).
PD-L1 expression in tumour cells did not significantly associate
with survival (Supplementary Table S5). We further evaluated the
prognostic significance of PD-L1* and PD-L1~ macrophage
densities in relation to MMR status and stage. The survival
associations of PD-L1" or PD-L1~ macrophage densities did not
significantly differ by MMR status (Supplementary Table S6) or
stage (Supplementary Tables S7, S8) in univariable or multivariable
analysis (all Pinteraction > 0.005).

Higher T cell density associated with better cancer-specific
survival regardless of PD-1 expression in both univariable (Fig. 2b,
Table 3) and multivariable analyses (Table 3). In multivariable
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Table 1. Demographic and clinical characteristics of colorectal cancer cases according to PD-L1* and PD-L1~ macrophage densities.

Characteristic

All cases
Sex
Male
Female
Age (years)
<65
65-75
>75
Tumour location
Proximal colon
Distal colon
Rectum
AJCC stage
|
Il
I}
\Y

Tumour grade

Low-grade (well to moderately differentiated)
High-grade (poorly differentiated)

Lymphovascular invasion

No
Yes
MMR status
MMR proficient
MMR deficient
BRAF status
Wild-type
Mutant

Total N

910 (100%)

464 (51%)
446 (49%)

247 (27%)
331 (36%)
332 (36%)

445 (49%)
332 (36%)
133 (15%)

151 (17%)
342 (38%)
301 (33%)
116 (13%)

760 (84%)
150 (16%)

719 (79%)
191 (21%)

772 (85%)
137 (15%)

763 (84%)
147 (16%)

Overall cell density (cells/mm?)
Median (25-75th percentiles)

PD-L1" macrophages P PD-L1™ macrophages P
59 (16-170) 560 (380-780)

0.50 0.47
60 (17-160) 570 (390-790)
59 (15-190) 560 (370-770)

0.18 0.95
54 (15-160) 580 (360-790)
58 (15-150) 560 (390-750)
74 (18-230) 550 (370-800)

0.0012 0.19
74 (20-220) 580 (420-790)
51 (12-140) 530 (360-750)
38 (15-160) 560 (360-750)

<0.0001 0.0049
84 (19-210) 500 (340-670)
84 (26-210) 540 (390-790)
47 (11-130) 590 (420-800)
26 (6.6-100) 650 (370-890)

<0.0001 0.73
55 (15-160) 560 (370-780)
104 (24-310) 570 (410-760)

<0.0001 0.20
70 (21-190) 550 (380-770)
32 (6.5-100) 600 (380-820)

<0.0001 0.20
48 (12-150) 550 (370-780)
190 (60-350) 590 (460-770)

<0.0001 0.046
52 (14-160) 550 (370-770)
98 (37-290) 590 (440-790)

AJCC American Joint Committee on Cancer, MMR mismatch repair.

analyses, the HR for high PD-17 T cell density in the tumour centre
(Q4 vs. Q1) was 0.46 (95% Cl: 0.30-0.71), while the HR for high PD-
17 T cell density (Q4 vs. Q1) was 0.48 (95% Cl: 0.32-0.70) and the
HR for high T cell density (Q4 vs. Q1) was 0.49 (95% Cl: 0.33-0.73).
Full multivariable Cox regression models with all variables are
shown in Supplementary Table S9.

Considering potential interactions between PD-1 and PD-L1, we
next evaluated the prognostic value of PD-1" T cell density in
tumour groups defined by PD-L1" macrophage densities or
tumour cell PD-L1 expression. These analyses indicated that the
survival associations of PD-1" T cells did not statistically
significantly differ according to the density of PD-L1* macro-
phages or PD-L1 expression in tumour cells in univariable
(Supplementary Fig. S11, Supplementary Tables S10, S11) or
multivariable analyses (Supplementary Tables S10, S11) (all
Pinteraction > 0005)

In secondary analyses, we investigated the prognostic signifi-
cance of M1-like and M2-like macrophage densities. Higher M1-like
macrophage density associated with longer cancer-specific survival
in both the tumour centre and the invasive margin in univariable
analyses (Supplementary Fig. S9, Supplementary Table S12). The
prognostic value remained significant in the tumour centre in
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multivariable analyses [Pyeng = 0.0004, HR for high (Q4 vs. Q1) 0.54,
95% Cl: 0.38-0.78] (Supplementary Table S12). Higher M2-like
macrophage density in the tumour centre associated with longer
cancer-specific survival and higher M1:M2-like macrophage density
ratio in the tumour centre and the invasive margin associated with
worse cancer-specific survival in univariable analyses (Supplemen-
tary Fig. S9, Supplementary Table $12) but did not reach statistical
significance in multivariable analysis (Pyeng > 0.005). To evaluate the
prognostic value of PD-L1 expression in differently polarised
macrophage subpopulations, we calculated macrophage densities
based on subpopulations defined by both PD-L1 expression and
polarisation state (Supplementary Table S13). We found that higher
PD-L1* M1-like macrophage density in both the tumour centre and
the invasive margin predicted longer cancer-specific survival in
univariable and multivariable models (multivariable Pyeng = 0.0005
and Pyng = 0.0008, respectively), while the densities of PD-L1~ M1-
like macrophages, PD-L1" M2-like macrophages, or PD-L1~ M2-like
macrophages did not significantly associate with the survival in
multivariable models (all Pyeng > 0.005). These results indicate that
higher densities of PD-L1* and M1-like macrophages associate with
favourable prognosis, which is further highlighted when PD-L1
expression and polarisation are examined simultaneously.
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Table 2.

Univariable and multivariable Cox regression models for colorectal cancer-specific and overall survival according to the total, PD-L17, and
PD-L1~ macrophage densities in the tumour centre and the invasive margin.

No. of cases

Tumour centre

Macrophage density

Colorectal cancer-specific survival

No. of events

Univariable
HR (95% CI)

Q1 228 64 1 (referent)
Q2 228 56 0.85 (0.59-1.21)
Q3 227 63 0.97 (0.69-1.38)
Q4 227 59 0.93 (0.65-1.32)
Ptrend 0.87

PD-L1* macrophage density
Q1 228 83 1 (referent)
Q2 228 61 0.68 (0.49-0.94)
Q3 227 54 0.59 (0.42-0.83)
Q4 227 44 0.47 (0.33-0.69)
Peend <0.0001

PD-L1~ macrophage density
Q1 228 59 1 (referent)
Q2 228 52 0.86 (0.59-1.25)
Q3 227 58 0.97 (0.68-1.39)
Q4 227 73 1.31 (0.93-1.85)
Ptrend 0.085

Invasive margin

Macrophage density
Q1 228 67 1 (referent)
Q2 228 62 0.94 (0.66-1.32)
Q3 227 47 0.67 (0.46-0.97)
Q4 227 66 0.99 (0.70-1.39)
Praid 0.54

PD-L1* macrophage density
Q1 228 92 1 (referent)
Q2 228 71 0.75 (0.55-1.02)
Q3 227 43 0.43 (0.30-0.61)
Q4 227 36 0.34 (0.23-0.50)
Pyrend <0.0001

PD-L1~ macrophage density
Q1 228 55 1 (referent)
Q2 228 58 1.08 (0.74-1.56)
Q3 227 50 0.88 (0.60-1.29)
Q4 227 79 1.53 (1.08-2.16)
Perend 0.038

Multivariable
HR (95% CI)

Overall survival

No. of events

Univariable
HR (95% CI)

Multivariable
HR (95% CI)

1 (referent) 116 1 (referent) 1 (referent)
0.81 (0.56-1.18) 109 0.93 (0.71-1.21) 0.92 (0.70-1.20)
0.84 (0.59-1.20) 107 0.93 (0.72-1.21) 0.84 (0.64-1.10)
0.80 (0.56-1.16) 117 1.03 (0.80-1.33) 0.84 (0.65-1.10)
0.29 0.81 0.17

1 (referent) 134 1 (referent) 1 (referent)
0.81 (0.57-1.13) 106 0.72 (0.56-0.93) 0.82 (0.64-1.07)
0.75 (0.53-1.06) 102 0.68 (0.53-0.88) 0.73 (0.56-0.95)
0.63 (0.43-0.93) 107 0.70 (0.54-0.90) 0.72 (0.55-0.94)
0.015 0.0050 0.011

1 (referent) 110 1 (referent) 1 (referent)
0.75 (0.51-1.09) 111 1.01 (0.77-1.31) 0.93 (0.71-1.22)
0.88 (0.61-1.27) 108 0.99 (0.73-1.29) 0.93 (0.71-1.21)
0.85 (0.60-1.21) 120 1.18 (0.91-1.53) 0.88 (0.67-1.14)
0.62 0.25 0.35

1 (referent) 113 1 (referent) 1 (referent)
1.16 (0.81-1.66) 118 1.07 (0.83-1.39) 1.19 (0.91-1.56)
0.92 (0.62-1.36) 100 0.84 (0.64-1.09) 0.98 (0.74-1.28)
0.93 (0.66-1.32) 118 1.05 (0.81-1.36) 0.98 (0.76-1.28)
0.46 0.83 0.57

