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Abstract

The tumour microenvironment (TME) plays a critical role in cancer progression, metastasis,
and therapeutic resistance. Among its components, cancer-associated fibroblasts (CAF)
represent the predominant cell type and are key mediators of extracellular matrix (ECM)
remodelling, cytokine secretion, and modulation of immune responses. While CAFs are a
crucial part of the TME, understanding their biology is challenging due to their heterogeneity,
diverse origins, and the current lack of reliable, standardised markers.

This in vitro study investigates the influence of cytokines within the TME on the expression
of phenotypic markers of colorectal cancer (CRC). CAF were treated with fibrosis-associated
cytokines (IL-4, IL-13), inflammatory cytokines (IL-13 and TNF-a), and TGF-31, either alone
or in combination. The expression of most widely used colorectal CAF markers—alpha-
smooth muscle actin (a-SMA) and fibroblast activation protein (FAP)—was quantified using
immunofluorescence staining assessed by In-Cell Western and confocal imaging. CRC-CAF
expressed basal a-SMA levels. IL-4 and IL-13 treatment independently upregulated a-SMA
in a TGF-B1-receptor (ALKS5)-independent manner, though less potently than TGF-B1. IL-13
and TNF-a did not downregulate basal a-SMA levels. FAP was significantly upregulated by
TGF-B1 treatment. FAP expression was not induced by IL-4 alone but was significantly
upregulated when combined with TGF-31. IL-18 and TNF-a moderately upregulated FAP.
All four cytokines (IL-4 + TGF-B1 + IL-13 + TNF-a) upregulated a-SMA and FAP the most
significantly. Cytokine treatment also modulated expression of additional CAF markers,
including PD-L2, IL-1R1, and podoplanin (PDPN), highlighting the phenotypic plasticity of
CAFs. To assess functional consequences, conditioned media (CM) from cytokine-
pretreated CAFs was applied to patient-derived colorectal cancer organoids (PDOs). IL-13
+ TNF-a-treated CAF-CM significantly increased the viability (measured by Cell Titer-Glo
3D) of PDOs, with the most substantial pro-tumourigenic effects observed following
treatment with the combination of all four cytokines. Additionally, a matched PDO-CAF co-
culture system was established using a transwell-based organoid-organotypic assay
(OOTA). Cytokine treatment induced distinct morphological changes in organoids. Confocal
imaging revealed cytokine-specific effects on proliferation (Ki-67), apoptosis (cleaved
caspase-3), and mesenchymal markers (a-SMA and FAP). IL-13 + TNF-a promoted both
proliferation and apoptosis, whereas IL-4 + TGF-B1 reduced proliferation. Contrary to
previous results in 2D, a-SMA was upregulated the most with IL-4 + TGF-B1 in the OOTA.
Maximum FAP expression occurred, like in 2D culture, with the combination of all four
cytokines.

These findings underscore the dynamic regulation of CAF phenotypes by TME cytokines
and their functional impact on tumour cell behaviour. Improved characterisation of CAF
subsets is essential, given their correlation with patient prognosis and growing interest as
therapeutic targets in colorectal cancer. Further studies are warranted to elucidate their
prognostic value and potential for clinical intervention.



Abstrakt

Die Tumormikroumgebung (TMU) spielt eine entscheidende Rolle bei der Progression,
Metastasierung und Therapieresistenz bei Krebs. Tumor-assoziierte Fibroblasten (TAFs)
stellen den vorherrschenden Zelltyp dar und sind zentrale Vermittler der Remodellierung der
extrazellularen Matrix (ECM), der Zytokinsekretion sowie der Modulation immunologischer
Reaktionen. Trotz ihrer zentralen Funktion ist die TAF-Biologie komplex, da TAF hochgradig
heterogen sind, von unterschiedlichen Zelltypen abstammen und bislang keine
standardisierten Marker zur zuverlassigen Identifikation aufweisen.

Diese In-vitro-Studie untersucht, wie Zytokine der TMU die Expression phanotypischer
Marker von aus kolorektalem Karzinom abgeleiteten TAFs beeinflussen. Hierzu wurden
TAFs mit Fibrose-assoziierten Zytokinen (IL-4, IL-13), entzindlichen Zytokinen (IL-13 und
TNF-a) sowie TGF-31, einzeln oder in Kombination, behandelt. Die Expression der am
haufigsten verwendeten TAF-Marker im kolorektalen Karzinom — alpha-smooth muscle
Aktin (a-SMA) und Fibroblasten aktivierendes Protein (FAP) — wurde mittels
Immunfluoreszenz-Farbemethoden quantifiziert durch In-Cell-Western-Assays und
konfokaler Mikroskopie. TAF exprimierten unbehandelt ein Grundlevel von a-SMA. IL-4 und
IL-13 induzierten eine erhdhte Expression von a-SMA, unabhangig vom TGF-31-Rezeptor
(ALKS), jedoch weniger stark als TGF-B1. IL-1B und TNF-a beeinflussten a-SMA nicht. FAP
wurde durch TGF-B1 hochreguliert. IL-4 allein induzierte FAP nicht, jedoch signifikant in
Kombination mit TGF-B1. IL-18 und TNF-a beeinflussten FAP moderat. Darlber hinaus
veranderten die Zytokine die Expression weiterer TAF-Marker wie PD-L2, IL-1R1 und
Podoplanin (PDPN), was die Eigenschaft der phanotypischen Plastizitat von TAFs
hervorhebt. Organoide von Patienten mit kolorektalem Karzinom wurden in konditionierten
Medien (KM) von Zytokin vorbehandelten TAFs kultiviert. Der ATP-Gehalt der Organoide
wurde mit Cell Titer-Glo 3D auf Basis eines Luciferase-Assays gemessen. Das KM von mit
IL-18 + TNF-a vorbehandelten TAFs erhohte signifikant den zellularen Gehalt von ATP,
jedoch wurden die starksten protumorigen Effekte nach Behandlung mit der Kombination
IL-4 + IL-1B + TNF-a + TGF-31 beobachtet. Daruber hinaus wurde ein auf einem Transwell-
basiertes Co-Kultursystem (organoid-organotypic assay, OOTA) aus Patienten-Organoiden
und TAFs desselben Patienten etabliert. Die Zytokinvorbehandlung fuhrte zu deutlichen
morphologischen Veranderungen in den Organoiden. Konfokale Bildgebung zeigte zytokin-
spezifische Effekte auf Proliferation (Ki-67), Apoptose (gespaltene Caspase-3) sowie auf
mesenchymale Marker (a-SMA und FAP). IL-1B8 + TNF-a forderten sowohl Proliferation als
auch Apoptose, wahrend IL-4 + TGF-B1 die Proliferation reduzierten. Im Gegensatz zum
vorigen Experiment bewirkte IL-4 + TGF-B1 die starkste a-SMA-Induktion. Die maximale
FAP-Expression wurde, wie zuvor in 2D-Kultur, bei der Kombination aller vier Zytokine
beobachtet.

Diese Ergebnisse verdeutlichen die dynamische Regulation von TAF-Phanotypen durch
Zytokine der TMU und deren funktionellen Einfluss auf das Verhalten von Tumorzellen. Eine
verbesserte Charakterisierung von TAF-Subtypen ist essenziell, da ihre Prasenz mit der



Prognose der Patienten korreliert und sie zunehmend als therapeutische Zielstrukturen im
kolorektalen Karzinom untersucht werden. Weitere Studien sind erforderlich, um ihren
prognostischen Wert und ihr Potenzial fur klinische Interventionen zu klaren.
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Abbreviations

Abbreviation Meaning Abbreviation Meaning

a-SMA Alpha-Smooth Muscle 5-FU 5-Fluorouracil
Actin

ACTA2 Actin Alpha 2, Smooth AFM Atomic Force Microscopy
Muscle Actin gene

AKT Protein Kinase B ALDH Aldehyde Dehydrogenase

ALK Anaplastic Lymphoma ANXA1+ Annexin A1 Positive
Kinase

APC Adenomatous Polyposis ~ ATRA All-trans-retinoic acid
Coli

ATP Adenosine Triphosphate  apCAF Antigen-Presenting Cancer-

Associated Fibroblast

BMSC Bone Marrow-Derived BMP Bone Morphogenetic
Mesenchymal Stromal Protein
Cell

CAF(s) Cancer-Associated CAR-T Chimeric Antigen Receptor
Fibroblast(s) T-cell

CBC Crypt Base Columnar CD Cluster of Differentiation
Stem Cell

CD3+ or 8+  Cluster of Differentiation 3 CDH Cadherin
or 8 Positive T Cells

cCAF Cycling Cancer- CM Conditioned Media
Associated Fibroblast

COL1A Collagen Type | Alpha COX Cyclooxygenase

CRIS Colorectal Intrinsic CRISPRI CRISPR Interference
Subtypes

CSC Cancer Stem Cell CXCL C-X-C Motif Chemokine

Ligand

CXCR C-X-C motif chemokine DCN Decorin
receptor

dCAF Developing Cancer- dMMR Deficient Mismatch Repair
Associated Fibroblast

ECM Extracellular Matrix ED-A FN Extra Domain A Fibronectin

EGFR Epidermal Growth Factor ELISA Enzyme-Linked

Receptor

Immunosorbent Assay




EMT Epithelial-Mesenchymal EndMT Endothelial-to-
Transition mesenchymal transition
EGM-2MV Endothelial Growth Media ENAS Organoid media (EGF,
Noggin, and R-spondin (or
Wnt3a))
FAK Focal Adhesion Kinase FAP Fibroblast Activation
Protein / Familial
Adenomatous Polyposis
FBS Fetal Bovine Serum FSP Fibroblast-Specific Protein
(S100A4)
FDA Food and Drug FGF Fibroblast Growth Factor
Administration
rhFGF-B Recombinant Human GPX Glutathione Peroxidase
Fibroblast Growth Factor
B
GMC-SF Glial-Mesenchymal GREM Gremlin (BMP inhibitor)
Cancer Stem Fibroblast
Hh Hedgehog (signalling HIF Hypoxia-Inducible Factor
pathway)
HSF Heat Shock Factor iCAF Inflammatory Cancer-
Protein Associated Fibroblast
iCMS Intrinsic Consensus IFN-y Interferon-Gamma
Molecular Subtype
ifnCAF Interferon-Response IGF Insulin-like Growth Factor
Cancer-Associated
Fibroblast
IL Interleukin IL1R1 Interleukin 1 Receptor Type
1
INFG Interferon-Gamma ISC Intestinal Stem Cell
(alternative abbreviation)
IMF Intrinsic-MSI Fibrosis IRAK Interleukin-1 Receptor-
System Associated Kinase
IgG Immunoglobulin G ICW In-Cell Western
JAK Janus Kinase Ki-67 Proliferation Marker
KRAS Kirsten Rat Sarcoma Viral LGR Leucine-rich Repeat-
Oncogene Homolog containing G-protein
Coupled Receptor
LIF Leukaemia Inhibitory LUM Lumican

Factor




MAF Metastasis-Associated MAPK Mitogen-Activated Protein
Fibroblast Kinase
MASSPEC Mass Spectrometry mCAF Matrix Cancer-Associated
Fibroblast
mTOR Mechanistic Target of myCAF Myofibroblastic Cancer-
Rapamycin Associated Fibroblast
MDSCs Myeloid-Derived meCAF Metabolic Cancer-
Suppressor Cells Associated Fibroblast
mesCAF Mesothelial Cancer- MHC Major Histocompatibility
Associated Fibroblast Complex
MFAP Microfibril-Associated MLH1-s Silencing of MLH1 Protein
Protein Expression by Promoter
Hypermethylation
MMP Matrix Metalloproteinase = MSC(s) Mesenchymal Stem Cell(s)
MSI Microsatellite Instability MSS Microsatellite Stability
MYC MYC Proto-Oncogene NaOH Sodium Hydroxide
NF-kB Nuclear Factor Kappa- NG Neural/Glial Antigen
Beta
NOTCH Neurogenic Locus Notch  NRAS Neuroblastoma RAS Viral
Homolog Oncogene Homolog
Omin Organoid Minimal Media  OOTA Organoid organotypic
Transwell assay
pCAF Proliferative Cancer- PD-1/2 Programmed Cell Death
Associated Fibroblast Protein 1/2
PDAC Pancreatic Ductal PDGFR o/ Platelet-Derived Growth
Adenocarcinoma Factor Receptor Alpha/Beta
PDPLN Podoplanin PDL Programmed Death Ligand
PI3K Phosphoinositide 3- PDTO Patient-Derived Tumour
Kinase Organoid
PBS Phosphate-Buffered qPCR Quantitative Polymerase
Saline Chain Reaction
Rho/Rock Rho-Associated Protein RT Room Temperature
Kinase / ROCK Pathway
ROS Reactive Oxygen Species sc-RNA-seq  Single-Cell RNA
Sequencing
SNAIL Zinc Finger Transcription ~ SMAD SMAD Family of Proteins

Factor SNAIL




Src Proto-Oncogene STAT Signal Transducer and
Tyrosine-Protein Kinase Activator of Transcription
Src
TAM Tumour-Associated TAK Transforming Growth
Macrophage Factor Beta-Activated
Kinase
TAZ Transcriptional Co- TGF- Transforming Growth
Activator with PDZ- Factor Beta
Binding Motif
TGFBR Transforming Growth TE Trypsin-EDTA
Factor Beta Receptor
Th2 T Helper 2 Cell TIL Tumour-Infiltrating
Lymphocyte
TME Tumour TNF-a Tumour Necrosis Factor
Microenvironment Alpha
TNFR Tumour Necrosis Factor ~ TNFSF4 Tumour Necrosis Factor
Receptor (OX40L) Superfamily Member 4
TNM Tumour-Node-Metastasis TP53 Tumour Protein p53
TRAF TNF Receptor-Associated uPAR Urokinase-Type
Factor Plasminogen Activator
Receptor
VEGF Vascular Endothelial VIM Vimentin
Growth Factor
WNT Wingless/Integrated Wnt/B- Whnt Signalling Pathway
Signalling Pathway catenin Involving Beta-Catenin

YAP

Yes-Associated Protein
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Figure 10: Confocal microscopy shows the effect of IL-4, IL-13, TGF-B1 and A 83-01
(TGF-B1 signalling inhibition) on a-SMA expression in CAF 6388/19.