1 (referent) 136 1 (referent) 1 (referent)
1.07 (0.78-1.48) 116 0.82 (0.64-1.06) 1.02 (0.79-1.32)
0.68 (0.47-0.99) 97 0.64 (0.50-0.83) 0.85 (0.65-1.12)
0.52 (0.34-0.78) 100 0.62 (0.48-0.80) 0.69 (0.52-0.91)
0.0004 <0.0001 0.0053

1 (referent) 113 1 (referent) 1 (referent)
1.33 (0.91-1.94) 108 0.98 (0.75-1.28) 1.08 (0.83-1.42)
1.02 (0.69-1.50) 101 0.86 (0.66-1.13) 0.95 (0.72-1.25)
1.36 (0.96-1.92) 127 1.21 (0.94-1.56) 1.13 (0.88-1.46)

0.21

The densities were divided into ordinal quartile categories from low (Q1) to high (Q4).
Multivariable Cox proportional hazards regression models were adjusted for sex (male, female), age (<65, 65-75, >75), year of operation (2000-2005,
2006-2010, 2011-2015), tumour location (proximal colon, distal colon, rectum), stage (I-Il, Ill, IV), tumour grade (well/moderately differentiated, poorly
differentiated), lymphovascular invasion (negative, positive), MMR status (proficient, deficient), and BRAF status (wild-type, mutant).
Puwend Values were calculated by using the four categories of immune cell densities as continuous variables in univariable and multivariable Cox proportional
hazard regression models.
Cl confidence interval, HR hazard ratio.

0.27

0.52

Spatial analyses

We characterised the spatial arrangement of immune cells by
measuring the average distances from immune cells to the
nearest tumour cell with NND analysis. Macrophages were located
4.6% closer to tumour cells than T cells on average. Of

macrophages, PD-L1" macrophages were located 24% closer to
tumour cells than PD-L1~ macrophages (P < 0.0001) and M1-like
macrophages were 48% closer to tumour cells than M2-like
macrophages (P <0.0001) (Fig. 3a). To further visualise these
findings, we plotted scaled intensities of macrophage polarisation
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Fig.2 Kaplan-Meier survival analysis. Cancer-specific survival curves for the PD-L1* and PD-L1~ macrophage (a) and PD-1" and PD-1" T cell
(b) densities in the tumour centre and the invasive margin. The densities were divided into ordinal quartiles from low (Q1) to high (Q4).

Statistical significance was determined with Log-rank test.

markers and PD-L1 as a function of NND from tumour cells using
generalised additive model smoothing (Fig. 3a). This plot showed
that M2-like macrophage markers (MRC1 and CD163) had lower
scaled intensities at tumour cell proximity than other macrophage
markers. The Kaplan-Meier curves showed that the spatial
proximity of macrophages (total, PD-L1", or PD-L17) or T cells
(total, PD-17, or PD-17) with tumour cells, as measured with mean
NNDs from immune cell to the closest tumour cell, did not
significantly associate with cancer-specific survival (P> 0.005)
(Supplementary Fig. S12).

For T cells, we measured NNDs to the closest tumour cell and to
the closest PD-L1" macrophage to evaluate the possibility for PD-
1—PD-L1 interactions. We found that PD-1* T cells were located
closer to both tumour cells (difference 13%, P < 0.0001) and PD-
L1 macrophages (difference 35%, P < 0.0001) than PD-1" T cells
(Fig. 3b). To evaluate the prognostic value of PD-1" T cells co-
localised with PD-L1* macrophages, we calculated the density of
PD-1"/PD-L17 clusters. The mean cluster densities in the tumour
centre and the invasive margin were 34 clusters/mm? and 47
clusters/mm?, respectively. Higher density of PD-17/PD-L1"
clusters associated with longer cancer-specific survival in both
the tumour centre and the invasive margin in univariable and
multivariable analyses (Fig. 3c). The prognostic value was slightly
stronger in the invasive margin, in which the multivariable HR for
high cluster density (Q4 vs. Q1) was 0.39 (95% Cl 0.25-0.60,
Pyrend < 0.0001).
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DISCUSSION
In the present study, we used multiplex immunohistochemistry
combined with digital image analysis and quantitative density and
spatial analysis to comprehensively characterise the expression of
PD-L1 (CD274) and PD-1 (PDCD1) immune checkpoints in the
colorectal cancer microenvironment. This analysis, conducted in a
large, population-based cohort of 910 colorectal cancer patients
expands the knowledge on immune checkpoint expression
patterns, their prognostic value, and associations with T cell and
macrophage infiltration and may help to develop cancer therapies.
The expression of PD-L1 and PD-1 is often elevated in cancer
and their interaction may repress the cytotoxic activity of T cells
and thus promote tumour immune escape [4]. However, the
prognostic value of PD-L1 is incompletely established in colorectal
cancer and prior studies have reached contradictory conclusions
[20]. We found that PD-L1 expression was more frequently present
in macrophages than in tumour cells. Although PD-L1 is
commonly thought to have immunosuppressive effect, we found
that higher density of PD-L1" macrophages in the invasive margin
associated with longer colorectal cancer-specific survival indepen-
dent of stage, grade, and MMR status. Our finding is concordant
with some prior studies which have reported association between
high PD-L1 expression in immune cells and better survival [21-23]
and adds to these findings by more accurately defining
phenotypes of the immune cells expressing PD-L1. In our study,
PD-L1 expression in tumour cells did not associate with prognosis.
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Table 3.

PD-1" T cells in the tumour centre and the invasive margin.

No. of cases

Tumour centre

Colorectal cancer-specific survival

No. of events

Univariable
HR (95% CI)

T cell density
Q1 228 88 1 (referent)
Q2 228 58 0.55 (0.40-0.77)
Q3 227 56 0.54 (0.39-0.76)
Q4 227 40 0.38 (0.26-0.55)
Ptrend <0.0001

PD-17 T cell density
Q1 228 91 1 (referent)
Q2 228 57 0.55 (0.39-0.76)
Q3 227 63 0.59 (0.43-0.82)
Q4 227 31 0.28 (0.18-0.42)
Peend <0.0001

PD-1" T cell density
Q1 228 86 1 (referent)
Q2 228 55 0.54 (0.38-0.76)
Q3 227 61 0.61 (0.44-0.85)
Q4 227 40 0.39 (0.27-0.57)
Perend <0.0001

Invasive margin

T cell density
Q1 228 94 1 (referent)
Q2 228 67 0.66 (0.48-0.90)
Q3 227 38 0.34 (0.23-0.49)
Q4 227 43 0.39 (0.27-0.56)
Pirend <0.0001

PD-1" T cell density
Q1 228 97 1 (referent)
Q2 228 57 0.52 (0.38-0.72)
Q3 227 55 0.49 (0.35-0.68)
Q4 227 33 0.29 (0.19-0.43)
Pyrend <0.0001

PD-1" T cell density
Q1 228 94 1 (referent)
Q2 228 60 0.60 (0.43-0.82)
Q3 227 43 0.40 (0.28-0.58)
Q4 227 45 0.42 (0.29-0.60)
Pyrend <0.0001

Multivariable
HR (95% CI)

Overall survival

No. of events

Univariable
HR (95% CI)

Univariable and multivariable Cox regression models for cancer-specific and overall survival according to the densities of total, PD-17, and

Multivariable
HR (95% CI)

1 (referent) 146 1 (referent) 1 (referent)
0.72 (0.51-1.01) 103 0.58 (0.45-0.74) 0.68 (0.53-0.88)
0.67 (0.47-0.94) 100 0.57 (0.44-0.74) 0.62 (0.48-0.80)
0.49 (0.33-0.73) 100 0.56 (0.43-0.72) 0.59 (0.45-0.77)
0.0003 <0.0001 <0.0001

1 (referent) 147 1 (referent) 1 (referent)
0.82 (0.58-1.16) 103 0.60 (0.47-0.77) 0.78 (0.60-1.01)
0.75 (0.54-1.04) 109 0.63 (0.49-0.81) 0.68 (0.53-0.87)
0.46 (0.30-0.71) 90 0.49 (0.38-0.64) 0.57 (0.43-0.76)
0.0006 <0.0001 <0.0001

1 (referent) 145 1 (referent) 1 (referent)
0.68 (0.48-0.96) 103 0.58 (0.45-0.75) 0.69 (0.54-0.90)
0.67 (0.48-0.94) 106 0.63 (0.49-0.81) 0.61 (0.47-0.79)
0.48 (0.32-0.70) 95 0.54 (0.42-0.70) 0.55 (0.42-0.71)
0.0002 <0.0001 <0.0001

1 (referent) 146 1 (referent) 1 (referent)
0.83 (0.60-1.14) 103 0.71 (0.56-0.91) 0.80 (0.62-1.03)
0.53 (0.36-0.78) 100 0.51 (0.39-0.66) 0.65 (0.50-0.86)
0.58 (0.40-0.85) 100 0.58 (0.45-0.75) 0.64 (0.48-0.83)
0.0005 <0.0001 0.0003