Figure 11: In-Cell Western (ICW) assay measuring CAF BGM2008 marker regulation
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Figure 13: The influence of cytokine pre-treated CAF conditioned media on CRC
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Appendix:

Figure 19: Confocal images of CAF 6388/19 (p11) showing upregulation of a-SMA with
treatment of 2ng/ml of IL-4, TGFB-1, IL-13 and 1pM A 83-01 in different combinations
(as indicated) for 48 hours. (n=15) Nuclei stained by DAPI (blue), Vimentin (red), a-SMA
(green).

Figure 20: Confocal images of CAF BGM2008 (p7) showing upregulation of a-SMA
with treatment of 2ng/ml of IL-4, TGFB-1, IL-18 + TNF-a different combinations (as
indicated) for 48 hours. (n=6) Nuclei stained by DAPI (blue), Vimentin (red), a-SMA
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(green).

Figure 21: Microscope images of OOTA (CAF-BGM2008 (p12)) and CRC organoid co-
culture) showing organoids with treatment of 2ng/ml of IL-4, TGFB-1, IL-18 + TNF-a
different combinations (as indicated) for 5 days. (A) seeding of 5 randomly chosen
OOTA (B) n=3 pictures per condition analysed (C) area analysed with Imaged, n=3 pictures
per condition

Figure 22: Confocal images of OOTA (CAF-BGM2008 (p12) and CRC organoid
BGM2008 (not visible) co-culture) showing upregulation of a-SMA with treatment of
2ng/ml of IL-4, TGFB-1, IL-1B + TNF-a different combinations (as indicated) for 48
hours. (n=6) Nuclei stained by DAPI (blue), Vimentin (red), a-SMA (green).

Figure 23: Confocal images of OOTA (CAF-BGM2008 (p12) and CRC organoid
BGM2008 co-culture) showing upregulation of FAP with treatment of 2ng/ml of IL-4,
TGFB-1, IL-1B + TNF-a different combinations (as indicated) for 48 hours. (n=6) Nuclei
stained by DAPI (blue), FAP (yellow). Vimentin not depicted for clarity.
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1. Introduction

1.1 Colorectal Cancer

Colorectal cancer (CRC) is a malignant neoplasm originating from uncontrolled cell growth
in the colon or rectum (Nikiteas et al., 2016). CRC is a major health burden, with significant
morbidity and mortality rates despite advances in diagnosis and treatment. Colorectal
cancer ranks as the third most prevalent malignancy, accounting for 10% of all cancer cases
(Marmol et al., 2017; Sung et al., 2021; Alrushaid et al., 2023). As for mortality, CRC is the
second leading cause of cancer-related deaths, and the number of cases is likely to rise in
the coming decades (Hossain et al., 2022; Marcellinaro et al., 2024). Factors contributing to
this trend may include the shift in age distribution, the adoption of a western lifestyle in
developing countries, including obesity and physical inactivity (M. Arnold et al., 2017;Kasi et
al., 2019;Russo et al., 2019;Akimoto et al., 2021).

1.1.1 Pathogenesis and Disease Progression

The colorectal epithelium undergoes continuous regeneration, with cells proliferating at the
base of the crypts and differentiating as they migrate towards the lumen (L. H. Nguyen et
al., 2020). Gradients of signalling molecules regulate colon tissue architecture, particularly
components of the Wnt pathway, which play a crucial role in stem cell compartmentalisation
and differentiation dynamics (Cernat et al., 2014; Reynolds et al., 2014). Wnt ligands are
produced by both epithelial and stromal cells, contributing to colonic healing and
regeneration (Das et al., 2022). Disruptions in this process, including alterations in cellular
proliferation and apoptosis, can lead to the formation of adenomas (Marcellinaro et al.,
2024). Initially, the disease presents as abnormal growths or polyps in the inner lining of the
colon or rectum. Over time, these polyps can progress to cancer (see Figure 1). This follows
the well-established adenoma-carcinoma sequence, which involves the acquisition of
distinct genetic mutations during progression (see Figure 1) (Marcellinaro et al., 2024).
Approximately 80% of CRC cases are sporadic, originating from random somatic mutations
(Hossain et al.,, 2022). The Wnt/B-catenin pathway, TGF- (SMAD), NF-kB, PI3K/Akt,
KRAS, BRAF, TP53, Delta/Notch, JAK/STAT, Hippo/YAP/TAZ and MYC pathways are
typical mutational hits in CRC (Muzny et al., 2012; Dobre et al., 2021; Sakai et al., 2018;
Pandurangan et al., 2018; Brown & Ried, 2022). Already in 1990, it was evident that the
stepwise accumulation of mutations in the combination of APC-KRAS-TP53 and SMAD4 is
prevalent in most colorectal cancer cases (see Figure 1) (Fearon & Vogelstein, 1990). This
was validated by stepwise introducing these mutations in normal human intestinal stem cells
(ISCs) in organoid cultures, leading to full blown carcinomas in mouse xenografts and
substantiating the role of cancer stem cells in the process (Drost et al., 2015). Furthermore,
epigenetic alterations, e.g. aberrant DNA methylation, drive CRC development (Raskov et
al., 2020).
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The universal hallmarks of cancer are also true for colorectal cancer. The core pan-cancer
hallmarks consist of evading growth suppressors, avoiding immune destruction, enabling
replicative immortality (e.g. through telomere dysfunction or telomerase reactivation),
tumour-promoting inflammation, activating invasion and metastasis, inducing vasculature,
genome instability and mutation, resisting cell death, deregulating cellular energetics, and
sustaining proliferative signalling (Hanahan & Weinberg, 2011). Additional enabling factors
were added, such as non-mutational epigenetic reprogramming, polymorphic microbes,
senescent cells and phenotypic plasticity (Hanahan, 2022). These hallmarks influence
colorectal cancer at specific stages, as can be seen in Figure 1 (J. Li et al., 2021). However,
in recent years, it has become evident that some of these hallmarks not only apply to cancer
cells but to a complex system of various cells that contribute to them, called the tumour
microenvironment (TME) (de Visser & Joyce, 2023). The importance of the TME is
exemplified in the Immunoscore as a prognostic tool that evaluates the density and
distribution of immune cells (mainly CD3+ T lymphocytes and CD8+ cytotoxic T cells) within
the tumour centre and invasive margin. A higher Immunoscore, indicating stronger immune
infiltration, is linked to a better prognosis and survival. It provides additional information
beyond traditional staging systems to assess cancer prognosis and guide treatment
decisions (G. Sun et al., 2019).

Normal colorectal Dysplastic Benign Large Carcinoma Invasive Distal
epithelium crypt adenomatous polyp adenoma tumor metastasis
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Figure 1: Colorectal cancer disease progression with time-dependent cancer hallmarks
and occurring mutations (J. Li et al., 2021)
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1.1.2 Risk Factors of Colorectal Cancer

Genetic predispositions significantly increase susceptibility to colorectal cancer. Familial
adenomatous polyposis (FAP) is a hereditary condition resulting from mutations in the APC
gene, leading to excessive polyp formation in the colon. Individuals with FAP are at a
heightened risk for colorectal cancer. Chronic inflammation also serves as a notable risk
factor, as it consists of a constant cycle of injury and repair (T. Hirano et al., 2020; Percario
et al.,, 2021; Zhao et al., 2021). Conditions such as inflammatory bowel disease (IBD),
including ulcerative colitis and Crohn’s disease, are associated with a 15-20% probability of
developing colorectal cancer over 30 years (Rizzo et al., 2011; Long et al., 2017; Alrushaid
et al., 2023). Inflammatory processes involve complex interactions between immune cells,
cytokines, and pro-inflammatory mediators, which can promote tumour initiation,
progression, and metastasis (Terzi¢ et al., 2010; Janakiram & Rao, 2014). Furthermore, gut
microbiota contributes to CRC development through complex interactions (Grivennikov et
al., 2012; Shah & ltzkowitz, 2022).Colorectal cancer in later stages evades the immune
system's attacks through numerous anti-inflammatory mechanisms (Burgos-Molina et al.,
2024).

Lifestyle choices play a crucial role in cancer risk. Diets high in red and processed meats,
low in dietary fibre, and deficient in fruits and vegetables are associated with an elevated
risk (Tuan & Chen, 2016). Additionally, lack of exercise, obesity and polymorphisms in
insulin and obesity-related genes have been linked as contributing factors (Tavirani et al.,
2013). Moreover, tobacco usage and excessive alcohol consumption are significant risk
factors for colorectal cancer (Alaryani & Alrdahe, 2022;Ismail & Shatat, 2024). Incidence
rates of colon cancer increase steeply after the age of 50, classifying it as an age-related
disease in concordance with most cancers (Song et al., 2020; Friedenreich et al., 2021).

1.1.3 Classification and Treatment of Colorectal Cancer

CRC is classified by stages, ranging from 0 (carcinoma in situ) to stage IV, where distant
metastasis occurs. Several methods of tumour staging exist, with the tumour-node-
metastasis (TNM) staging being the most significant to date (Arena & Bilchik, 2013). These
stagings, based on histopathological features, are crucial for treatment decisions and
prognosis (Yantiss, 2017).

Early stages of CRC are curable with surgery and adjuvant therapy, which comprises
chemotherapy and/or radiotherapy. First-line therapy is often 5-FU (fluorouracil) in
combination with oxaliplatin (FOLFOX) (Hossain et al., 2022). Late-stage metastatic colon
cancer is challenging to treat; the 5-year survival of patients is low (~15%) but has seen
slight improvement in the last decade (Gallicchio et al., 2022). Late-stage and recurrent
colorectal cancer requires targeted therapy, which may include cetuximab, an anti-EGFR
(epidermal growth factor receptor) agent, and bevacizumab, an anti-VEGF (vascular
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endothelial growth factor) agent, both of which are anti-angiogenesis agents (Xie et al.,
2020). However, most patients do not benefit from targeted therapy and drug resistance
often leads to the recurrence of the cancer (Groenendijk & Bernards, 2014). Intratumour
genetic heterogeneity contributes to treatment failures as resistant subclones may be
selected for during therapy. Improved genomic analyses and clinical data collection are
crucial for addressing tumour diversity and identifying new therapeutic targets (Mroz &
Rocco, 2017).

Colorectal cancer is a heterogeneous disease with diverse molecular alterations and clinical
outcomes. Molecular subtypes based on genetic and epigenetic biomarkers can help predict
treatment response and prognosis (see Figure 2) (Muller et al., 2016). The Cancer Genome
Atlas Project classifications of 2012 have identified two primary mechanisms of genomic
instability: chromosomal instability (CIN) and microsatellite instability (MSI). The majority,
84%, of CRCs are CIN, non-hypermutated, microsatellite-stable (MSS) cancers,
characterised by high DNA somatic copy number alterations (SCNA), and harbour mutations
in APC, TP53, KRAS, SMAD4, and PIK3CA. About 16 % of CRCs display hypermutations
with either microsatellite instability (MSI) due to defective mismatch repair (dIMMR) (~13 %)
or ultra mutations with DNA polymerase proofreading problems (~3%) (see Figure 2)
(Muzny et al., 2012;Muller et al., 2016).

In 2015, a consortium of scientists unified bulk RNA expression data of CRC into four
consensus molecular subtypes (CMS): CMS1 (hypermutated, CIN low, microsatellite
instability, strong immune activation/evasion, hypermethylated, BRAF mutation, RTK/MAPK
activation, JAK/STAT signalling high, 14%), CMS2 (canonical, epithelial, WNT and MYC
signalling activation, 37%), CMS3 (epithelial, metabolic dysregulation, KRAS mutation,
RTK/MAPK activation), CMS4 (mesenchymal, TGF-B activation, stromal invasion and
angiogenesis, matrix remodelling, EMT high) and a unclassified mixed group (13%) (see
Figure 2) (Guinney et al., 2015, Muller et al., 2016).

Several molecular subtyping studies identified fibroblast infiltration and CAF-related genes
as indicative of disease relapse (Dunne & Arends, 2024).

In 2016, the Colorectal Intrinsic Subtypes (CRIS) classification limited the TME impact by
expression profiling of patient-derived xenograft models (PDX) and dividing them into five
subtypes. CRIS-A hallmarks are MSI, KRAS mutations and increased mucous production.
CRIS-B has been shown to increase TGF-$ pathway activation in conjunction with EMT.
CRIS-C depends on EGFR signalling with sensitivity to EGFR inhibitors. In CRIS-D, the
WNT pathway is active with IGF-2 gene overexpression or amplification. CRIS-E consists
of a Paneth cell-like phenotype with TP53 mutations (see Figure 2) (Isella et al., 2017).

In 2002, the single-cell intrinsic consensus molecular subtype (iCMS) classification of
colorectal cancer (CRC) was published, serving as an update to the CMS system. The
division of the groups is based on short copy number alterations (SCNA), with iCMS2
defined as SCNA-high and iCMS3 as SCNA-low. Almost all MSI tumours are categorized in
iICMS3, grouped with high mutation frequency, CIMP, right-sidedness, and mucinous

12



tumours. CMS4 is divided into iCMS2 (better prognosis) and iCMS3 (worse prognosis).
CMS1 tumours are mainly characterized as iICMS3. Interestingly, iCMS3 tumours are
associated with mutations in BRAF, KRAS, and PIK3CA, whereas iCMS2 tumours exhibit
mutations in APC and TP53. A novel intrinsic-MSlI fibrosis (IMF) system considers the iCMS
classification, microsatellite instability, and CAF-related fibrosis grading (see Figure 2)
(Joanito et al., 2022).

The COLON MAP study found that classical adenomas most likely arise from APC mutations
in the crypt LGRS+ stem cell base, leading to MSS tumours. In contrast, serrated polyps
acquired BRAF mutations and are MSI-high. (see Figure 2B; Chen et al., 2021).

A classification based on pathway rather than gene mutation analysis results in three
pathway-derived subtypes (PDS): PDS1 (26%), PDS2 (31%), and PDS3 (30%), as well as
a heterogeneous residual group of 13% of CRC. Epithelial-rich CMS2 is split into two
subtypes, PDS1 and PDS3. The inflammatory/stromal CMS1/CMS4 subtypes are added
within a single subtype, PDS2. Stroma-related epithelial-to-mesenchymal transition (EMT),
TGF-B pathway activation, and interferon responses are key regulators in PDS2 (see Figure
2) (Malla et al., 2024; Dunne & Arends, 2024).

The Cancer Genome Consensus Molecular Colorectal Intrinsic Single Cell Intrinsic Pathway Derived
Atlas (2012) Subtypes (2015) Subtypes (2016) CMS (2022) Subtypes PDS (2024)

Hypermutated CMS1: MSl-immune
dMMR, MSI, CIMP-H, MLH1-s, dMMR, MSI, CIMP-H, MLH1-s,
SCMA-L, BRAFm, TiLs SCMNA-L, BRAFm, TiLs
Ultramutated
POLE, POLD1 proofreading
Chromosomal Instability
(CIN) CMS3: Metabolic
SCNA-L, CIMP-L, KRAS
SCMNA-H, M55, WNT
- - PDS3
Slow-cycling, low stem

CMS Mixed Features CRIS-E: Repressed for cancer halmarks
Transitional (PR A Epithelial differentiation

PDs2

RAFm, Immune,

EMT, TGF-p
em-populations

Non-classified

Figure 2: Colorectal cancer classification systems overview. Abbreviations: dMMR,
deficient mismatch repair; MSI, microsatellite instability; MSS, microsatellite stability; CIMP,
CpG island methylator phenotype (-H, high or -L, low); SCNA, somatic copy number
alteration (-H, high or -L, low); MLH1-s, silencing of MLH1 protein expression by promoter
hypermethylation;, BRAFm, BRAF mutation; TILs, tumour infiltrating lymphocytes;, EMT,
epithelial-mesenchymal transition; CBC, LGRS+ crypt base columnar stem cell; RSC,
ANXA1+ regenerative stem cell; SMI, Stem Maturation Index (Dunne & Arends, 2024)
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Immunotherapy has emerged as a promising treatment for colorectal cancer, particularly for
patients with mismatch repair-deficient and microsatellite instability-high (dMMR/MSI-H)
tumours (Golshani & Zhang, 2020; Fan et al., 2021; Ganesh, 2022). Immune checkpoint
inhibitors targeting PD-1, such as pembrolizumab and nivolumab, have shown efficacy in
this subset of patients, leading to FDA approval for metastatic CRC treatment (Boland & Ma,
2017;H. Hirano et al., 2021). However, most CRC patients are not MSI-H, necessitating the
exploration of additional biomarkers and strategies to expand immunotherapy benefits (Hou
et al., 2022).
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1.2 The Tumour Microenvironment

Cancer originates from mutations that accumulate in cancer cells, but both disease
advancement and treatment responses are heavily influenced by non-mutated cells within
the tumour's surrounding microenvironment (Sahai et al., 2020). Emerging evidence
highlights the crucial contribution of the tumour microenvironment (TME) to tumour
progression, metastasis and therapeutic response (Zhang et al., 2022).
The TME is a complex system comprising various cell types, including epithelial, endothelial,
stromal, and immune cells. Stromal cells constitute a heterogeneous, organ-specific group
that is essential for connective tissue homeostasis. Members of this group are, for example,
fibroblasts, pericytes and adipocytes (Manetti, 2021). Additionally, extracellular matrix
components, metabolic substrates and signalling molecules are of importance in the TME
(Gallo et al., 2021; J. Li et al., 2022). The TME is a challenge to decode due to its high
structural and functional complexity (Belhabib et al., 2021). Importantly, the primary cell type
of the TME is the cancer-associated fibroblast (CAF), which plays a central role in shaping
it (LeBleu & Kalluri, 2018;Q. Zhang et al., 2023). Secreted factors, including cytokines,
chemokines, and growth factors, mediate the complex interactions between CAFs and other
components of the TME (K. Wright et al., 2023). Depending on the context, the crosstalk of
cells in the TME can both favour and hinder tumour progression (Zafari et al., 2022).
The host response to cancer cells results in a fibrosis-like mechanism known as the
desmoplastic reaction. This is characterised by dense extracellular matrix and fibrous
stroma, which plays a significant role in cancer progression, including colorectal cancers (H.
Sato et al., 2023; Ueno et al., 2021). In numerous epithelial tumours, such as pancreatic,
lung, breast, and colorectal cancers, the stroma can make up as much as 90% of the tumour
mass (D’Arcangelo et al., 2020).
The immune system plays a crucial role in colorectal cancer (CRC) development,
progression, and treatment outcomes (Formica et al., 2014; |Jsselsteijn et al., 2019). Cancer
elicits a host response, which leads immune cells (like T-cells and neutrophils) to eliminate
it. Still, cancer evolves strategies to escape the immune system's destruction (Dunn et al.,
2004). Tumours can adopt various immune evasion strategies, like inducing
immunosuppressive environments, ultimately undermining the immune system's ability to
mount an effective response (Kather & Halama, 2019; Guo et al., 2020). The immune
response dynamics in CRC are further complicated by phenomena such as immune
exhaustion, wherein prolonged exposure to tumour antigens diminishes the functionality of
T-cells. This condition presents significant challenges in treatment, particularly with the
advent of immune checkpoint inhibitors, which are designed to reinvigorate exhausted T-
cells and enhance anti-tumour activity (Wozniakova et al., 2022; Cornista et al., 2023).
While inflammation is essential for tissue repair, it can also influence these processes to
promote tumourigenesis (Hanahan & Weinberg, 2011). At the tumour initiation stage,
chronic inflammation is present, which can be caused by disruption of tissue homeostasis,
like in an aberrant wound healing process (West et al., 2015). This may be caused by
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environmental factors, e.g. smoking and can lead to oxidative stres by ROS, leading to DNA
damage and epigenetic changes (Schmitt & Greten, 2021). In later stages, inflammation is
heightened due to cancer cell-derived factors. Hypoxia and activated oncogenes further
drive transcription and secretion of pro-inflammatory cytokines, chemokines and growth
factors from cancer cells (Schmitt & Greten, 2021). Tumour-induced inflammation plays a
crucial role in determining the outcome of cancer (West et al., 2015).

However, tumour cells can evade immune surveillance by altering cytokine profiles or
reprogramming immune cells to create an immunosuppressive TME and CAFs play a central
role in managing this process (Y. Zhang et al., 2020).

Metastasis, the spread of cancer cells to distant organs, is the primary cause of cancer-
related deaths (Steeg, 2016;Fares et al., 2020). This complex process involves multiple
steps, including invasion, intravasation, extravasation, and colonisation (Valastyan &
Weinberg, 2011). Key hallmarks of metastasis include motility, invasion, modulation of the
microenvironment, cellular plasticity, and colonisation ability (Welch & Hurst, 2019).
Metastatic cells interact with the TME, evade immune surveillance, and adapt to new sites
(Obenauf & Massagué, 2015). The epithelial-to-mesenchymal transition (EMT) is a defining
mechanism of this process (Chaffer & Weinberg, 2011). Additionally, CAFs play a vital role
in tumour metastasis across various cancer types (Asif et al., 2021).
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1.3 Cancer-associated Fibroblast (CAF)

1.3.1 Fibroblasts and Myofibroblasts during Wound Healing

Fibroblasts are cells of primarily mesenchymal origin, which play a crucial role in maintaining
and repairing connective tissue, hence producing tissue-specific extracellular matrix (ECM)
(Sahai et al., 2020; Plikus et al., 2021). The ECM is a dynamic network of macromolecules,
such as collagens, fibronectins, laminins, elastins, proteoglycans, and integrins; which
provide structural support and biochemical cues to cells (Yue, 2014; Theocharis et al.,
2016). Fibroblasts are present in nearly all organs and normal tissues, playing a key role in
tissue homeostasis, inflammation and fibrosis during wound healing (Glabman et al., 2022).
Usually, fibroblasts are in a resting state and only become activated upon damage, triggering
a wound healing response (Figure 3) (Kalluri, 2016).

After epithelial damage and blood coagulation, an inflammatory phase begins, during which
immune system cells are recruited and cytokines are produced, resulting in the formation of
granulation tissue (Figure 3). Following this, the growth phase starts with neovascularisation,
the recruitment of repair macrophages and fibroblasts migrating to the wound area and
starting to proliferate (Rodrigues et al., 2019; Younesi et al., 2024). Meanwhile, tissue-
resident fibroblasts also undergo phenotypic and functional changes, acquiring a transient
active phenotype. In this state, fibroblasts are referred to as (proto-)myofibroblasts (Kalluri,
2016). First (proto-)myofibroblasts begin to produce collagen and form contractile
actomyosin stress fibres, which facilitate wound closure and maintain mechanical organ
integrity. Later, myofibroblasts fully mature, adopting a highly contractile phenotype
characterised by the expression of a-smooth muscle actin (a-SMA) and its localisation in
stress fibres (Figure 3). A network is established between microfilament bundles and ECM
proteins, supporting cellular contractility and enabling myofibroblasts to maintain their
surrounding microenvironment. This leads also to an increase in the production of ECM
components (Fotsitzoudis et al., 2022). Myofibroblasts create the mechanical conditions that
promote and sustain their contractile phenotype through a positive feedback loop (Calvo et
al., 2013; Younesi et al., 2024). However, the balance of myofibroblast activity is critical;
excessive activation can lead to fibrosis and scarring, while insufficient activation can impair
wound healing (Figure 3) (Sarrazy et al., 2011; Hinz & Lagares, 2021). Additionally,
fibroblasts during wound healing express specific markers, among them fibroblast activation
protein (FAP), a membrane-bound protein, and vimentin, part of the cytoskeleton (Puré &
Blomberg, 2018; Younesi et al., 2024).

In the final maturation phase of wound healing, the overall number of fibroblastic cells and
vessels is reduced by programmed cell death (see Figure 3) (Hinz, 2016).

During fibrosis, the activation of fibroblasts into myofibroblasts is persistent, and hence
different from acute wound healing (Kalluri, 2016). However, the TME shares remarkable
similarities with a chronic wound-healing process, often described as "wounds that do not
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heal" (Rybinski et al., 2014; Foster et al., 2018). The constantly active fibroblast state is
maintained partially by epigenetic remodelling in the activated fibroblasts, which increases
anti-apoptotic pathways and triggers increased proliferation (Kalluri, 2016). Importantly,
fibroblasts not only produce the ECM and contract it, but also promote angiogenesis,
influence epithelial stem cells, and impact the immune system by secreting chemokines and
cytokines. This means fibroblasts maintain a highly diverse crosstalk with a plethora of
different cells (Kendall & Feghali-Bostwick, 2014; Sahai et al., 2020, Plikus et al., 2021).
Thus, fibroblasts are involved in various physiological and pathological processes, including
ageing, cancer, and inflammation (Boraldi et al., 2024).

The challenge in defining fibroblasts primarily arises from the absence of specific markers
that are not found in other cell types. Fibroblasts are typically characterised by their
morphology, location within tissues, and the lack of markers linked to different other cell
lineages (Sahai et al., 2020).
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Figure 3: Phases of tissue repair and myofibroblast activation (Younesi et al., 2024)
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1.3.2 Cancer-associated fibroblast (CAF): Definition and Marker

In the context of cancer, the active phenotype of fibroblasts found in the TME is called
cancer-associated fibroblast (CAF) (Madar et al., 2013; Czekay et al., 2022). CAFs still
share many characteristics with the fibroblasts mentioned above. However, compared to
normal fibroblasts, CAFs exhibit increased proliferation, migration, secretion, and a distinct
morphology, as well as a higher metabolism, accompanied by aberrant ECM production
(see Figure 4). CAFs are typically larger than inactive fibroblasts, with a spindle shape,
dented nuclei, and branching cytoplasm (Glabman et al., 2022). Additionally, CAFs are more
vulnerable to epigenetic modifications (Chhabra & Weeraratna, 2023). It has been shown
that CAFs impact various cancer hallmarks such as tumourigenesis, proliferation,
angiogenesis, EMT, migration, invasion, metastasis, stemness, immunity and therapy
resistance (Tommelein et al., 2015;L. Deng et al., 2021; Hanahan, 2022). Additionally, CAFs
are implicated in tumour-promoting inflammation and fibrosis (Glabman et al., 2022). CAFs
play a crucial role in regulating key mechanisms involved in cancer progression and
metastasis, as well as in influencing treatment response by promoting cancer cell survival
and aggressiveness (Linares et al., 2021).