1 (referent) 141 1 (referent) 1 (referent)
0.81 (0.58-1.14) 112 0.71 (0.55-0.90) 0.90 (0.70-1.17)
0.83 (0.58-1.17) 101 0.61 (0.47-0.79) 0.82 (0.63-1.08)
0.52 (0.34-0.79) 95 0.56 (0.43-0.72) 0.70 (0.53-0.93)
0.0043 <0.0001 0.011

1 (referent) 144 1 (referent) 1 (referent)
0.80 (0.58-1.12) 105 0.66 (0.51-0.85) 0.77 (0.59-0.99)
0.62 (0.43-0.90) 101 0.60 (0.46-0.77) 0.75 (0.57-0.97)
0.61 (0.42-0.88) 99 0.58 (0.45-0.76) 0.65 (0.50-0.85)

0.0027

The densities were divided into ordinal quartile categories from low (Q1) to high (Q4).
Multivariable Cox proportional hazards regression models were adjusted for sex (male, female), age (<65, 65-75, >75), year of operation (2000-2005,
2006-2010, 2011-2015), tumour location (proximal colon, distal colon, rectum), stage (I-Il, Ill, IV), tumour grade (well/moderately differentiated, poorly
differentiated), lymphovascular invasion (negative, positive), MMR status (proficient, deficient), and BRAF status (wild-type, mutant).
Puwend Values were calculated by using the four categories of immune cell densities as continuous variables in univariable and multivariable Cox proportional
hazard regression models.
Cl confidence interval, HR hazard ratio.

<0.0001

0.0021

Prior colorectal cancer studies have reported inconsistent deduc-
tions of the prognostic value of PD-L17 expression in tumour cells
[22-27]. Divergent results may be due to the small percentage of
PD-L1 positive tumours and variability in antibody selection,
quantification methods, or setting cut-off value for the positivity.

The detection and phenotyping of macrophages are challen-
ging because of their plasticity and the lack of specific or
standardised immunohistochemical markers for various subpopu-
lations [7]. We used multiplex immunohistochemistry instead of
conventional single-plex chromogenic staining, enabling us to
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phenotype cells with multimarker combinations and to analyse analyses. We found that higher density of M1-like macrophages in
spatial relationships between cells. To separate M1-like and M2- the tumour centre associated with longer cancer-specific survival,
like polarisation states, we utilised two markers for both which is in line with some previous studies [29-31], while M2-like
phenotypes, in line with two previous studies [16, 28], and only macrophages tended to associate with shorter survival, but not
included the extremes of the polarisation spectrum in our main significantly in multivariable models.
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Fig. 3 Spatial analysis of immune cells using the nearest neighbour distance (NND) function and the cancer-specific survival analysis for
PD-1/PD-L1 cluster density. a pseudo-immunofluorescence image from a tumour site showing all nine markers (i). Cell phenotyping maps
with nearest neighbour distance analysis from each immune cell to the closest tumour cell and boxplots visualising the distribution of nearest
neighbour distances across all tumour images (N = 3,190). The statistical significance was tested with Wilcoxon rank-sum test. ****P < 0.0001
(ii). The expression levels of various phenotypic markers in macrophages according to the distance to the closest tumour cell. The plots are
based on 1,582,095 T cells and 1,788,538 macrophages (iii). b pseudo-immunofluorescence image from a tumour site showing all nine markers
(i). Cell phenotyping maps and nearest neighbour distance analyses from each PD-1" and PD-1~ T cell to the closest tumour cell (i) and to the
closest PD-L1" macrophage (iii). Boxplots visualise the distribution of nearest neighbour distances across all tumour images (N = 3,190). The
significance was tested with Wilcoxon rank-sum test. ****P < 0.0001. ¢ Kaplan-Meier survival curves and Cox proportion hazards regression
models for cancer-specific survival for PD-17 T cell/PD-L1* macrophage cluster densities in 910 patients in the tumour centre and the invasive
margin. One cluster is composed of one PD-17 T cell with at least one PD-L1" macrophage within a 20 ym radius. The cluster densities were
divided into ordinal quartiles from low (Q1) to high (Q4). Statistical significance for Kaplan-Meier survival estimates were determined with
Log-rank test. Univariable (blue) and multivariable (red) Cox proportional hazards regression models are represented as forest plots with HRs
along with their 95% Cls as whiskers. Multivariable Cox proportional hazards regression models were adjusted for sex (male, female), age (<65,
65-75, >75), year of operation (2000-2005, 2006-2010, 2011-2015), tumour location (proximal colon, distal colon, rectum), stage (I-lI, llI, IV),
tumour grade (well/moderately differentiated, poorly differentiated), lymphovascular invasion (negative, positive), MMR status (proficient,

deficient), and BRAF status (wild-type, mutant).

In analyses combining PD-L1 expression and polarisation status
of macrophages, PD-L1" macrophages were more likely M1-
polarised than M2-polarised, which could partly explain their
comparable spatial arrangement and prognostic value. The
associations of macrophage polarisation phenotypes with PD-L1
expression are not well-characterised, but may be affected by the
cytokine environment [32]. In particular, IFNG can induce M1-like
macrophage polarisation and PD-L1 expression in macrophages
[33, 34]. However, other studies have found that certain cytokines,
such as IL6 and IL10, increase PD-L1 expression but drive
macrophage polarisation towards an M2-phenotype [33, 35, 36].
Our analyses suggested that the prognostic value of macrophages
was influenced by both the polarisation phenotype (M1-like vs.
M2-like) and PD-L1 expression, with PD-L1* M1-like phenotype
showing the strongest association with a favourable outcome.

Some recent studies have reported the co-localisation of
immune cells with tumour cells to be strongly prognostic
[16, 37-39]. Interestingly, macrophage subtypes frequently
located in closer proximity to tumour cells (PD-L1" and M1-like
macrophages) also showed the strongest associations with
favourable clinical outcome. Shorter average distance of M1-like
than M2-like macrophages from the closest tumour cell has been
reported also in prior studies of gastric [28], lung [29] and
pancreatic [16] cancers. Based on these findings, we hypothesise
that the greater co-localisation between macrophages and
tumour cells could increase the probability of cell contacts, thus
allowing enhanced anti-tumoral macrophage function.

Our study addressed the prognostic significance of T cell
subsets defined by PD-1 expression. We found that higher
densities of both PD-1* and PD-1~ T cells showed strong
associations with favourable survival, and their HR point estimates
were very close to that of the overall T cell population. This
supports the strong prognostic significance of T cells in general
[40], and indicates that it appears to be independent of PD-1
expression by T cells. Our findings were in line with some prior
studies in colorectal cancer that have reported associations
between higher PD-1" cell densities and longer survival
[22, 24, 25].

To evaluate the possibility of PD-1/PD-L1 interactions occurring
in the tumour microenvironment, we assessed the correlations
between the densities of immune checkpoint expressing (PD-17
and PD-L1%) cells, as well as their co-localisation. In line with prior
reports [21, 22, 24], we found a moderate correlation between PD-
L1 macrophage and T cell densities. Furthermore, this correlation
was higher for PD-1" T cells than for PD-1" T cells. A prior study
[25] reported that mismatch repair deficient colorectal tumours
with high PD-1 expression associated with worse recurrence-free
survival if PD-L1 expression was high, while high expression of PD-
1 associated with prolonged survival if PD-L1 expression was low.
In our cohort, such findings were not identified, as higher PD-1* T

cell densities associated with favourable outcome regardless of
PD-L1 expression in tumour cells or PD-L1" macrophage densities.
Furthermore, higher density of PD-1" T cell/PD-L1* macrophage
clusters strongly associated with longer cancer-specific survival.

In contrast to our hypotheses, higher densities of PD-L1"
macrophages and PD-1" T cells individually, as well as higher
density of PD-1" T cell/PD-L1" macrophage clusters associated
with favourable prognostic impact. It has been well known that
certain cancer risk factors (such as obesity and Lynch syndrome
genetic mutations) may associate with better clinical outcomes
among patients with a given cancer type. Those apparent
paradoxical findings can be explained by interpersonal hetero-
geneity of cancer [41]. Our findings may be explained by the
strong induction of these immune checkpoints as a compensatory
response to generally elevated anti-tumour inflammatory reaction
in immunologically hot tumours [22, 38]. Favourable outcome of
high immune checkpoint expression could also be related to IFNG,
which is secreted mainly by activated infiltrating T cells and NK
cells. High IFNG expression is correlated with both PD-L1 and PD-1
expression and associates with better colorectal cancer prognosis
[24]. Furthermore, gut microbiota e.g., Fusobacterium nucleatum,
might associate with T cell count, PD-1 and PD-L1 expression, and
colorectal cancer prognosis [42].