Interestingly, genetic alterations like mutations seen in cancer cells are seldom detected in
CAFs (Liao et al., 2019). Multiple signalling mechanisms are involved in the transformation
of resting fibroblasts into CAF and many need to be discovered. The known pathways
include the activation of the Hippo pathway, loss of p53, and activation of heat shock factor
protein 1 (HSF-1), driven by inflammation and alterations in the structure and composition
of the ECM (Glabman et al., 2022). Additionally, other well-known signalling pathways
abundant in cancer, including the transforming growth factor-g (TGF-), Hedgehog (Hh),
Notch, Wnt, nuclear factor kappa-B (NF-kB), Janus kinase (JAK)/signal transducer and
activator of transcription (STAT), mitogen-activated protein kinase (MAPK), and
phosphoinositide 3-kinase (PI3K)/AKT pathways, as well as transcription factors, including
hypoxia-inducible factor (HIF), Snail, and Twist moderate the generation, activation,
heterogeneity, metabolic features and cancer-promoting phenotype of CAFs (Z. Fang et al.,
2023a). Thus, the exact definition of CAFs and which markers they harbour, is a highly
debated and evolving topic (Nurmik et al., 2020a)

A 2020 consensus statement of experts in the field defined CAF as “cells negative for
epithelial, endothelial, and leukocyte markers with an elongated morphology and lacking the
mutations found within cancer cells” (Sahai et al., 2020). Additionally, mesenchymal markers
verify the cells’ identity as fibroblasts. However, this may not be sufficient to exclude cell
types like pericytes and adipocytes (Sahai et al., 2020). Mesenchymal stem cells (MSCs)
express a similar but less complex set of surface markers and can differentiate into
osteoblasts, chondrocytes, and adipocytes. Transdifferentiation from non-fibroblast lineages
can occur through epithelial-to-mesenchymal transition (EMT) and endothelial-to-
mesenchymal transition (EndMT) (Glabman et al., 2022).
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Activated CAF markers comprise but are not limited to: a-smooth muscle actin (a-SMA;
Gene name: ACTAZ2), fibroblast activation protein (FAP), microfibril-associated protein 5
(MFAPS), Tenascin-C (TNC). Whereas fibroblast (not CAF-specific) markers include
fibroblast-specific protein 1 (FSP1, also known as S100A4), platelet-derived growth factor
receptor a/f (PDGFR a/B), Periostin (POSTN), and Vimentin (VIM). These markers have
also been used to delineate various sub-populations of CAFs (Nurmik et al., 2020). Since
the phenotypes of CAFs vary across different tumours, studies on CAFs require the use of
multiple biomarkers to classify these cells precisely (Glabman et al., 2022).

The collagen subtype COL11A1 has been proposed as a pan-cancer-specific biomarker for
activated CAFs (Jia et al., 2016). Additionally, ECM proteins often secreted by CAF are
tenascin-C, periostin (POSTN), fibronectin, and neural/glial antigen 2 (NG2) chondroitin
sulphate proteoglycan (Glabman et al., 2022).

Identifying a universal marker for activated fibroblasts is challenging due to their high
heterogeneity. Several biomarkers have been identified to detect CAFs; however, none are
specific to fibroblasts. The available markers typically indicate a change in functional state
and often delineate CAF into specific subtypes (Yang et al., 2023; Zhao et al., 2023; Allen,
2024; Nurmik et al., 2020; Glabman et al., 2022).

1.3.3 Origin of CAFs

CAFs originate from several precursor cells, including normal fibroblasts, stellate cells,
mesenchymal stem cells (MSCs), adipocytes, epithelial cells, endothelial cells, pericytes,
stellate cells, cancer stem cells, and monocytes (see Figure 4) (Nair et al., 2017; Lavie et
al., 2022; Glabman et al., 2022).Some of these are recruited from distant sites, like the bone
marrow, while others differentiate from tissue-resident cells. Normal fibroblasts, particularly
tissue-resident fibroblasts, are the most common source of CAFs (Xiang et al., 2022).
However, circulating fibrocytes can also invade the TME. Some CAFs are thought to evolve
from epithelial or endothelial cells that have undergone trans differentiation (via epithelial or
endothelial mesenchymal transition (EMT/EndMT) (Fotsitzoudis et al., 2022). The exact
origin of CAFs and the mechanism of how they are activated are still debated (Sahai et al.,
2020).
CAFs gradually change with progressing cancer, a process termed stromatogenesis (Sahai
et al., 2020; Chhabra & Weeraratna, 2023). While predominantly tumour-promoting, some
CAF subsets may restrain tumour growth functions, particularly in the early stages of cancer
development (Biffi & Tuveson, 2021; Abudukelimu et al., 2024). Normal fibroblasts exert a
tumour-suppressive effect, but when they turn into CAFs, they tend to promote tumour
growth (Sahai et al., 2020). The transition from fibroblasts to CAFs is mainly irreversible, yet
the CAF phenotype remains flexible within or across different tumour types (Glabman et al.,
2022). An alternative hypothesis has been proposed, suggesting that CAFs represent a cell
state driven by autocrine and paracrine signalling, rather than a distinct cell type (Kalluri,
2016).
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1.3.4 CAF activation

Activation is a term that is not well-defined and can mean any increased or novel
characteristic or function of CAFs. This can refer to various changes, such as cell
contraction, migration, proliferation, cytokine secretion, and ECM remodelling (see Figure 4)
(Hinz, 2016). The most widely agreed-upon activated CAF phenotype is characterised by
high ECM production and remodelling, with high a-SMA and FAP expression (Nurmik et al.,
2020; Sahai et al., 2020). However, the expression of these markers is highly dynamic, vary
between subpopulations and tumours and do not represent all CAF-associated functions
(Nurmik et al., 2020). Additionally, to their contractile capabilities, CAFs display an increase
in the secretion of many factors (Belhabib et al., 2021). Furthermore, increased proliferation
can be detected, as they become more metabolically active and exhibit enhanced migration
capabilities (see Figure 4) (Kalluri, 2016).

The activation of fibroblasts into CAFs is believed to be mainly driven by cancer cell-derived
factors (Yang et al., 2023). However, other cell types (e.g. macrophages) might also be
involved in CAF activation. CAF and macrophages have been described as having a
reciprocal relationship (Comito et al., 2014). The impact of growth factors, cytokines, and
paracrine interactions mainly drives the activation of CAFs (Avagliano et al., 2018).
Moreover, Notch signalling via direct contact and several nuclear receptors may play a part
in CAF activation (Liao et al., 2019). Additionally, many contributing factors influence CAF
generation, such as inflammation, ECM stiffness and metabolic reprogramming (Calvo et
al., 2013;Avagliano et al., 2018; Sahai et al., 2020).

Signals leading to CAF activation can be grouped into several mechanisms, including
tumour growth factor B (TGF-B) signalling, inflammatory signalling (IL-1, IL-6, and TNF),
direct cell-cell contact, extracellular matrix stiffness, DNA damage, physiological stress, and
receptor tyrosine ligands (Sahai, 2020).

The most established route for activating CAFs is the tumour growth factor-B (TGF-[3)
pathway (Hanley et al., 2014; Shi et al., 2020; Chandra Jena et al., 2021). TGF-$ family
ligands activate the SMAD signalling, which, in combination with serum response factor
(SRF), upregulate a-SMA expression and the contractile cytoskeleton (Hawinkels et al.,
2014; Sahai et al., 2020). Lysophosphatidic acid produced by cancer cells works in synergy
with TGF-B to promote the activation and enhance the contractility of CAFs (Sahai et al.,
2020).

Furthermore, direct contact between cancer cells and CAF can lead to activation, which
promotes tumour growth and metastasis (Sahai et al., 2020). Essential proteins and
receptors activated by direct contact are: cadherins, integrins, fibronectin, ephrin-receptors
and Notch (Yamaguchi & Sakai, 2015; Labernadie et al., 2017; Strell et al., 2019; Kakarla
et al, 2022; Dhungel & Dragoi, 2024). Additionally, hetero-cellular gap junction
communication exists, working unidirectionally from CAF to cancer (M. Luo et al., 2018).
Various cytokines and growth factors, such as epidermal growth factor (EGF), fibroblast
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growth factor (FGF) and platelet-derived growth factor (PDGF), have been shown to
promote the differentiation of various cell types into CAFs. These growth factors activate
receptor tyrosine kinases (Sahai et al., 2020; Glabman et al., 2022; Yang et al., 2023).

IL-1 from innate immune cells activates NF-kB in CAFs, leading to IL-6 production through
the JAK1-STAT3 pathway and promoting CAF differentiation (Erez et al., 2010; Sanz-
Moreno et al., 2011). Furthermore, the signalling of JAK1-STAT3 leads to increased Rho-
dependent actomyosin contractility (Sanz-Moreno et al., 2011a). Additionally, modifications
in histone acetylation in response to STAT3 further drive the activation of CAF through an
epigenetic switch (Albrengues et al., 2015).

The stiffness of the ECM can affect CAF function via YAP/TAZ, involving yet again the
upregulation of SMAD, leading to increased a-SMA transcription and thus creating a
feedback loop (Calvo et al., 2013).

Cellular stress activates CAFs, such as misfolded protein response, reactive oxygen species
(ROS), hypoxia or DNA breaks (Scherz-Shouval et al., 2014; Costa et al., 2014; Arcucci et
al., 2016; Glabman et al., 2022).

Furthermore, cancer therapies modulate CAF behaviour, which might influence therapy
resistance (Sahai 2020). All the above-described mechanisms can lead to senescence in
fibroblasts, where they don’t proliferate but secrete inflammatory cytokines, a state also
termed senescence-associated secretory phenotype (SASP) (Takasugi et al., 2022).
Overall, the exact origin of CAFs and activation mechanisms within the TME are versatile
but still not fully understood. Future studies utilizing lineage tracing for the cell of origin will
be crucial for gaining deeper insights into CAF origins and their evolution during
tumourigenesis (Glabman et al., 2022).

1.3.5 CAF heterogeneity and subtypes

As already outlined above, the functions of CAFs are manifold and highly diverse (Ganguly
et al., 2020; Louault et al., 2020).Fibroblasts in healthy tissues are already very
heterogeneous, and their diversity even increases when they turn into CAFs (Shaw &
Rognoni, 2020). This means CAFs within a distinct tumour show high heterogeneity, but this
diversity furthermore increases when accounting for different cancer types (K. Wright et al.,
2023).
Further, CAF heterogeneity can be modulated by several tumour cell-derived growth factors
and chemokines, including epidermal growth factor (EGF), platelet-derived growth factor
(PDGF), fibroblast growth factor (FGF), interleukin-6 (IL-6), tumour necrosis factor a (TNF-
a) and interleukin 18 (IL-1B) (Yang et al., 2023).
In 2017, Ohlund et al. categorized CAFs of pancreatic ductal adenocarcinoma (PDAC) in a
co-culture experiment, which simulated the desmoplastic reaction observed in patients
(Ohlund et al., 2017; Fiorini et al., 2020). Two distinct setups resulted in two different
subtypes: myofibroblastic CAFs (myCAFs), characterized by high a-SMA and low IL-6
expression, and inflammatory CAFs (iCAFs), characterized by low a-SMA and high IL-6
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expression (see Figure 4). MyCAFs, activated by direct contact with cancer cells, are located
adjacent to the tumour cells. In contrast, iCAFs are induced by cancer cell-derived or
immune cells-derived factors like IL-1a and TNF-a and are situated more distantly from
tumour cells (see Figure 4). Functionally, iCAFs promote tumour progression by secreting
inflammatory cytokines and growth factors that enhance cancer cell proliferation,
metastasis, and chemoresistance. In contrast, myCAFs exhibit a dual role, inhibiting or
promoting tumour growth depending on the tumour stage and the surrounding TME (Ohlund
et al., 2017). These two opposing subtypes have been frequently identified in different
cancers (Sahai et al., 2020). But whether these subtypes are specific for pancreatic cancer
only has yet to be determined.

Furthermore, subpopulations are interchangeable, depending on culture conditions (Elyada
et al., 2019). The functional specialization of CAF might be transient, as it has been shown
that TGF-B transforms fibroblasts into myCAFs, which in turn simultaneously inhibit their
transformation into iCAFs by downregulating IL1R1 expression, a key factor for NF-kB
signalling and the subsequent production of IL-6 (Biffi et al., 2019). The myofibroblast state
is dependent on a variety of extracellular cues; therefore, it can be reasoned that if these
cues change, the myofibroblast changes as well, making it highly adaptable (Avery et al.,
2018; Malik et al., 2019). Hence, the system is highly dynamic with changes in dominant
subpopulations and their connected functions, leading to different patient prognoses in
different cancers (Asif et al., 2021). Some functions are subset-specific (myCAF/iCAF) or
marker-specific (FAP). Myofibroblastic CAF (myCAF) play a crucial role in cancer
progression by promoting ECM production and remodelling, supporting cell-ECM
interactions, and playing a role in regulating adaptive immune responses (Ozdemir et al.,
2014). iCAFs are typically defined by their secretory and pro-inflammatory phenotype
(Glabman et al., 2022). However, these two subtypes may represent the extremes of a
functional spectrum influenced by IL-1-R1 expression, which is regulated by the balance
between TGF-B signaling (promoting myCAFs) and IL-1/JAK/STAT signalling (promoting
iCAFs) activation (Biffi et al., 2019).

CAFs can also be classified based on their location, such as within the primary tumour,
circulating in the bloodstream or at metastatic sites (MAFs) (Glabman et al., 2022). Adding
to the complexity, the temporal evolution of CAFs during tumour progression makes it
challenging to isolate the specific impact of their spatial distribution (Kalluri, 2016;
D’Arcangelo et al., 2020).

Further research investigating single-cell RNA sequencing and bulk sequencing of PDAC
revealed a new subtype named antigen-presenting CAFs (apCAFs). These apCAFs are
characterized by the expression of primary histocompatibility complex class Il molecules
(MHC 1l) (see Figure 4) (Elyada et al., 2019; Yang et al., 2023; Papait et al., 2022).

A variety of rarely occurring CAFs have been described across different cancers using
single-cell RNA sequencing: proliferative CAFs (pCAFs) or cycling CAFs (cCAFs),
developing CAFs (dCAFs), interferon-response CAFs (ifnCAFs), matrix CAFs (mCAFs),
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metabolic CAFs (meCAFs), mesothelial CAFs (mesCAFs), EMT-like CAFs, epithelial to
mesenchymal transition-like CAFs, tumour-like CAFs (tCAFs), reticular-like CAFs (rCAFs)
and vascular CAFs (vCAFs) (Glabman et al., 2022; Kazakova et al., 2024). Recent scRNA-
sequencing transcriptome data of several cancers suggest that there are between 3 and 4
major subsets of fibroblasts (H. Luo et al., 2022; C. Ma et al., 2023; B. Chen et al., 2023).
However some of these subsets may share overlapping characteristics and exhibit context-
dependent or tumour-dependent variability (Glabman et al., 2022).

Specific mutations, such as those in KRAS and p53, can affect CAF characteristics.
Pancreatic ductal adenocarcinoma (PDAC) shows that p53 mutations increase tumour
necrosis factor (TNF) secretion and enhance ECM remodelling. Although these studies are
limited by not factoring in the non-genetic effect of the TME (Tape et al., 2016; Vennin et al.,
2019; Sahai et al., 2020). PDAC and breast cancer, both of which are frequently
characterised by a dense desmoplastic stroma, the classification of subtypes is more
precisely defined (Lunardi et al., 2014; Wang, 2015; Elyada et al., 2019; Bartoschek et al.,
2018;Sebastian et al., 2020;Di Maggio & El-Shakankery, 2020). However, in CRC, no clear
subtypes have been established yet, with several papers proposing different subtypes. Two
distinct single-cell transcriptomic profiles for colorectal cancer-associated fibroblasts (CAFs)
have been identified by Li et al. CAF-A cells have been associated with the expression of
matrix metalloproteinase 2 (MMP2), decorin (DCN), and collagen type 1 alpha 2 (COL1A2).
In contrast, CAF-B cells harbour myofibroblast markers such as ACTA2 (a-SMA), TAGLN,
and PDGFA. CAF-A are associated with ECM remodelling, whereas CAF-B are proposed
as activated myofibroblasts (H. Li et al., 2017). Zhang et al found two subsets of CAF in
CRC: ACTAZ2+ myofibroblasts and FAP+ CAF, with different subsets of tumour-associated
macrophages (TAM) interacting with them (L. Zhang et al., 2020). Additionally, CAFs have
been grouped by a separate study, which identified podoplanin (PDPN), a-SMA, and
S100A4 (FSP), each associated with distinct prognostic outcomes. The high expression of
the marker PDPN+ led to a better prognosis, whereas the combination of the absence of
PDPN with high a-SMA or S100A4 showed a poor prognosis (Choi et al., 2013).

Another single-cell sequencing and transcriptomics study identified CRC-CAF based on four
different marker expressions (ACTA2, FAP, PDGFRB, and NOTCH3). This group identified
four high-risk marker expressions (TCF7L1, FLNA, GPX3, and MMP11) associated with
ECM remodelling, PI3K signalling, and focal adhesion pathways. They also associated the
identified genes with predictions in response to PDL-1 immunotherapy (Zhao & Chen, 2022).
In future studies, the use of single-cell sequencing and other novel techniques to identify
fibroblast subsets holds promise for providing greater clarity on this specific topic (Lavie et
al., 2022).
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1.3.6 CAF function

CAFs provide the nurturing "soil" where cancer "seeds" thrive and proliferate (Chhabra &
Weeraratna, 2023). However, the cancer “seed” shapes the CAF “soil” according to its
needs (Belhabib et al., 2021). CAF play an essential role in tumour progression by
influencing multiple cancer hallmarks, including cancer growth, angiogenesis, metastasis,
immune evasion and therapy resistance (Tommelein et al., 2015;Deng et al., 2021;Asif et
al., 2021; Czekay et al., 2022; Glabman et al., 2022). The main CAF functions that support
cancer are CAF-directed extracellular matrix remodelling, secretion of factors, metabolism
and direction of the immune system (Deng et al., 2021;Glabman et al., 2022).

CAFs support tumour growth by secretion of growth factors (Linares et al., 2021;Biffi &
Tuveson, 2021)and metabolic reprogramming (Z. Li et al., 2021).

CAFs produce and remodel the extracellular matrix, which increases fibrosis and
stiffness, thereby facilitating proliferation, invasion, EMT, and metastasis. Additionally, this
forms a physical barrier that prevents immune and drug penetration (Winkler et al., 2020;Asif
et al.,, 2021).

CAFs promote tumour invasion and metastasis mainly by secretion of pro-metastasis
factors and remodelling the ECM (Erdogan & Webb, 2017; Asif et al., 2021).

CAF induce Angiogenesis: Promoting blood vessel formation to nourish the tumour (Z.
Zhang et al., 2025)

CAFs modulate the immune system: They contribute to chronic inflammation that
promotes tumour progression and create an immunosuppressive microenvironment that
helps tumour cells evade immune detection (Monteran & Erez, 2019; Mhaidly & Mechta-
Grigoriou, 2021)

CAFs contribute to therapy resistance: playing a role in resistance to cancer therapies,
including chemotherapy and immunotherapy (Y. Chen et al., 2021)

1.3.7 CAF therapy

Recent research has identified IL-1 and TGF-3 as key cytokines secreted by tumours that
drive the heterogeneity of CAFs. TGF-B signalling suppresses IL-1 receptor 1 (IL-1R1)
expression, inhibits IL-1 responses, and promotes the differentiation of fibroblasts into
myofibroblast CAFs. In contrast, IL-1 signalling activates the JAK/STAT pathway, leading to
the development of inflammatory CAFs (Yoshida, 2020). This dynamic has led to the
concept of a "stromal switch," where tumour-promoting CAFs could potentially be
reprogrammed into tumour-suppressing CAFs (D. Yang et al.,, 2023). Small-molecule
inhibitors targeting TGF-3 signalling have shown promise in modulating CAF activity and
suppressing tumour progression (Z. Fang et al., 2023; Yoshida, 2020).

CAFs and their secretome are emerging as valuable targets for cancer diagnosis, prognosis,
and therapy. Several cytokines within the CAF secretome are being explored as potential
biomarkers in clinical settings (Linares et al., 2021). For instance, chemotherapy has been
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shown to increase the representation of stromal cells in residual tumours, and CAFs can
support tumour regrowth after DNA damage through the secretion of WNT-16B (Y. Sun et
al., 2012). Epigenetic alterations, such as DNA methylation changes, are also recognised
as key determinants of CAF phenotype and are being investigated in clinical trials (Linares
et al., 2021)

Therapeutic strategies targeting CAFs include those aimed at directly depleting CAFs,
reducing their tumour-promoting functions, or reprogramming them to a quiescent state.
Chemotherapy strategies focus on reverting activated cancer-associated fibroblasts (CAF)
to a quiescent state using agents like all-trans-retinoic acid (ATRA) or minnelide, which
disrupts TGF-B signalling. The angiotensin receptor Il antagonist losartan has also been
shown to reduce CAF activation, decrease desmoplasia, and improve drug delivery and
immunotherapy efficacy, with ongoing trials investigating its use in pancreatic cancer
(Glabman et al., 2022).

Recent research also targets immunosuppressive CAF functions by inhibiting key signalling
pathways such as IL-6, LIF, TGF-, and the CXCL12/CXCR4 axis, which plays a role in
cancer progression and immunosuppression. CXCR4 inhibitors, such as plerixafor, have
been shown to reduce fibrosis, normalise vasculature, and enhance the efficacy of
checkpoint inhibitors (Glabman et al., 2022). Additionally, targeting CAF-derived proteins
through secretome analysis holds potential for identifying new therapeutic targets and
prognostic markers (De Boeck et al., 2013).

Despite preclinical promise, targeting CAFs in human clinical trials has faced challenges.
Trials aimed at targeting CAFs in melanoma, breast cancer, pancreatic cancer, and
colorectal cancer have been unsuccessful so far (Glabman et al., 2022). The complexity of
CAF biology, including their diverse origins and functional plasticity, complicates the
development of effective therapies (Yoshida, 2020; L. Deng et al., 2021;Chhabra &
Weeraratna, 2023). Further research is needed to understand CAF heterogeneity better and
develop more effective CAF-directed treatments (Abudukelimu et al., 2024). Additionally,
the modulation of CAFs, rather than their complete ablation, is emerging as a more viable
strategy (Sahai et al., 2020). Challenges in targeting CAFs include their heterogeneity,
plasticity, lack of specific markers, and issues with current animal models (Glabman et al.,
2022).
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1.4 CAF markers

1.4.1 Alpha-smooth muscle actin

Alpha-smooth muscle actin (a-SMA), also known as smooth muscle aortic alpha-actin
(ACTA2), is a member of the actin protein family, a conserved group essential for cell
motility, structure, and integrity. a-SMA plays a crucial role in wound healing and the
activation of myofibroblasts. a-SMA integrates into stress fibres, thus contributes to the
contractility of myofibroblasts, which are involved in tissue remodelling (Nurmik et al., 2020).
Myofibroblast activation is a continuum (see Figure 5): initially, fibroblasts transition to a
proto-myofibroblast state, which is migratory and ECM-producing, and eventually into a fully
activated myofibroblast, marked by the high de novo synthesis of a-SMA (see Figure 5).
These myfibroblasts then contract the ECM through a-SMA integration into stress fibres,
making them a key component in wound healing and fibrosis (Hinz & Lagares, 2021).
Signalling pathways such as TGF-B, Wnt/B-catenin, and Hedgehog are known to drive
myofibroblast differentiation and a-SMA expression (C. Han et al.,, 2020).Given the
significantly higher number of myofibroblasts in the TME, a-SMA has become a significant
indicator protein for CAFs and is widely recognised as a CAF marker across various tumour
types, including breast (Muchlinska et al., 2022), pancreatic (Geng et al., 2021),
cholangiocarcinoma (Sirica & Gores, 2014) and non-small cell lung cancers (Irvine et al.,
2021). a-SMA expression may promote tumour progression through ECM remodelling and
thus is a widely used indicator of cancer prognosis (Nurmik et al., 2020; C. Han et al., 2020).
However, like other CAF markers, a-SMA expression varies across CAF subtypes,
highlighting CAF heterogeneity and underscoring that its expression is not specific to CAFs
alone, as smooth muscle cells and pericytes also express a-SMA (Nurmik et al., 2020;
Kalluri, 2016). Consequently, a-SMA is often used in combination with other markers to
characterise CAF populations more precisely (D. Yang et al.,, 2023).The molecular
mechanisms that regulate a-SMA expression in CAFs remain incompletely understood,
particularly in response to microenvironmental cues and therapeutic interventions (Nurmik
et al., 2020).

We have only partial insights into the impact of a-SMA on cancer growth and progression.
For example, in luminal breast cancer, a-SMA* CAFs promote tumour growth by secreting
osteopontin, which increases Ki-67 expression, a marker of proliferation, in adjacent tumour
cells (Muchlinska et al., 2022). a-SMA+ CAFs also enhance angiogenesis, correlate with
lymph node metastasis, and increase cancer stem cell (CSC) frequency (Cao et al., 2025).
Other possible effects of a-SMA reported in studies include IL-6—mediated chemoresistance
(Quante et al., 2011; Mellone et al., 2016; McAndrews et al., 2022). BMP-4 signalling that
modulates cancer stemness (Quante et al., 2011; McAndrews et al., 2021) and autophagy-
dependent regulatory T cell synapse formation, which promotes immune evasion (Varveri
et al., 2024). Conversely, in colorectal and pancreatic cancers, depletion of a-SMA+ CAFs
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is associated with greater invasiveness, metastasis, and reduced survival, indicating that, in
these settings, these cells restrain tumour progression (Ozdemir et al., 2014; McAndrews et
al., 2021; McAndrews et al., 2022). Additionally, a-SMA* CAFs may secrete a range of
cytokines and chemokines, such as M-CSF, IL-6, IL-8, IL-10, TGF-3, CCL-2, and CXCL12,
which additionally induce macrophage differentiation and M2 polarisation, which contributes
to immunosuppressive TME (Mace et al., 2013; Nagarsheth et al., 2017).

Despite its importance, a-SMA’s specificity and prognostic value are context-dependent. Its
expression varies by cancer type and CAF source (Micalet et al., 2024; Kumar et al., 2023).
Quantitative assessments range from as low as 0.35% to nearly 50% a-SMA-positive areas
in tumour stroma (Tsujino et al., 2007;lkuta et al., 2018; Zhu et al., 2012).

Some CRC studies link higher a-SMA expression with poor prognosis, while others find no
strong statistical associations (Hawinkels et al., 2014; Sculthorpe et al., 2024; Sinn et al.,
2014; K.-H. Sun et al., 2016). A study shows that a-SMA-positive CAF suppress CSCs and
limits tumour progression (McAndrews et al., 2021).The pro-tumour effect of a-SMA may be
particularly observable in mismatch repair—proficient CRCs (Sculthorpe et al., 2024).
Neoadjuvant therapy in CRC is linked to increased a-SMA/epithelial area ratio, which
correlates with poor recurrence-free survival (Verset et al., 2015). In addition, studies report
that TGF-B/Smad activation induces a-SMA and upregulates matrix metalloproteinase,
which drives key processes such as EMT, invasion, and chemoresistance in CRC
(Hawinkels et al., 2014). Thus, in CRC, a-SMA* CAFs display complex, sometimes opposing
functions. These findings indicate that a-SMA expression defines a heterogeneous fibroblast
population with context-dependent effects on cancer progression.