To our knowledge, this is the first study examining the PD-L1/
PD-1 expression along with macrophage polarisation using
multimarker analysis. However, the findings of this study should
be interpreted with some caution. First, the analyses were
conducted using tissue microarrays, which may not fully represent
the immune infiltration in the whole tumour area [43]. To increase
the validity of our results, we analysed multiple cores from each
tumour (average: 3.5 cores) and the cores were selected from
different sites representing average immune cell infiltrates.
Reasonably good core-to-core correlations indicated that the
number of analysed tissue microarray cores was adequate. By
using tissue microarrays, we could examine 910 tumours cost-
efficiently and select only representative tumour areas to be
stained and analysed. Second, PD-L1 staining patterns may differ
between antibody clones. We decided to use a well-validated
clone (E1L3N) that is frequently applied for clinical use in
evaluating PD-L1 status in lung cancer [44]. However, the optimal
antibody for colorectal cancer is yet to be determined. Third,
macrophage phenotyping requires several markers and there
are no single consensus markers for M1/M2 polarisation
states. We used two polarisation markers for both M1 and
M2 subpopulations and determined the polarisation states in line
with prior reports [16, 45]. Fourth, the cell detection algorithm of
QuPath (image analysis software that was utilised) is not able to
segment cell membrane, and we used cytoplasmic staining
intensities for markers that are expressed in either cell cytoplasm
or cell membrane. Fifth, most of the patients were non-Hispanic
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white, and we excluded patients with preoperative treatment,
which led to underrepresentation of rectal cancers. Therefore, the
applicability of the results for patients of different ethnicities and
with preoperative treatments needs to be confirmed by indepen-
dent studies. Furthermore, the patients were operated along a
period of 16 years, during which the cancer treatments have
developed. To mitigate possible bias related to this, we included
year of operation as a covariate in multivariable survival models.
Sixth, the information on extramural venous invasion and
perineural invasion were not available, although they are strong
prognostic indicators in colorectal cancer. Seventh, although
multiplex immunohistochemistry analysis enabled detailed
immune cell characterisation, the method is laborious and would
need further automation and validation to be applied as a
biomarker in clinical setting.

This study has important strengths. Our study included a large,
comprehensively analysed [9, 22, 46-49] population-based cohort
evaluated in accordance with the latest guidelines. All tumours
were also screened for MMR status and BRAF mutation status
representing two key molecular features of colorectal cancer.
Multiplex immunohistochemistry staining together with machine
learning-based image analysis enabled accurate phenotyping of
each cell with multimarker combination in a single batch,
facilitating the consistency and reproducibility of the analysis.
Flow cytometry and RNA sequencing methods are other
commonly used myeloid cell phenotyping methods but, unlike
multiplex immunohistochemistry, they do not provide the spatial
information of the cells.

In conclusion, this study shows that higher density of PD-L1
expressing macrophages and their spatial proximity with PD-1
expressing T cells associate with prolonged survival of colorectal
cancer patients. Our results highlight the utility of detailed
multimarker analysis in understanding the role of PD-L1 and PD-
1 expression in cancer immune escape and developing improved
immunotherapies.
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Indoleamine 2,3-dioxygenase (IDO) and arginase-1 (ARG1) are amino acid—metabolizing en-
zymes, frequently highly expressed in cancer. Their expression may deplete essential amino acids,
lead to immunosuppression, and promote cancer growth. Still, their expression patterns, prog-
nostic significance, and spatial localization in the colorectal cancer microenvironment are
incompletely understood. Using a custom 10-plex immunohistochemistry assay and supervised
machine learning—based digital image analysis, we characterized IDO and ARG1 expression in
monocytic cells, granulocytes, mast cells, and tumor cells in 833 colorectal cancer patients. We
evaluated the prognostic value and spatial arrangement of IDO- and ARG1-expressing myeloid and
tumor cells. IDO was mainly expressed not only by monocytic cells but also by some tumor cells,
whereas ARG1 was predominantly expressed by granulocytes. Higher density of IDO* monocytic
cells was an independent prognostic factor for improved cancer-specific survival both in the tu-
mor center (Prend = .0002; hazard ratio [HR] for the highest ordinal category Q4 [vs Q1], 0.51; 95%
Cl, 0.33-0.79) and the invasive margin (Pyend = .0015). Higher density of granulocytes was asso-
ciated with prolonged cancer-specific survival in univariable models, and higher FCGR3TARG1™
neutrophil density in the tumor center also in multivariable analysis (Prenq = .0020). Granulocytes
were, on average, located closer to tumor cells than monocytic cells. Furthermore, IDO* monocytic
cells and ARG1~ granulocytes were closer than IDO~ monocytic cells and ARG1" granulocytes,
respectively. The mRNA expression of the IDO1 gene was assessed in myeloid and tumor cells
using publicly available single-cell RNA sequencing data for 62 colorectal cancers. IDO1 was
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mainly expressed in monocytes and dendritic cells, and high IDO1 activity in monocytes was
associated with enriched immunostimulatory pathways. Our findings provided in-depth infor-
mation about the infiltration patterns and prognostic value of cells expressing IDO and/or ARG1 in
the colorectal cancer microenvironment, highlighting the significance of host immune response in

tumor progression.

© 2024 THE AUTHORS. Published by Elsevier Inc. on behalf of the United States & Canadian Academy
of Pathology. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Amino acid metabolism is often altered in cancer, and colo-
rectal cancer is frequently associated with upregulated expression
of amino acid—metabolizing enzymes indoleamine 2,3-
dioxygenase (IDO) and arginase-1 (ARG1)."? Tryptophan is an
essential amino acid, which promotes T cell activation and pro-
liferation. IDO plays an important role in the catabolism of tryp-
tophan into kynurenine, leading to diminished tryptophan levels
and potentially contributing to T cell suppression.” L-arginine is a
semiessential amino acid, promoting the production of memory T
cells and T cell survival. ARG1 is involved in the catabolism of L-
arginine to L-ornithine and urea.* Increased expression of ARG1
may deplete L-arginine levels and thus lead to immunosuppres-
sion and cancer progression.” Some studies have found high
expression of IDO and ARG1 to be associated with lower T cell
activity, immune tolerance, metastasis, and poor clinical outcome
in various tumors,®’ including colorectal cancer.®° Thus, IDO and
ARG1 are potential targets for cancer immunotherapy.

IDO is expressed by several cells in the tumor microenviron-
ment, including monocytic cells, tumor cells, and endothelial cells,
whereas ARG1 is highly expressed by granulocytes.'” The patterns
of myeloid immune cell infiltration and IDO and ARG1 expression
are heterogeneous between tumors, and their prognostic roles in
colorectal cancer are still incompletely understood. Phenotyping
myeloid cell subtypes using standard immunohistochemistry is
challenging because of lack of single specific surface antigens,'" but
recent advances in multiplex immunohistochemistry have enabled
detailed, spatially resolved analysis of multiple antigens at single-
cell resolution.

In this study, we quantified the expression of IDO and ARG1 in
monocytic cells, granulocytes, mast cells, and tumor cells in 833
colorectal cancers using a custom multiplexed immunohisto-
chemistry assay and machine learning—based image analysis. We
aimed to (1) characterize the expression patterns and prognostic
value of IDO and ARG1 in the colorectal cancer microenvironment,
(2) analyze the infiltration patterns and prognostic significance of
myeloid cell subtypes, and (3) investigate the spatial proximity
between IDO- and ARG1-expressing myeloid cells and tumor cells.
We hypothesized that higher densities of IDO" and ARG1*
myeloid cells and higher expression of IDO in tumor cells would be
associated with shorter colorectal cancer-specific survival.

Material and Methods

Study Population

This study was based on an earlier described'>!®> cohort
composing 1343 retrospectively collected primary tumor samples
of colorectal cancer patients who underwent surgery during
2000-2015 in Central Finland Central Hospital, Jyvaskyla, Finland.

The study benefited from samples/data from Central Finland
Biobank, Jyvaskyld, Finland. In accordance with our previous
studies,'!> we excluded patients who died within 30 days after
surgery (N = 40) or had received preoperative radiotherapy,
chemotherapy, or chemoradiotherapy (N = 243). After further
excluding tumors with inadequate tumor tissue or unsuccessful
multiplex immunohistochemistry staining either in the tumor
center or in the invasive margin (N = 346), the final cohort
included samples of 833 colorectal cancer patients (Table 1). These
patients included two patients with known Lynch syndrome. All
tumors were previously screened for mismatch repair (MMR)
deficiency and BRAF V600E mutation with immunohistochem-
istry.® Furthermore, the densities of CD3* and CD8* T cells were
previously analyzed using immunohistochemistry and machine
learning—based image analysis."