Therapeutic strategies targeting a-SMA™ CAFs are being explored, though outcomes have
been mixed (Ozdemir et al., 2014; Sculthorpe et al., 2024). Nonetheless, a-SMA remains an
essential marker of CAF activation, providing a useful tool for the functional assessment of
the TME. Combination therapies involving CAF-targeted agents, chemotherapy, and
immunotherapy are under investigation, with bispecific antibodies offering one promising
approach (Kalluri, 2016; Cao et al., 2025; D. Yang et al., 2023).
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1.4.2 Fibroblast activation protein

Fibroblast activation protein alpha (FAP) is a membrane-bound serine protease belonging
to the dipeptidyl peptidase (DPP) family, which is predominantly expressed in CAFs during
wound healing and in fibrotic and inflammatory conditions such as arthritis or cirrhosis
(Fitzgerald & Weiner, 2020; Busek et al., 2018; Cao et al., 2025). While its expression is
minimal in healthy adult tissues, FAP is significantly upregulated in over 90% of epithelial
cancers in the stroma, including colorectal, breast, pancreatic, and lung cancers, especially
at the invasive fronts of tumours, where it correlates with poor prognosis, therapy resistance
and more aggressive cancer subtypes (Coto-Llerena et al., 2020; Kalaei et al., 2023; Cao
et al., 2025).

Functionally, FAP acts as a dual-specific protease, exhibiting both dipeptidyl peptidase and
endopeptidase activity. It cleaves ECM components, such as collagen | and Il and
fibronectin, thereby remodelling the TME to promote angiogenesis, invasion, EMT and
immunosuppression. FAP is activated by cytokines such as TGF-B, IL-13, and TNF-a, and
activates downstream pathways including PI3K/AKT, SHH, and STAT3, probably
independently of its enzymatic activity (Fitzgerald & Weiner, 2020; Xin et al., 2021).
Furthermore, it was shown that FAP-positive CAFs produce ECM that facilitates cancer
migration (Z. Cao et al., 2025). Moreover, FAP’s interactions with integrins and matrix
metalloproteinases further facilitate tumour cell migration and immune evasion. FAP* CAFs
contribute significantly to the immunosuppressive nature of the TME and thus enhance the
resistance to immune checkpoint blockade. FAP* CAFs secrete immunomodulatory
chemokines such as CXCL12 and CCL2, excluding cytotoxic T-cells and recruiting myeloid-
derived suppressor cells (MDSCs), thus enhancing immune evasion (D. T. Fearon, 2014;
Feig et al., 2013; Cao et al., 2025). In a transgenic mouse model, eliminating FAP-
expressing cells triggered rapid hypoxic necrosis, driven by IFN-y and TNF-qa, both linked to
CD8" T-cell-mediated tumour cell destruction (Kraman et al., 2010; Z. Cao et al., 2025).
Genetic deletion and pharmacologic inhibition of FAP inhibited tumour growth in a mouse
model of CRC (Santos et al., 2009). Furthermore, FAP silencing in CAFs impaired tumour-
promoting functions in preclinical studies (Cao et al., 2025).

FAP is widely considered as one of the most viable CAF markers for potential clinical
application, and several therapeutic approaches have been developed, including
monoclonal antibodies (e.g., Sibrotuzumab), small molecule inhibitors (e.g. Talabostat),
radiotherapy-conjugates, CAR-T cells, and FAP-targeted vaccines (Busek et al., 2018; Xin
et al., 2021). However, clinical trials of Talabostat and Sibrotuzumab in colorectal cancer
failed to demonstrate efficacy in Phase Il, highlighting the limitations of targeting FAP in
isolation (Nurmik et al., 2020).

Emerging data from single cell sequencing studies, show that FAP expression is restricted
to specific CAF subpopulations, while other fibroblasts within the TME do not express FAP
at all (H. Li etal., 2017 ; Nurmik et al., 2020). In CRC specifically, FAP is mainly expressed
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in stromal cells and less frequently in epithelial cancer cells and is linked to deeper invasion,
lymph node metastasis, poor survival, and resistance to PD-L1 immune checkpoint blockade
(Henry et al., 2007; Henriksson et al., 2011; Qi et al., 2022). Hence, FAP expression is
believed to be a key factor in the shift from a tumour-resistant to a tumour-permissive
microenvironment (Barrett & Puré, 2020).

1.4.3 IL1R1

Interleukin-1 (IL-1) signalling has emerged as a critical driver of CAF activation and immune
modulation within the TME. Activation of the JAK/STAT pathway by IL-1 signalling promotes
the differentiation of fibroblasts into inflammatory CAFs, which secrete tumour-promoting
cytokines and express immune-inhibitory markers, thereby contributing to an
immunosuppressive TME, supporting tumour growth and dampening effective immune
responses (Gelfo et al., 2018).

IL-1 receptor type 1 (IL-1R1) has been identified as a marker of a CAF subset with potent
immunosuppressive and tumour-supportive functions. IL-1a/f stimulation of IL-1R1* CAFs
generates fibroblasts capable of suppressing T-cell activity and inhibiting macrophage
function while simultaneously promoting tumour progression (Koncina et al., 2023). Notably,
IL-1R1 activation has been linked to fibroblast senescence, enhanced migration,
angiogenesis, and resistance to therapy through downstream pathways, including
JAK/STAT and PI3K/AKT (Diaz-Maroto et al., 2021; Diaz-Maroto et al., 2019; Ma et al.,
2021;Nicolas et al., 2022). Clinical relevance is underscored by the observation that high IL-
1R1 expression correlates with poor prognosis and resistance to targeted therapies,
including cetuximab, particularly in KRAS-mutant CRC (Gelfo et al., 2018). Recent findings
suggest that IL-1 receptor antagonists can enhance chemosensitivity to fluorouracil by
dampening inflammatory signalling via NF-kB, offering a potential strategy for overcoming
resistance in CRC patients (Yan et al., 2020). Furthermore, targeting both IL-1R1" CAFs
and immune checkpoints, such as PD-L2, is being explored as a promising approach to
disrupt the immunosuppressive TME and improve immunotherapy efficacy (Gorchs et al.,
2019; K. C. Y. Huang et al., 2020).

1.4.4 Podoplanin

Podoplanin (PDPN) is a transmembrane glycoprotein widely expressed in CAFs, as well as
in various lymph vessels, tumour cells, epithelial cells, and inflammatory macrophages (Pula
et al,, 2013; Nurmik et al., 2020). While not fibroblast-specific, PDPN is markedly
upregulated in CAFs compared to normal fibroblasts and plays a pivotal role in cancer
progression, inflammation, and tissue remodelling (Quintanilla et al., 2019). Its expression
has been associated with both tumour-promoting and context-dependent prognostic roles
across cancer types, highlighting its complex and dualistic function in the TME (Choi et al.,
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2013; Suzuki et al., 2022; Nurmik et al., 2020).

Mechanistically, PDPN contributes to tumour progression by enhancing cell motility,
migration, and invasion, mainly through activation of the Rho/ROCK signalling pathway in
CAF and cancer cells, which facilitates ECM remodelling and invasion in both in vitro and in
vivo models (Wright et al., 2023; Quintanilla et al., 2019). PDPN-expressing CAFs influence
overall and disease-free survival, underlining their relevance in clinical prognosis (Pula et
al., 2013; Quintanilla et al., 2019). Despite its expression in multiple cell types, recent studies
emphasise PDPN's utility in identifying pro-tumourigenic fibroblast subpopulations, which
are often correlated with worse clinical outcomes in various tumours (Nurmik et al., 2020).
This makes PDPN a valuable, albeit not exclusive, marker for interrogating fibroblast
heterogeneity within the TME.

In CRC, PDPN serves as a marker of distinct CAF subpopulations, with PDPN-positive CAFs
located near tumour tissue considered to be a significant prognostic factor (Oleynikova et
al., 2023). Interestingly, some studies report a correlation between PDPN expression and
favourable prognosis in CRC (Choi et al., 2013), in contrast to findings in other cancers
where PDPN expression is linked to poor outcomes (Suchanski et al., 2017; Hu et al., 2018).

1.4.5 Programmed cell death ligand 2

CAFs contribute to immune evasion, and Programmed cell death ligand 2 (PD-L2), a ligand
for the PD-1 immune checkpoint, plays a significant role in various cancers (Y. Wang et al.,
2023). PD-L2 is expressed at higher levels in CAFs compared to normal fibroblasts,
promoting immune evasion by inhibiting T-cell proliferation and contributing to an
immunosuppressive environment (Gorchs et al.,, 2019). In CRC, PD-L2 expression
correlates with tumour progression, with elevated PD-L2 levels in some studies linked to
favourable survival outcomes (K. C. Y. Huang et al., 2020a). However, PD-L2's role remains
controversial, as it has been associated with both tumour promotion and immune response
modulation (Rozali et al., 2012; Pyo et al., 2019). PD-L2 may promote tumour growth by
inhibiting T-cell activity, particularly in CRC, where high PD-L2 expression correlates with
poorer prognosis in some cases (H. Yang et al., 2019). In line, PD-L2* CAFs influence the
function of tumour-infiltrating lymphocytes (TILs), leading to a more immunosuppressive
TME (Lv et al., 2023). However, PD-L2 overexpression can also be associated with
improved survival rates in advanced stages of CRC (Huang et al., 2020).

Recently it has been shown that PD-L2 functions as an independent immune checkpoint in
CRC, distinct from PD-L1, and offers a complementary therapeutic strategy to PD-1/PD-L1
blockade (L. Zhu et al., 2024). Hence, targeting both PD-L1 and PD-L2 could enhance
immunotherapy effectiveness in cancers like CRC, potentially improving patient outcomes
(Passardi et al., 2019; Gorchs et al., 2019).
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1.5 Aim of the thesis

This thesis aims to investigate CAF subtypes derived from human colon cancer in vitro. First,
we wanted to know how cytokines of the TME modulate the expression of the myofibroblast
CAF marker a-SMA. A particular focus is placed on the dependency of such activation on
canonical TGF- receptor signalling, and the potential for synergistic effects between the
cytokines IL-4, IL-13, IFN-y, and TGF-1. Additionally, this research wishes to evaluate how
external factors, such as culture conditions or the presence of pathway inhibitors (e.g., A-
83-01), modulate CAF responses to cytokine stimulation. Two methods, In-Cell western and
confocal imaging, should be utilised to characterise the dynamic changes in the expression
of a-SMA, following treatment with the abovementioned cytokines and inhibitors. We then
planned to additionally test the influence of inflammatory cytokines, IL-13 and TNF-a, and
assessed the impact on further CAF markers, such as FAP, PD-L2, PDPN, and IL-1R1.
Secondly, we wanted to know how the defined cytokine environments (IL-4, TGF-1, IL-13
and TNF-a) shape the tumour-modulatory functions of CAFs. For this, we planned to use
conditioned media from CAF to explore the effects of cytokine-pretreated CAFs on the
viability of patient-isolated colorectal cancer organoids. To test organoid viability, we wanted
to implement the CellTiter-Glo 3D assay, which measures luminescence as a quantity of
ATP content. Furthermore, we wanted to test how cytokine-treated CAFs influence the
viability, morphology, and proliferative behaviour of matched patient-derived colorectal
cancer organoids in a three-dimensional co-culture system. We intended to use an
organotypic trans-well assay (OOTA), a co-culture assay where cytokine pre-treated CAFs
are distributed in a collagen gel with organoids in Matrigel on top. Moreover, we wanted to
evaluate proliferation and apoptosis of organoids by staining for Ki-67 and Caspase-3,
respectively. Further, we thought to stain the OOTA CAFs for markers a-SMA and FAP and
quantify the staining using confocal microscopy.

The thesis ultimately seeks to contribute to a deeper understanding of stromal plasticity in
the TME, with implications for therapeutic targeting of tumour-stroma crosstalk in colorectal
cancer. Through the examination of CAF phenotype regulation, a-SMA, FAP and other
markers expression in CAFs, we aim to uncover novel insights into the molecular
mechanisms driving CAF activation within the TME. Understanding these cytokine pathways
in CAFs holds promise for developing novel precision medicine strategies. Understanding
the interplay between cytokine signalling and marker expression in CAFs is essential for
clarifying the pathogenesis of fibrotic diseases and the interplay between tumour cells and
the stromal microenvironment in colorectal cancer.
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2. Methods
2.1 Material

2.1.1 Consumables

Table 1
Product Company Product#
Cell counting chamber | Invitrogen by Thermo Fisher | C10314 or C10283
slides ScientificTM, Waltham, MA,
USA
Cell strainer (70 pm) Corning Incorporated, New | 352350
York, USA
Cryo Tubes (2 ml) VWR International, Radnor, | 10018-754
Pennsylvania, USA
CytoOne Multiwell plates | Starlab international GmbH, | CC7682-7506 (6-well),

(TC-treated)

Hamburg, Germany

CC7682-7512  (12-

Numbrecht, Germany

well),  CC7682-7596
(96-well)
CytoOne Tissue Culture | Starlab international GmbH, | CC7682-3394 (100
Dishes (TC-treated) Hamburg, Germany mm)
CC7682-3359 (60 mm)
Eppendorf Tube Eppendorf  AG, Hamburg | 0030121023 (0.5 ml)
Germany 0030120086 (1.5 ml)
Falcon Tube Sarstedt AG & Co. KG, |62.554.502 (15 ml)
Numbrecht, Germany 62.548.004 (50 ml)
Filtropor S plus 0.2 ym Sarstedt AG & Co. KG, |83.1826.102 (0.2 um)
Numbrecht, Germany
Pipette Filter tips Sarstedt AG & Co. KG,|70.1130.210 (10 pl)

70.3030.255 (100 pl)
70.3031.255 (200 pl)
70.3060.255 (1000 ul)

Polyester mesh (mesh

Buckmann GmbH & Co,

20000194

size: 100 pm; fiber | MOnchengladbach, Germany

diameter: 77 ym)

Polystyrene Round- | Corning Incorporated, New | 353054

Bottom Tube 5 ml| York, USA

(FACS tube)

Serological pipette Sarstedt AG & Co. KG,|86.1253.001 (5 ml)
Numbrecht, Germany 86.1254.001 (10 ml)
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86.1685.001 (25 ml)
86.1256.001 (50 ml)

Syringe (10 ml) B. Braun Austria GmbH, Maria | 4606108V
Enzersdorf, Austria

Millicell ~Cell  culture | Sigma-Aldrich/Millipore PICMORG50

Inserts 0,4 pm, 30 mm

(Transwell)

2.1.2 Reagents

Table 2

Product Company Product#

Collagen Type | Rat Tail | Corning Incorporated, New | 354236

(3.52 mg/ml)

York, USA

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich, St. Louis, MO,

D4540-500ML

USA
Dulbecco’s Modified Eagle | Gibco, Thermo Fisher | 21969-035
Medium (DMEM) Scientific™, Waltham, MA,
USA
Dulbecco’s Modified Eagle | Gibco, Thermo Fisher | 21969-035
Medium (DMEM) | Scientific™, Waltham, MA,
advanced F12 USA
Dulbecco’s Phosphate- | Gibco, Thermo Fisher | 14190-094, 14200-
Buffered Saline (1x PBS), | Scientific™, Waltham, MA, | 067
(10x PBS) USA
Endothelial Cell Growth | PromoCell GmbH, | C-22022
Medium MV2 (EGM) Heidelberg, Germany
Ethanol 70% VWR International, Radnor, | 85.825.360
Pennsylvania, USA
Ethylenediaminetetraacetic | Sigma-Aldrich, St. Louis, MO, | E7889
acid disodium salt solution | USA
(EDTA)
Fetal calf serum (FCS), | Gibco, Thermo Fisher | 10500-056
Fetal bovine serum (FBS) | Scientific™, Waltham, MA,
USA
L-Glutamine (200 mM) Gibco, Thermo Fisher | 25030081
Scientific™, Waltham, MA, | 13462629
USA
Methanol VWR International, Radnor, | 1.06009.2511

Pennsylvania, USA
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Bovine Serum Albumin
Fraction V (pH 7.0) (BSA)

AppliChem GmbH,

Darmstadt, USA

A1391.0100

Sodium Hydroxide (NaOH)

Merck, Darmstadt, Germany

1.06498.1000

Triton X-100 Sigma-Aldrich, St. Louis, MO, | X100-500ML
USA
Trypan blue Sigma-Aldrich, St. Louis, MO, | T-8154
USA
Trypsin Serva Electrophoresis GmbH, | 37289.02
Heidelberg, Germany
Tween® 20 Biochemica AppliChem GmbH, | A1389.1000
Darmstadt, Germany
Celltiter-Glo 3D | Promega, Madison, USA G9682
Luminescent cell viability
assay
Histofix (4% Formaldehyde | Carl Roth, Karlsruhe, | P087.3
solution) Germany
Advanced Dulbecco's | Gibco 12634-010
Modified Eagle
Medium/F12 (DMEM/F12)
HEPES (1M) Gibco 15630-080
GlutaMAX (100X) Gibco 35050-061
Cell recovery solution Corning 354253
TrypLE Express (1X) Gibco 12605-010
Rock-Inhibitor ~ (Y-27632 | Tocris Biocscience 1254
dihydrochloride)
B27 supplement Gibco 17504-044
N-2 supplement (100X) Gibco 17502-001
Nicotinamide Sigma N0636-100G
N-acetyl-L-cysteine Sigma-Aldrich A9165-25G
Recombinant Mouse | Sino Biological Inc. 50688-M02H
Noggin LC15NO1002
A8301 Tocris 2939
SB 202190 Sigma-Aldrich S7067
Gastrin | (human) Tocris 3006
Human EGF PeproTech AF-100-15
Matrigel Matrix Basement | Discovery Labware 356231
Membrane, Growth factor
reduced
Stem-Cellbanker Nippon  Zenyaku Kogyo, | 230418
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| Zenoaq

2.1.3 Media formulations

Table 3
Stock concentration Final concentration

Advanced DMEM/F12 1x 1x
HEPES 1M 10 mM
Glutamax 200 mM 2mM
Coating medium
BSA 1% 1%
Basal medium 1x 1x
Trypsin for Organoids
Cell recovery solution 1X 1x

TripLE 1x 1x
Y27632 Rock-inh 10 mM 10 uM
ENAS- media
B27 supplement 50x 1x
N2 supplement 100x 1x
Nicotinamide 1M 10 mM
N-acetyl-L-cystein 500 mM 1mM
Noggin 100 pg/ml 100 ng/ml
A8301 500 uM 500 nM
SB202190 10 mM 10 uM
Gastrin 100 uM 10 nM
EGF 1 mg/ml 50 ng/ml
Basal media 1x 1x
ENAS+ media
Rock- Inhibitor 10 mM 10 uM
ENAS — media 1x 1x
Omin
Basal media with 2% FCS | 1x 1x

2.1.4 Buffers and Supplements

Table 4
Name Composition
Blocking buffer (ICW | 1x PBS
assay) 0.5% BSA
Collagen matrix 2mg/ml collagen type I
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(ICW)

0.1% Tween-20

1x DPBS
DMEM + 5% FCS
1M NaOH
Dulbecco’s Modified | 10% Fetal calf serum (FCS)
Eagle Medium (DMEM) 1% L-Glutamine
DMEM advanced F12 1% FCS
245 mi 1x PBS
Trypsin-EDTA 19 (2.2 U/mg) Trypsin
5 ml 1% Na2EDTA (pH 7.4)
Tween washing solution | 1x PBS

PBST (IF OOTA)

PBS + 0.5% Tween20

TBST (IF OOTA)

Tris buffered saline + 0.5% Tween20

Blocking buffer (IF OOTA) | 1x PBS

1.5% BSA

2.1.5 Antibodies, IgG and dies

Table 5

Antibody/Dye/lgG Company Product# Dilution
Immunofluorescence

staining

Anti — rabbit secondary | Invitrogen A32732 1:500
antibody AF 555 PLUS

Anti-mouse secondary | Thermo Fisher A11032 1.500
labelled antibody 594

Anti-rabbit secondary | Thermo Fischer A11034 1:500
labelled antibody 488

CC3 (Cleaved | Cell Signalling 9664 1:500
caspase 3) primary

antibody

DAPI Thermo Fischer D1308 100ul of 2ug/ml
EpCAM primary | Cell signalling 5488 1:200
labelled antibody 555

FAP primary Antibody | Cell signalling 66562 1:100
Ki67 primary antibody | Cell signalling 9449 1:500
Vimentin-647 primary | Abcam Ab195878 1:5000
labelled Antibody

a-SMA-488  primary | Abcam Ab184675 1:150

labelled Antibody
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ICW

CellTag 700 Li-COR 962- 41090 1:500
Biosciences

FAP primary Antibody | Cell signalling 66562 1:100

(rabbit, 19G)

Goat anti-mouse | Li-COR 926-32210 1:800

labelled Secondary | Biosciences

Antibody, iRDye 800

Cw

Goat anti-rabbit | Li-COR 926-32211 1:800

labelled Secondary | Biosciences

Antibody, iRDye 800

Cw

Goat anti-rat labelled | Li-COR 926-32219 1:800

Secondary Antibody, | Biosciences

iRDye 800 CW

IL-1R-1 primary | Abcam Ab106278 1:100

Antibody (rabbit, pAb)

Mouse IgG2a Thermo Fischer 02-6200 Concentration
adjusted to a-SMA
primary  labelled
Antibody,
1:300

PD-L1 primary | Cell signalling 13684 1:200

Antibody (rabbit, 1gG)

PD-L2 primary | R&D MAB1224-SP | 1:100

Antibody (mouse,

lgG2a)

PDPLN (Podoplanin) | Biolegend 337002 1:100

primary Antibody (rat,

IgG2a)

Rabbit 1IgG Santa Cruz Sc-3888 1:100

Rabbit pAB Abcam Ab171870 1:200

Rat IgG2a Santa Cruz Sc-3883 1:10

a- SMA  primary | Dako MO0851 1:300

unlabelled  Antibody

(mouse, 1gG2a)
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2.1.6 Treatments

Table 6
Treatment Company Product#
IL-4 Biolegend 574004
TGF-1 Pepro Tech 100-21
A 83-01 Tocris 2939
IL-13 PeproTech 200-13

2.1.7 Devices and software

Table 7

Device/software name Company

BBD 6220 CO2 Incubator Thermo Fisher ScientificTM, Waltham,
MA, USA

Bead Bath M714 Lab Armor, LLC, Cornelius, OR, USA

Countess 3 FL automated cell counter Invitrogen by Thermo Fisher
ScientificTM, Waltham, MA, USA
Confocal Laser Scanning Microscope | Leica Microsystems, Wetzlar, Germany
Leica TCS SP8

Eppendorf Centrifuge 5810 R Eppendorf AG, Hamburg, Germany

Graphpad Prism Dotmatics, Boston, Massachusetts

Image Studio software LI-COR Biosciences, Lincoln, NE, USA

ImageJ ImageJ.net

Laminar flow hood (MSC advantage | Thermo Fisher ScientificTM, Waltham,

class Il biological safety cabinet) MA, USA

Liquid nitrogen tank Arpege 170, Air Liquide S.A., Paris,
France

Odyssey CLX Scanner LI-COR Biosciences, Lincoln, NE, USA

Biotek Synergy Photometer Biotek Instruments, Winooski, VT, USA

Olympus 1X51 Microscope with XC50 | Olympus Shinjuku, Tokio, Japan
camera and TH4-200

2.2. Cell culture

All cell culture procedures were performed in a laminar flow hood under sterile conditions.
Cells were incubated at 37°C, 5% CO2, and 95% humidity in a BBD 6220 CO: Incubator.

Primary cancer-associated fibroblasts (CAF 6388/19; CAF BGM2008) previously isolated
from human colon carcinomas were cultured in 100-mm culture dishes with endothelial
growth medium (EGM™-2MV). EGM supplemented with 5% fetal bovine serum (FBS),
recombinant human epidermal growth factor (rhEGF), hydrocortisone, recombinant human
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vascular endothelial growth factor (VEGF), recombinant human fibroblast growth factor-
basic (rhFGF-B), human recombinant insulin-like growth factor (long R3 IGF) and ascorbic
acid (Unterleuthner et al., 2020).

Patient-derived organoids (BGM2008) have been isolated previously from human colon
carcinomas and cultured in 24-well plates as 40ul Matrigel domes in ENAS media.

2.2.1 Passaging of CAFs

CAFs were split when they were at full confluence. First, the culture medium in the dish was
removed, and the cells were washed using phosphate-buffered saline (PBS). To detach the
cells from the bottom of the dish, the cells were incubated in 1 ml Trypsin-EDTA (TE) for 4
min at 37°C. After inactivating Trypsin by pipetting 6 ml of DMEM into the dish, the cell
solution was collected in a Falcon tube and centrifuged at 250 g for 3 minutes at room
temperature (Centrifuge 5810 R, Eppendorf AG, Hamburg, Germany). The supernatant was
discarded, and the pellet was resuspended in EGM medium. Cells were split 1:3 into new
cell culture dishes. The passage number is indicated as p in brackets.

2.2.2 Passaging of organoids

Organoids were passaged every 5-7 days, based on confluence. First, the media was
removed from the wells, followed by washing the Matrigel domes with cold PBS containing
Rock Inhibitor, ensuring the domes were not damaged. Subsequently, the Matrigel domes
were resuspended in 500 pl Organoid-Trypsin and incubated at 37°C with 5% CO:> for 5
minutes until single cells were observed microscopically. Next, 1 ml of coating medium was
added to the wells, and the organoids were transferred to a 15 ml tube and centrifuged at
300g for 3 minutes. The supernatant was removed, and the cells were resuspended in 40-
50 pl of ice-cold Matrigel, which was then plated into a 24-well plate for continued culture.
After 30 minutes at 37°C with 5% CO», 500 ul of ENAS media supplemented with Rock
Inhibitor (ENAS+) was added. Media changes were conducted every 2-3 days.

2.2.3 Thawing and freezing of CAFs

The cryotubes thawed quickly at 37°C. Subsequently, the cell suspension was diluted in 5
ml of DMEM supplemented with 10% FCS and 1% L-glutamine in a 15 ml Falcon tube. The
cells were centrifuged at 1000 rpm for three minutes at room temperature (RT).
Subsequently, the supernatant was discarded, and the cell pellet was resuspended in the
corresponding culture medium.

For freezing, cells were cultured to a confluence of around 70%. After discarding the culture
medium and washing the cells with PBS, they were trypsinised, resuspended in DMEM
supplemented with 10% FCS and 1% L-glutamine and transferred to a 15 ml tube. Then,
the cell suspension was centrifuged at 250 g for 3 minutes at room temperature, and the
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supernatant was removed. After resuspending the pellet in 1 ml freezing medium, the
mixture was filled into a sterile cryotube containing 90% FCS and 10% dimethyl sulfoxide
(DMSO). Next, the tubes were frozen overnight at -80°C in a freezing container, leading to
an optimal temperature drop of 1°C/min to -80°C. The following day, the cryotubes were
transferred to a liquid nitrogen tank (Arpege 170, Air Liquide S.A., Paris, France) at -196°C
for long-term storage.

2.2.4 Thawing and freezing of organoids

Cells were stored in cryotubes at -195°C in liquid nitrogen tanks for long-term storage. The
cryotubes thawed quickly at 37°C. Subsequently, the cell suspension was diluted in 1 ml of
Coating Media in a 15 ml Falcon tube. The cells were centrifuged at 300 g for three minutes
at room temperature (RT). Subsequently, the supernatant was discarded, and the cell pellet
was resuspended in 2 ml of PBS plus 10 uM Rock-Inhibitor. The cells were centrifuged at
300 g for 3 minutes at RT, and the supernatant was carefully removed. The organoids were
resuspended in 100-150 pl of Matrigel, and 40-50 pl were plated per well in a pre-warmed
24-well plate as domes. The Matrigel was allowed to set in the incubator for 15 minutes.
ENAS media supplemented with 10 yM Rock-Inhibitor was added to cover the Matrigel
domes for the first 3-5 days to recover from freezing. Subsequently, ENAS media was used
for organoid maintenance.