Multiplex Immunohistochemistry

Multiplex immunohistochemistry was conducted using tissue
microarrays designed to contain 4 (2 tumor centers and 2 invasive
margins) 1-mm diameter cores from each tumor."> We built a 10-
plex immunohistochemistry assay to characterize IDO and ARG1
expression and myeloid cell infiltration in the colorectal cancer
microenvironment. The panel included a myeloid cell marker
(ITGAM [CD11b]) and markers for monocytic cells (CD14), gran-
ulocytes (CEACAMS8 [CD66b]), mast cells (TPSAB1 [mast cell
tryptase]), and tumor cells (KRT [keratin]). Additionally, IDO,
ARG1, FCGR3 (CD16), HLADR, and CD33 were included. We follow
the standardized nomenclature system for protein names rec-
ommended by the expert panel.'

The potential primary antibodies were screened based on their
clinical use in the pathology laboratory of Hospital Nova
(Jyvaskyla, Finland) or their previous utilization in published
literature. The characteristics and optimal dilutions of the anti-
bodies were first tested using standard immunohistochemistry in
a tissue microarray containing several cores from tonsils, normal
colon mucosa, and colorectal adenocarcinomas. The cyclic 10-plex
immunohistochemistry assay was then optimized, and the val-
idity of the assay was confirmed by comparing the staining pat-
terns of multiplex immunohistochemistry with those of standard
single-plex immunohistochemistry (Supplementary Fig. S1).

The multiplex immunohistochemistry staining protocol, re-
agents, and the primary antibodies along with their dilutions and
epitope retrieval conditions are shown in Supplementary
Figure S2. All markers were sequentially stained with Bond-III
automated immunohistochemistry stainer using a Bond Refine
Detection kit (DS9800, Leica Biosystems), with 3,3'-dia-
minobenzidine replaced with 3-amino-9-ethylcarbazole. The tis-
sue microarray specimens were cut at 3.5-um thickness and
stained in one batch to ensure uniform staining across all tissue
microarrays (Supplementary Fig. S3). After each staining cycle, the
slides were mounted with water-soluble mounting medium and
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Table 1

Demographic and clinical characteristics of colorectal cancer cases according to the overall density of IDO™ monocytic cells

Total N IDO* monocytic cell density
Characteristic Q1 2 3 Q4 P
All cases 833 (100%) 209 (25%) 208 (25%) 208 (25%) 208 (25%)
Sex 35
Female 411 (49%) 94 (45%) 103 (50%) 102 (49%) 112 (54%)
Male 422 (51%) 115 (55%) 105 (50%) 106 (51%) 96 (46%)
Age (y) 12
<65 225 (27%) 68 (33%) 57 (27%) 53 (26%) 47 (23%)
65-75 297 (36%) 71 (34%) 81 (39%) 77 (37%) 68 (33%)
>75 311 (37%) 70 (34%) 70 (34%) 78 (38%) 93 (45%)
Year of operation <.0001
2000-2005 262 (31%) 62 (30%) 64 (31%) 65 (31%) 71 (34%)
2006-2010 261 (31%) 89 (43%) 74 (36%) 53 (26%) 45 (22%)
2011-2015 310 (37%) 58 (28%) 70 (34%) 90 (43%) 92 (44%)
Tumor location .072
Proximal colon 409 (49%) 91 (44%) 112 (54%) 92 (44%) 114 (55%)
Distal colon 299 (36%) 86 (41%) 69 (33%) 84 (40%) 60 (29%)
Rectum 125 (15%) 32 (15%) 27 (13%) 32 (15%) 34 (16%)
AJCC stages < .0001
I 143 (17%) 16 (8%) 41 (20%) 41 (20%) 45 (22%)
I 317 (38%) 66 (32%) 65 (31%) 93 (45%) 93 (45%)
11 270 (32%) 90 (43%) 64 (31%) 56 (27%) 60 (29%)
v 103 (12%) 37 (18%) 38 (18%) 18 (9%) 10 (5%)
Tumor grade .019
Low-grade (well to moderately differentiated) 704 (85%) 182 (87%) 177 (85%) 183 (88%) 162 (78%)
High-grade (poorly differentiated) 129 (15%) 27 (13%) 31 (15%) 25 (12%) 46 (22%)
Lymphovascular invasion .0003
No 654 (79%) 144 (69%) 161 (77%) 174 (84%) 175 (84%)
Yes 179 (21%) 65 (31%) 47 (23%) 34 (16%) 33 (16%)
MMR status <.0001
MMR proficient 705 (85%) 196 (94%) 184 (89%) 167 (80%) 158 (76%)
MMR deficient 128 (15%) 13 (6%) 24 (12%) 41 (20%) 50 (24%)
BRAF status 12
Wild type 697 (84%) 181 (87%) 180 (87%) 171 (82%) 165 (79%)
Mutant 136 (16%) 28 (13%) 28 (14%) 37 (18%) 43 (21%)

AJCC, American Joint Committee on Cancer; MMR, mismatch repair.

scanned using an automated slide scanner equipped with a 20x
objective. Destaining with ethanol and heat-mediated antibody
stripping was performed before the sequential staining cycle,
using the previously described method.'®

Machine Learning-Based Cell and Tissue Phenotyping

Tissue microarray cores were recognized and separated into
single-core images using the TMA dearrayer function in QuPath
(0.2.3) image analysis software.'” We removed all unrepresenta-
tive core images, which were fully or partly (less than 50% of the
entire core area after all staining cycles present) detached or
included a minimal amount of tumor tissue. Only representative
cores with successful staining in all 10 staining cycles were
included for further analyses. The single-core images were
merged into 12-channel pseudoimmunofluorescence multiplex
images (hematoxylin channels as the 1st and 12th, 10 multiplex
immunohistochemistry staining channels as the 2nd to 11th) us-
ing the MultiStackReg macro (downloaded from: http://
bradbusse.net/downloads.html) in Fiji/lmage] software.'® The
hematoxylin channels were used for aligning nuclei of all core
images. We followed previously used'® principles for tissue
microarray core selection criteria and for aligning single-core
images into pseudoimmunofluorescence multiplex images. An
example of the conversion of multiplex immunohistochemistry

images into a 12-channel pseudoimmunofluorescence image is
illustrated in Figure 1A, B.

Tissue compartments and cells were detected and pheno-
typed using previously validated'” supervised machine
learning—based algorithms in QuPath. The image analysis was
performed blinded to the clinical data and following the main
steps of a previous study.'” We classified tissue compartments
into tumor epithelium, stroma, and other (ignored from the
analysis) using the built-in pixel classifier function. Cells were
detected using the cell detection function and phenotyped into
5 main categories using the object classifier function: monocytic
cells (CD14"CEACAMS TBSAB1 KRT"), granulocytes
(CD14 CEACAMS'TBSAB1 KRT ), mast cells (CD14 CEACAMS
“TBSAB17KRT™), tumor cells (CD14 CEACAMS TBSAB1 KRT"),
and other cells (CD14 CEACAM8 TBSAB1 KRT") (Fig. 1C).

Further cell data processing, quantification, and statistical an-
alyses were conducted in RStudio (1.3.1093) and R statistical
programming (4.0.3, R Core Team) with packages circlize (0.4.15),
corrplot (0.92), ComplexHeatmap (2.16.0), ggplot2 (3.4.2), ggpubr
(0.6.0), gmodels (2.18.1.1), spatstat (3.0-5), survival (3.5-5), surv-
miner (0.4.9), and tidyverse (2.0.0). We categorized cells according
to their cytoplasmic staining intensities of FCGR3 (Fc gamma re-
ceptor 3A, CD16), HLADR, IDO, and ARG1 by setting fixed cutoff
values. We calculated cell densities (cells/mm?) within the region
of interest. The mean density was calculated when multiple cores
were successfully analyzed from the same tumor region. IDO
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Multiplex immunohistochemistry assay and machine learning—based image analysis. (A) Digitized multiplex immunohistochemistry images from each staining cycle were co-
registered and converted into 10-plex pseudo-immunofluorescence images. (B) Each channel of a 10-plex pseudo-immunohistochemistry image represented separately. (C)
Machine learning—based image analysis for detecting and classifying tissue compartments and cells in QuPath. Tissue compartments were classified into tumor epithelium and
stroma. Cells were classified into monocytic cells, granulocytes, mast cells, tumor cells, and other cells.

expression in tumor cells was assessed by calculating the per-
centage of IDO™ tumor cells relative to all tumor cells. Myeloid cell
densities and IDO™ tumor cell percentage were categorized into
ordinal quartiles (Q1-Q4). In cell density variables with over 25%
of zero cell densities, all zero densities were categorized as Q1, and
the remaining values were divided equally into Q2 to Q4. All tu-
mors with less than 1% of IDO™" tumor cells were categorized as
negative. To analyze spatial proximity between immune cells and
tumor cells, we calculated nearest neighbor distances (NNDs).

NND measures the distance from a specific point (eg, immune cell)
to its closest neighbor point of a specific category (eg, tumor cell).

Statistical Analysis

The associations between categorical cell density variables and
patient characteristics were tested using crosstabulation and the
+? test. The associations between continuous cell density variables
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and patient characteristics were assessed with the Wilcoxon rank-
sum test (comparing 2 classes) or the Kruskal-Wallis test
(comparing more than 2 classes). Correlations between cell den-
sities were assessed using Spearman’s rank correlation test.

The survival outcomes were analyzed with univariable and
multivariable Cox proportional hazard models for cancer-specific
and overall survival, with cancer-specific survival as the primary
survival endpoint. We limited the follow-up to 10 years, as
Schoenfeld residual plots supported the proportionality of hazards
during most of the follow-up period up to 10 years. The selection
of variables for multivariable models was based on previous
studies in this patient cohort'>!® and included (reference category
listed first) sex (male or female), age (<65, 65-75, and >75 years),
year of operation (2000-2005, 2006-2010, and 2011-2015), tumor
location (proximal colon, distal colon, and rectum), American Joint
Committee on Cancer stages (I-II, Ill, and IV), tumor grade (well/
moderately differentiated or poorly differentiated), lymphovas-
cular invasion (negative or positive), MMR status (proficient or
deficient), and BRAF status (wild type or mutant). Kaplan-Meier
curves were used to visualize survival, and log-rank test was
used to evaluate the statistical significance. In accordance with our
previous studies,'”'> P values < .005 were considered statistically
significant based on the recommendation of an expert panel.'®

Single-Cell RNA Transcriptomic Analysis for IDO1 Expression

We also assessed IDO1 expression using publicly available
single-cell data for 62 tumors. Single-cell RNA-seq counts and
metadata were downloaded from Gene Expression Omnibus (GEO,
GSID: GSE178341) and Broad Institute Single Cell Portal (https://
singlecell.broadinstitute.org/single_cell, dataset c295). Single-cell
data processing was conducted with scCustomize (1.1.3), hdf5r
(1.3.8), and Seurat (1.3.8) R-packages. Only tumor samples were
included in the analysis. Outlier cells were filtered by excluding
those with more than 200 and less than 2500 features, as well as
those with over 10% mitochondrial reads. Data were log-normalized
and scaled with standard Seurat functions. Cell populations from
the original publication'® were used. For visual representation of
the data, principal component analysis and uniform manifold
approximation and projection were run with top 2500 variable
features and 15 dimensions, respectively. IDO1-positive cells were
classified as cells expressing over 1.5 log-normalized mRNA.
Pathway analysis between IDOI" and IDO1~ monocytes was
computed with fGSEA (1.22) package for the differentially expressed
genes assessed with Seurat function FindMarkers with GO Biological
Process gene sets. To assess for differences in cellular interactions
between different monocyte compositions, we computed CellChat
(1.6.1) secretory interactions for the patients harboring either low
or high fractions of IDO1+ monocytes (lower and higher quantiles,
respectively).?® Single-cell data visualization was conducted with
Seurat and CellChat packages.

Results
Myeloid Cell Phenotypes and Density Analyses

We successfully analyzed 2813 tissue microarray cores for tu-
mors of 833 colorectal cancer patients (mean, 3.4 per patient; SD,
0.71; tumor center, 1.8; SD, 0.43; and invasive margin, 1.6; SD,
0.52). Core-to-core correlations for myeloid cell densities were
moderate to high both in the tumor center (R = 0.42-0.58) and in

the invasive margin (R = 0.48-0.68) (Supplementary Fig. S4). We
identified 24,310,185 cells across all tissue microarrays, of which
6.4% were monocytic cells, 3.9% were granulocytes, 1.4% were mast
cells, and 42% were tumor cells.

We further classified monocytic cells according to HLADR and
FCGR3 expression into mature CD14"HLADR" and immature
CD14tHLADR™ monocytic cells and into CD14"FCGR3" and
CD14"FCGR3~ monocytic cells. Granulocytes were further classi-
fied according to FCGR3 expression into FCGR3™ neutrophils
(CEACAMS'FCGR3") and FCGR3~ other granulocytes
(CEACAMS8"FCGR3™). The majority of CD14" monocytic cells were
mature (HLADR', 84%) and more likely FCGR3' (65%) than
FCGR3™ (35%). Of CEACAMS8™ granulocytes, the majority (84%)
were identified as FCGR3" neutrophils.

We evaluated the associations between myeloid cell densities
and clinicopathologic features. Higher densities of monocytic cells
and granulocytes were associated with proximal tumor location,
high tumor grade, MMR deficiency, and BRAF mutation, whereas
higher mast cell density was associated with low tumor grade,
MMR proficiency, and absence of BRAF mutation. Both higher
densities of granulocytes and mast cells were associated with low
stage and absence of lymphovascular invasion (all P < .005,
Supplementary Fig. S5). The correlations between densities of
different myeloid cell subtypes were low to moderate
(Supplementary Fig. S6).

IDO and ARG1 Expression Patterns

We next examined IDO and ARG1 expression patterns. IDO was
mainly expressed by monocytic cells (4.1% of all monocytic cells),
and the expression was enriched in mature monocytic cells (4.8%
of HLADR™ monocytic cells and 0.64% of HLADR™ monocytic cells).
Accordingly, IDO* monocytic cell density was more highly corre-
lated with HLADR* and FCGR3" (R = 0.52 and R = 0.34) monocytic
cells than with HLADR™ and FCGR3™ (R = 0.13 and R = 0.04)
monocytic cells, respectively (Supplementary Fig. S6). In addition
to monocytic cells, a small number of tumor cells (2.7%) expressed
IDO. There was a strong positive correlation between IDO™
monocytic cell density and IDO™ tumor cell percentage (R = 0.62)
(Supplementary Fig. S6). ARG1 was primarily expressed by gran-
ulocytes, of which 81% were ARG1*. Furthermore, ARG1 was more
likely expressed by FCGR3™ neutrophils than FCGR3~ gran-
ulocytes (87% and 13%, respectively). Accordingly, the densities of
ARG1" and FCGR3™ neutrophils were closely correlated (R = 0.90)
(Supplementary Fig. S6). The correlations of IDO™ monocytic cell
and ARG1™" granulocyte densities with CD3™ and CD8™ T cell
densities were further examined in 807 tumors that were suc-
cessfully analyzed for these immune cell types in both the tumor
center and the invasive margin. IDO" monocytic cell densities
were moderately correlated with T cell densities in both tumor
compartments, whereas ARG1" granulocyte densities showed
lower correlation with T cell densities (Supplementary Fig. S7).

We analyzed the associations of clinicopathological charac-
teristics with the density of IDO™ monocytic cells (Table 1), IDO"
tumor cell percentage (Supplementary Table S1), and the density
of ARG1™" granulocytes (Supplementary Table S2). Higher den-
sities of IDO™ monocytic cells and ARG1" granulocytes and higher
IDO" tumor cell percentage were associated with low stage,
absence of lymphovascular invasion, and MMR deficiency. Higher
density of granulocytes and higher IDO" tumor cell percentage
were associated with high tumor grade and BRAF mutation.
Furthermore, higher density of IDO™ monocytic cells was associ-
ated with operation in 2011-2015, and higher IDO™ tumor cell
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Figure 2.

Kaplan-Meier cancer-specific survival curves for the IDO" and IDO~ monocytic cell and ARG1" and ARG1~ granulocyte densities in the tumor center and in the invasive margin.
The densities were divided into ordinal categories from low (Q1) to high (Q4). Statistical significance was determined with log-rank test.

percentage was associated with tumor location in the proximal
colon. The associations between clinicopathologic features and
IDO" and IDO~ monocytic cells, as well as ARG1" and ARG1~
granulocytes, in the tumor center and the invasive margin are
shown in Supplementary Figure S8.

Survival Analyses

We examined the prognostic value of IDO and ARG1 expres-
sion, along with monocytic cell, granulocyte, and mast cell pop-
ulations defined with various marker combinations. The total
number of deaths was 477 (57%), including 224 (27%) cancer-
specific deaths. The median follow-up time for censored cases
was 10.1 years (IQR, 6.6-13.0). The overall density of monocytic
cells did not associate with survival in univariable (Supplementary
Fig. S9; Table S3) or multivariable (Supplementary Table S3)
models. However, higher density of IDO™ monocytic cells was
associated with favorable cancer-specific and overall survival both
in univariable (Fig. 2; Table 2) and multivariable analyses (Table 2)
(cancer-specific survival, tumor center: Pgeng = .0002; multivari-
able hazard ratio [HR] for Q4 [vs Q1], 0.51; 95% CI, 0.33-0.79;
invasive margin: Pyeng=0.0015; multivariable HR for Q4 [vs Q1],
0.51; 95% CI, 0.31-0.83). Full multivariable Cox regression models

for IDO™ and IDO™ monocytic cells with all variables are shown in
Supplementary Table S4. When tumor epithelial and stromal
compartments were examined separately, the point estimate was
stronger in the stroma (Supplementary Table S5).

To gain insights into the prognostic significance of more
detailed monocytic cell populations, we assessed the prognostic
impact of HLADR (Supplementary Table S6) and FCGR3
(Supplementary Table S7) expression in all monocytic cells and
IDO* monocytic cells. The positive prognostic value of IDO"
monocytic cells remained in the mature (HLADR") but not in the
immature (HLADR™) subset, whereas the survival associations
were quite similar for FCGR3" and FCGR3~ monocytic cell
subpopulations.

In addition to monocytic cells, the prognostic significance of
IDO expression in tumor cells was assessed. Higher IDO* tumor
cell percentage was associated with longer survival in univariable
models both in the tumor center and in the invasive margin, but
these associations did not remain significant in multivariable
models (Supplementary Fig. S10).

Higher density of granulocytes associated with favorable
cancer-specific survival in univariable analyses in both the tumor
center and the invasive margin (Supplementary Fig. S9; Table S3),
but not in multivariable models (Supplementary Table S3). Com-
parable results were observed for ARG1™ (Fig. 2; Supplementary
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Univariable and multivariable Cox regression models for cancer-specific and overall survival according to densities of IDO™ and IDO™~ monocytic cells in the tumor center and

the invasive margin

No. of cases Colorectal cancer-specific survival Overall survival
No. of events Univariable HR Multivariable HR No. of events Univariable HR Multivariable HR
(95% CI) (95% CI) (95% CI) (95% CI)

Tumor center

IDO* monocytic cell density 833 216 406
Q1 303 109 1 (referent) 1 (referent) 175 1 (referent) 1 (referent)
Q2 177 42 0.56 (0.40-0.81) 0.58 (0.40-0.84) 76 0.63 (0.48-0.82) 0.68 (0.51-0.89)
Q3 176 36 0.49 (0.34-0.71) 0.53 (0.36-0.78) 76 0.64 (0.49-0.83) 0.60 (0.45-0.79)
Q4 177 29 0.38(0.25-0.58)  0.51 (0.33-0.79) 79 0.64 (0.49-0.84)  0.69 (0.52-0.91)
Pirend <0.0001 0.0002 0.0003 0.0012

IDO~ monocytic cell density 833 216 406
Q1 209 60 1 (referent) 1 (referent) 109 1 (referent) 1 (referent)
Q2 208 50 0.81(0.55-1.18)  0.92 (0.63-1.35) 93 0.83(0.63-1.10)  0.91 (0.69-1.21)
Q3 208 53 0.88(0.61-1.28)  0.87 (0.59-1.26) 96 0.90 (0.68-1.18)  0.87 (0.65-1.15)
Q4 208 53 0.93(0.74-1.34)  0.96 (0.65-1.42) 108 1.08 (0.83-1.41)  0.97 (0.73-1.28)
Prrend 0.78 0.73 0.50 0.73

Invasive margin

IDO* monocytic cell density 833 216 406
Q1 364 130 1 (referent) 1 (referent) 204 1 (referent) 1 (referent)
Q2 156 37 0.60 (0.42-0.87) 0.77 (0.53-1.12) 70 0.72 (0.55-0.94) 0.79 (0.60-1.04)
Q3 156 27 0.41(0.27-0.63)  0.62 (0.40-0.96) 66 0.63 (0.48-0.84)  0.70 (0.53-0.94)
Q4 157 22 0.34(0.22-0.54)  0.51(0.31-0.83) 66 0.65 (0.49-0.86)  0.66 (0.49-0.90)
Pirend <0.0001 0.0015 0.0002 0.0024

IDO~ monocytic cell density 833 216 406
Q1 209 64 1 (referent) 1 (referent) 102 1 (referent) 1 (referent)
Q2 208 51 0.77 (0.53-1.11)  1.07 (0.73-1.56) 97 0.92(0.70-122)  1.11 (0.84-1.49)
Q3 208 50 0.79 (0.55-1.15)  1.05 (0.72-1.55) 105 1.07 (0.82-1.41)  1.17 (0.88-0.56)
Q4 208 51 0.83 (0.57-1.20) 0.87 (0.59-1.28) 102 1.07 (0.81-1.41) 1.00 (0.75-1.33)
Prrend 0.35 0.51 0.42 0.93

The densities were divided into ordinal quartile categories from low (Q1) to high (Q4). Multivariable Cox proportional hazards regression models were adjusted for sex
(male, female), age (<65, 65-75, and >75 years), year of operation (2000-2005, 2006-2010, and 2011-2015), tumor location (proximal colon, distal colon, and rectum),
stages (I-11, IlI, and IV), tumor grade (well/moderately differentiated and poorly differentiated), lymphovascular invasion (negative or positive), MMR status (proficient or
deficient), and BRAF status (wild type or mutant). Peng values were calculated by using the 4 categories of immune cell densities as continuous variables in univariable and

multivariable Cox proportional hazard regression models.

Table S8) and FCGR3™ subpopulations (Supplementary Table S9).
However, higher density of ARG1TFCGR3™ neutrophils in the tu-
mor center was also significantly associated with longer cancer-
specific survival in multivariable analysis (Pgend = .0020; HR,
0.49; 95% CI, 0.31-0.76; Supplementary Table S9). Higher mast cell
density in the invasive margin was associated with longer cancer-
specific survival in univariable analyses (Supplementary Fig. S9;
Table S3), but not in multivariable models (Supplementary
Table S3).

In secondary analyses, we examined the survival association of
IDO" monocytic cells and ARG1" granulocytes in the strata of
MMR status and stage. The survival association of IDO™ monocytic
cell density did not statistically significantly differ by MMR status
(Pinteraction > -08) (Supplementary Table S10) or stage (Pinteraction >
.17) (Supplementary Table S11). The survival association of ARG1"
granulocyte density did not statistically significantly differ by
MMR status (Pinteraction > -57) (Supplementary Table S12), but
ARG1" granulocytes appeared to predict survival in stages I to IIl
tumors and not in stage IV tumors (Pipteraction = -047 for multi-
variable cancer-specific survival models (Supplementary
Table S13).

To assess the potential effect of the number of tissue micro-
array cores analyzed, we conducted survival analyses for the
densities of IDO™ monocytic cells and ARG1" granulocytic cells
stratified by the number of analyzed cores (2-3 vs 4)
(Supplementary Tables S14 and S15). The prognostic value did not

statistically significantly differ by the number of analyzed tumor
cores (Pinteraction > -24 for IDO™ monocytic cells, Pinteraction > .32 for
ARG1" granulocytes).

Spatial Analyses

We measured spatial arrangement of myeloid cells relative to
tumor cells by using the NND analysis and found that granulocytes
were significantly closer to tumor cells than monocytic cells and
mast cells. Furthermore, ARG1~ granulocytes were closer to tumor
cells than ARG1" granulocytes, and IDO™ monocytic cells were
closer than IDO™ monocytic cells. However, the average NNDs
from IDO™ monocytic cells or ARG1" granulocytes to tumor cells
did not associate with colorectal cancer-specific survival (Fig. 3).

Single-Cell RNA Transcriptomic Analysis for IDO1 Expression

To further characterize the factors potentially contributing to
the association between higher IDO expression and better
outcome, we analyzed IDO1 expression in single-cell RNA tran-
scriptomic data. Using previously determined cell communities
(Fig. 4A),"® we measured the expression of IDO1 mRNA across the
immune cells, tumor cells, and stromal cells. As IDO is a key
regulator of tryptophan catabolism, we measured the activity of
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Nearest neighbor distance (NND) analysis for myeloid cells and tumor cells. (A) Example multiplex-immunohistochemistry image representing granulocytes (CEACAMS8™),
monocytic cells (CD14"), mast cells (TPSAB1%), and tumor cells (KRT") in one tumor core and in close-up view. (B) Cell phenotyping maps and NNDs calculated from each
myeloid cell to the closest tumor cell. (C) Boxplots representing the average distribution of NNDs across all tumor images (N = 2813). The statistical significance was tested with
Wilcoxon rank-sum test. *** P < .,0001. (D) Forest plots visualizing colorectal cancer-specific survival according to average NNDs for 2 specific immune cell types in each tumor.
NNDs were divided into ordinal quartiles from short (Q1) to long (Q4) NND. We only included tumors with at least one specific immune cell (N = 626 for IDO* monocytic cells
and N = 821 for ARG1™" granulocytes). Multivariable Cox proportional hazards regression models were represented with hazard ratios (HRs) and 95% Cl as whiskers. The models
were adjusted for sex (male and female), age (<65, 65—75, and >75 years), year of operation (2000-2005, 2006-2010, and 2011-2015), tumor location (proximal colon, distal
colon, and rectum), stages (I-II, III, and IV), tumor grade (well/moderately differentiated and poorly differentiated), lymphovascular invasion (negative or positive), MMR status

(proficient or deficient), and BRAF status (wild type or mutant).

the tryptophan metabolism pathway (GO:0006568). The activities
of IDO1 (Fig. 4B) and tryptophan metabolism (Fig. 4C) were
highest in monocytes and dendritic cells. Next, we calculated the
median percentage of IDO1" cells within each cell community.
IDO1™ fraction was the highest on dendritic cells, as almost 30% of
all patients’ dendritic cells, by median, were IDO1" (Fig. 4D). To
find the enriched cell processes, we conducted a gene set
enrichment analysis for IDO17" (vs IDO1~) monocytes. We found
that several IFNG-regulated immunostimulatory pathways were
positively enriched in IDO1" monocytes (Fig. 4E). Thus, we further
studied the association between IDO1 and IFNG by dividing tu-
mors based on high and low monocytic cell IDO1 expression. IFNG
was strongly expressed in T cells within tumors exhibiting high
IDO1 activity in monocytes. In tumors with low monocytic IDO1
activity, lymphocyte IFNG expression was lower, and the popula-
tion of T cells was diminished (Fig. 4F). To investigate the impact of
high IDO1 expression on cellular interactions, we compared the
number of interactions between tumors with higher and lower
IDO1 expressions. High IDO1 expression was associated with
stronger interactions between most immune cells, although in-
teractions between granulocytes and other cell types were
diminished (Fig. 4G).

Discussion

In the present study, we used a detailed immunohistochem-
ical multimarker technique and machine learning—based image

analysis to comprehensively characterize IDO and ARG1
expression patterns and myeloid immune cell infiltration in the
colorectal cancer microenvironment of 833 tumors. We also used
publicly available single-cell mRNA data for 62 colorectal cancer
patients to further assess functional pathways associated with
IDO1 expression. These analyses improve our understanding of
the spatial distribution and implications of IDO and ARG1 within
the colorectal cancer microenvironment and offer potential in-
sights into tumor immunology, treatment development, and
biomarker discovery.

We found that IDO was mainly expressed by monocytic cells
and tumor cells, whereas ARG1 was expressed by granulocytes.
Although the overall density of monocytic cells was not prog-
nostic, higher infiltration of IDO* monocytic cells both in the tu-
mor center and the invasive margin was associated with improved
cancer-specific survival, independent of potential confounding
factors such as MMR status and stage. Higher percentage of IDO™
tumor cells was also associated with longer survival but only in
univariable models. Our findings were in line with previous
studies in colorectal’*? and other solid cancers®*%° reporting the
association between high IDO expression and prolonged survival.
In contrast, some studies have reported an association between
increased IDO expression and poor survival in colorectal cancer®>°
and some other solid cancers.” The diversity of the analysis
methods may account for this discrepancy, and to our knowledge,
no previous studies have specifically evaluated CD147IDO™
monocytic cells, which is impossible using conventional single-
color immunohistochemistry.
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The distribution of IDO1 expression in immune cell subtypes and tumor cells. (A) Uniform manifold approximation and projection (UMAP) representation for cell communities

clustering in 62 tumors. (B) The expression level of IDO1 in cell communities. (C) The

activity of tryptophan metabolism pathway in cell communities. (D) Boxplots representing

the percentage of IDO1 active cells in cell populations (N = 62 tumors). (E) Bar plot of the pathway enrichment analysis shows pathways activated in IDO1* monocytes in green
and those activated in IDO1~ monocytes in red. ***P < .0001. “ANTIGEN PROCESSING AND PRESENTATION OF EXOGENOUS ANTIGEN. PADAPTIVE IMMUNE RESPONSE BASED ON
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Higher granulocyte density in the tumor center and the inva-
sive margin was a favorable prognostic factor in univariable ana-
lyses, supported by several previous studies in colorectal
cancer.”?’=! However, conflicting findings of the association
between higher granulocyte density and worse colorectal cancer
survival have also been reported.>? Our study benefited from the
multimarker approach, which enabled us to define granulocyte

subpopulations based on simultaneous expression of CEACAMS,
FCGR3, and ARG1. The majority of granulocytes were FCGR3™"
neutrophils and also expressed ARG1. Higher density of
CEACAMSFCGR3"ARG1" neutrophils in the tumor center was
significantly associated with prolonged cancer-specific survival
also in multivariable analysis. As we further assessed the prog-
nostic value of ARG1" granulocytes in strata of the stage, the
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independent survival association remained only in the lower
stages (I-1II) tumors. These findings suggest that neutrophils,
many of which express ARG1%, may lose their beneficial antitumor
effect during the progression of colorectal cancer.

The association between higher IDO and ARG1 expression and
longer cancer-specific survival is paradoxical, as IDO and ARG1
are thought to be immunosuppressive enzymes.*> The factors
accounting for this association are not obvious, but our findings
and previous literature provide some potential explanations. It
has been hypothesized that increased expression of IDO and
ARG1 could be a compensatory, intrinsic negative feedback re-
action to the generally strengthened antitumor immune
response in the tumor microenvironment.”>>4-3% In accordance
with this hypothesis, we found that immunostimulatory path-
ways were enriched in IDO1* monocytes. IFNG is a molecule
contributing to several proinflammatory processes and has been
suggested to induce IDO expression.®>%>” Our single-cell RNA
analysis also supported an association between IDO1 and IFNG
expression, as cases with higher monocyte-derived IDO1
expression were associated with higher numbers of T cells and
with higher expression of IFNG on T cells compared with those
with lower IDO1 expression. A positive correlation between IDO™
monocytic cells and T cells was also observed in the main cohort
and has been reported in several previous studies??>6:38
Furthermore, it is known that certain cancer risk factors may
paradoxically be linked with favorable survival among cancer
patients, which is explained by the interpersonal heterogeneity
of cancer.> In this study, we found that higher density of IDO*
monocytic cells, higher percentage of IDO" tumor cells, and
higher density of ARG1" granulocytes were associated with low
stage and absence of lymphovascular invasion, which are known
to be strong favorable prognostic indicators in colorectal can-
cer.*? Therefore, higher expression of these immunosuppressive
molecules could be a marker of a less aggressive tumor pheno-
type. Indeed, some cell types, such as ARG1™ granulocytes, had a
considerably weaker prognostic association after adjustment for
other clinicopathologic features. However, IDO" monocytic cells
remained significant in multivariable Cox regression models for
cancer-specific survival after adjusting for a group of known
prognostic indicators such as disease stage, tumor grade, lym-
phovascular invasion, MMR status, and BRAF status, supporting
their independent prognostic value.

To our knowledge, this is the first study examining the myeloid
cell infiltration along with IDO and ARG1 immunoregulatory en-
zymes in colorectal cancer using multiplex immunohistochemistry.
However, some important limitations need to be considered. First,
there are no standardized and fully specific markers for phenotyping
myeloid cells, which complicates the interpretation of findings be-
tween different studies. However, we selected well-validated anti-
bodies that were in clinical use at our pathology laboratory or
utilized in previous studies. Second, we used tissue microarrays
instead of whole tissue slides, which may not fully represent the
whole tumor immune milieu.*! However, we analyzed tumor cores
taken from both the tumor center and the invasive margin and
reached moderate-to-high core-to-core correlations. This suggested
tissue microarray—based methods to be suitable for evaluating these
immune cell infiltrates. Third, we used a cyclic staining assay, where
the loss of tumor cores was higher than in standard immunohisto-
chemical staining. Still, the size of our study cohort remained large,
and the tissue microarray-based multiplex-immunohistochemistry
analysis enabled us to analyze all samples cost-efficiently in one
batch. Fourth, most patients are non-Hispanic white. Thus, our
findings need to be confirmed in patients with non-White Caucasian
ethnicities. Independent validation study is also required to confirm

whether IDO1" monocytic cell densities could be used as a clinically
relevant prognostic marker in colorectal cancer. Fifth, data on
recurrence-free survival were not available for this study. Never-
theless, a long follow-up period enabled the assessment of long-
term survival impact, based on cancer-specific and overall survival
outcomes. Sixth, the patients underwent surgery over a 16-year
period, during which cancer treatments have evolved, potentially
influencing disease outcome and clinicopathologic features of the
patients included in the cohort. To minimize potential bias, we
included the year of operation as a covariate in the multivariable
survival models.

This study has notable strengths. It included a large cohort of
833 colorectal cancers, with a comprehensive database from
multiple previous studies,'>'>34%?*4> and an independent single-
cell RNA transcriptomic dataset with 62 colorectal cancers. We
only included patients without neoadjuvant treatment to elimi-
nate the possible bias related to its effects on the immune
microenvironment, which however led to the underrepresenta-
tion of rectal cancers. Multiplex-immunohistochemistry analysis
combined with machine learning-based image analysis enabled
detailed phenotyping of cells using several markers and the study
of spatial relationships between cell types, which cannot be done
using conventional immunohistochemistry.'!

In conclusion, our study provided detailed information about
IDO and ARG1 expression patterns and myeloid cell infiltration in
the colorectal cancer microenvironment. We found that the den-
sity of IDO-expressing monocytic cells was an independent
favorable prognostic factor, and at the single-cell level, IDO1
expression was strongly associated with IFNG-regulated immu-
nostimulatory pathways. Our results provide insight into the
complexity of colorectal cancer immunity and suggest that
comprehensive characterization is necessary to dissect its effects
on patient outcomes.
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