For freezing, cells were cultured to a confluence of around 70%. After discarding the culture
medium, the organoids were resuspended in PBS with 10 uM Rock-Inhibitor and transferred
to a 15 ml tube. Then, the cell suspension was centrifuged at 300 g for 3 minutes at room
temperature, and the supernatant was removed. After resuspending the pellet in 1 ml
freezing medium, the mixture was filled into a sterile cryotube containing 1 ml of Cellbanker
with 10 uM Rock-Inhibitor. Next, the tubes were frozen overnight at -80°C in a freezing
container, leading to an optimal temperature drop of 1°C/min to -80°C. The following day,
the cryotubes were transferred to a liquid nitrogen tank (Arpege 170, Air Liquide S.A., Paris,
France) at -196°C for long-term storage.

2.2.5 Starvation

For some experiments, it was necessary to synchronise the cell cycle of all cells in the
culture. For this purpose, cells were washed with 1x DPBS, and subsequently, a medium
containing only a very small amount of serum (FCS) was added. DMEM +1% FCS +1% L-
Glutamine was used for this purpose.

2.2.6 Seeding of cells

Cells were counted by mixing the cell suspension and Trypan blue solution (0,4%) 1:1. 10
pl were loaded on a cell counting chamber slide and counted with Countess 3FL Automated
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cell counter.

2.3 In-Cell Western Assay

In each well of a flat-bottom 96-well plate, 15,000 CAFs were seeded in 200 pl of EGM
media. After 24 hours, the CAFs were treated for 24-72 hours (as indicated). Treatments
included: IL-4 at 2 or 10 ng/ml, TGFB-1 at 2 and/or 10 ng/ml, IL-13 at 2 ng/ml, IFN-y at 50
ng/ml, A8301 at 1 uM, IL-18 + TNF-a (2 ng/ml) and combinations thereof. Control wells
(untreated) and IgG controls remained untreated. Next, cells were fixed with 100 ul of
Histofix (4% Paraformaldehyde) for 15 minutes at room temperature (RT). Subsequently,
residual Histofix was removed by washing the cells with 200 ul of PBS. 200 ul of ice-cold
90% methanol was added to permeabilise the cells, and the plates were stored at -20°C for
at least 30 minutes.

After methanol removal, the cells were washed with 200 pl of PBS on a rocking platform to
eliminate any remaining methanol. Then, cells were blocked with 150 ul of blocking buffer
(PBS + 0,5% BSA) for 1 hour at RT with moderate shaking.

The primary antibody for the target was diluted to the appropriate concentration in the
blocking buffer, and 50 pl of this antibody solution was added to each well except for the
isotype control wells. Isotype controls were prepared by diluting the appropriate amount of
IgG in a blocking buffer to match the concentrations of primary antibodies overnight at 4°C
with gentle shaking. After incubation, three washing steps were followed with 200 pl of
Tween washing solution (PBS + 0,1% Tween) for five minutes at RT on a rotator.
Subsequent steps were performed under minimal light exposure. The secondary antibodies
were diluted in blocking buffer at ratios of 1:800. CellTag-700 was diluted at 1:500. To reduce
background fluorescence, Tween-20 was added to a final concentration of 0,2%. 50 pl of
the secondary antibody solution and CellTag 700 were added to all wells for one hour at RT
on a rotator. After incubation, the cells were washed five times with 200 ul of Tween washing
solution.

The plates were scanned using the Odyssey® CLx scanning system and Image StudioTM
Software. ICW settings were chosen, with a resolution of 169 ym and a focus offset of 3
mm. Image channels with wavelengths of 700 nm and 800 nm were used to detect targets
and CellTag stain, respectively. The highest scan quality was selected to ensure optimal
conditions for further analysis.

The mean fluorescence intensities (MFIs) of targets and CellTag stain were measured, and
each channel was analysed separately. Isotype control means MFIs were subtracted from
each result, and target MFls were divided by CellTag stain to normalise the acquired data.
Statistical analysis (Ordinary one-way ANOVA, GraphPad Prism 10) was performed to
assess differences in target expression between treatment groups.
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2.4 Immunofluorescence (IF) staining for confocal microscopy

In each 8-well tissue culture chamber well, 15.000 CAF cells were seeded in 0,5 ml of EGM.
After 24 hours, CAFs were treated with IL-4 (2 ng/ml), IL-13 (2 ng/ml), TGF-B1 (2 ng/ml), A
83-01 (1 yM), and combinations thereof for 48 hours or as indicated. One well was left
untreated as a control.

Subsequently, the cells were rinsed twice with 1x PBS and fixed in 0,5 ml of Histofix (4%
Formaldehyde) for 15 minutes at room temperature. After fixation, wells were washed with
1x PBS and 0,5 ml of ice-cold 90% Methanol was added for a minimum of 30 minutes. After
blocking with 0,5 ml of PBST + 1% BSA for 1 hour at room temperature, the cells were
washed three times with 1x PBS.

For staining with FAP, cells were incubated with 150 ul / well of the primary antibody diluted
1:100 in 1x PBS + 0.5% Tween + 1% BSA for 3 hours at room temperature or overnight at
4°C. Then a washing step was performed thrice with PBST (0,5% Tween). After this, 150 pl
/ well secondary 1:500 was added to the blocking buffer for 3 hours at room temperature or
overnight at 4°C. Wells were then washed thrice with PBST (0,5% Tween).

For staining for a-SMA, the cells were exposed to 120 pl of directly labelled antibody diluted
(1:150 in PBST (0,5% Tween) for 3 hours at room temperature or overnight at 4°C in the
dark. Subsequently, they were rinsed three times with 1x PBST (0,5% Tween). DAPI
solution (100 pl of 2 ug/ml in 1x PBS) was then applied, and the cells were incubated in the
dark for approximately 8 minutes at room temperature to stain the nuclei. Finally, the cells
were washed with 1x PBS.

Images were taken with Confocal Laser scanning microscope Leica TCS SP8 (20x
objective).

ImageJ analysis of a-SMA or FAP positive pixels

Images were analysed in an 8-bit format as a stack. For this, all pictures were opened in the
Imaged software. Next, all pictures were organised into a stack under the drop-down Image,
stacks, image to stacks. For this, under the drop-down Image, adjust, threshold was applied.
The same threshold value was chosen for all the pictures of one experiment. The area of a-
SMA or FAP positive pixels was measured and normalised to the area of DAPI-positive
pixels for each image (by dividing the positive pixel areas). Statistical analysis (Ordinary
one-way ANOVA, GraphPad Prism 10) assessed differences in positive areas between
treatment groups.
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Figure 6: Visual representation of a-SMA positive area measurements using ImageJ
software. White Area on the left depicts the a-SMA positive area with a set threshold of an
image of BGM2008 CAF in a confocal microscopical image. The top right depicts threshold
setting. The bottom left depicts measurements as % positive area from the total image area.

Statistical analysis (Ordinary one-way ANOVA, GraphPad Prism 10) was performed to
assess differences in a-SMA-positive area between treatment groups.

46



2.5 CellTiter-Glo 3D Viability assay of organoids in CAF-conditioned media

Conditioned media was prepared by seeding CAFs in 6 cm dishes. When they grew
confluent, they were treated with 2 ng/ml treatment for 2 days in 3 ml EGM, followed by
media change and re-treatment for 2 days. Treatments included 2 ng/ml of IL-4, TGF-(3, IL-
18 + TNF-q, IL-4 + TGF-B, IL-4 + IL-1B + TNF-a, TGF-B + IL-18 + TNF-qa, and IL-4 + TGF-3
+ IL-1B + TNF-a (as indicated in graphs).

After washing with PBS, 4 ml Omin was added, and conditioned media was collected and
filtered after 2 days. This process was repeated to obtain additional conditioned media.
Organoids were trypsinised to single cells, and 2000 cells were seeded in a 96-well plate in
10 pl Matrigel. Conditioned media, diluted 1:1 with Omin, was added for the specified
duration. Controls included ENAS, Omin, and conditioned media from untreated CAFs.
Media changes were performed every 3 days. The media was reduced to 50 pl for viability
measurement, and then 50 pl of CellTiter-Glo (CTG) was added. The organoid domes were
disrupted, and after 20 minutes on a shaker, luminescence was measured using a Biotek
plate reader (Biotek Synergy HT photometer). The number of viable cells can be determined
by quantifying the luminescence, which is directly proportional to the ATP present.

2.6 Organoid Organotypic Transwell Assay (OOTA)

Pre-treatment of CAFs

CAFs were seeded in 6 cm dishes, and when fully confluent, they were treated at a 2 ng/ml
treatment concentration in 2D culture for 48 hours. Treatments included 2ng/ml of IL-4, TGF-
B, IL-1B + TNF-qa, IL-4 + TGF-B, IL-4 + IL-1B + TNF-a, TGF-B + IL-1B + TNF-qa, and IL-4 +
TGF-B + IL-1B + TNF-a (as indicated in graphs).

Preparation of Collagen Gel

Silicon forms were securely attached to the inside surface of 6-well plates using sterile
forceps. The CAFs were trypsinised, neutralised with DMEM supplemented with 10% FCS,
and counted. A total of 300.000 cells were prepared for each gel. A 300 pl collagen | gel
mixture was prepared to contain Collagen | at a final concentration of 2mg/ml, 30 pl of 10x
PBS, and the remainder of the volume made up of medium. The mixture was neutralised to
the correct pH using 1 M NaOH until the colour turned salmon pink, indicating the desired
pH level of a weak acidic solution. The CAFs were then resuspended in the collagen gel,
taking care to avoid forming bubbles. A nylon mesh was added to the collagen gel to prevent
shrinking, which was then placed at 37°C for 30 minutes to harden. After hardening, the
silicon forms were removed.
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Preparation of Organoids

Organoids were dissociated into single cells and counted. The collagen gel was transferred
onto the insert, and 40.000 organoid cells were resuspended in 25 pl Matrigel per sample.
These organoid-Matrigel mixtures were then placed on top of the collagen gel. The setup
was allowed to be set for 1 hour with 1 ml Omin medium placed on the side to maintain
humidity. After setting, the medium was topped up until it touched the base of the Transwell,
approximately 1.5-2 ml total, so the organoids were grown at the air-liquid interface.

Culture Conditions and Maintenance

Cultures were maintained for 5 days in Omin medium, consisting of Advanced DMEM/F12
supplemented with 1% GlutaMAX, 10 mM HEPES, and 2% FCS. Media changes were
performed every 2 days, and the cultures were treated with 2ng/ml as indicated. Treatments
included 2ng/ml of IL-4, TGF-B, IL-1B + TNF-q, IL-4 + TGF-B, IL-4 + IL-1B + TNF-a, TGF-
+ IL-18 + TNF-a, and IL-4 + TGF- + IL-18 + TNF-a (as indicated in graphs). Daily images
were captured using a microscope (OLYMPUS 1X51) to monitor the cultures, and their size
was analysed in ImageJ.

ImageJ analysis of growth area

Pictures were taken on Olympus 1X51 Microscope, including a 500 uM ruler bar at the bottom
left. Day 2 and day 5 pictures were analysed for organoid size. The ruler bar was used to
set scale in Image J (Analyse, set scale, distance in pixels 588 (measured with straight line
over ruler), known distance 500, OK). Oval selection from the menu was used, and
organoids were circled. Then, with the “Ctrl+t” key combination, each oval shape was added
to the ROl manager. ROl manager pop-up allows measurement of oval shapes to measure
the area of organoids. Both the total area (sum of oval shapes) and each individual organoid
area was plotted using Graphpad Prism software. Day 5 was normalised on Day 2 by
division of the total areas. Statistical analysis (Ordinary one-way ANOVA, GraphPad Prism
10) assessed differences in organoid area between treatment groups.
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Flgure 7: Visual representatlon of organoid size measurements using ImageJ
software. Area on the bottom left depicts a picture taken of BGM2008 (zoomed in) with a
500 uM scale bar. The top right depicts the ROl Manager, and the bottom right represents
the measurements of the oval-shaped area drawn over the organoids.

In situ Immunofluorescence of OOTAs

First, OOTAs were washed with PBS, then Histofix (4% Paraformaldehyde) was added for
40 minutes at RT. Next, gels were washed with TBST (0.5% Tween 20) thrice for 10 minutes
at RT. After that, three washes with PBST (0.5% Tween 20) for 10 minutes at RT were done.
OOTAs were cut with a scalpel to stain for several targets. We performed two sets of stains:
the first set aimed to investigate different organoid targets, which comprised EPCAM,
cleaved caspase 3 (CC3), Ki-67, Vimentin and DAPI. The second set was focused on CAF
targets: a-SMA, FAP, Vimentin and DAPI. Next, the gel pieces were blocked with 1.5% BSA
for 3 hours in PBST at RT or overnight at 4°C.

Organoid staining

In 250 pl blocking solution, primary non-labelled antibodies Ki-67 (1:500) and CC3 (1:500)

were applied for 3 hours at RT or overnight at°C. Afterwards, gels were washed thrice with

PBST for 20 minutes at RT and followed by another blocking step for 20 minutes. Afterwards,

secondary labelled antibodies (Anti-mouse 594 for Ki-67, Anti-rabbit 488 for CC3) were
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diluted 1:500 in 250 pl blocking solution and applied to gels for 3 hours at RT or overnight
at 4°C. Three washes of PBST followed this. Next, the directly labelled primary antibodies
were added EpCAM 555 (1:100) and Vimentin 647 (1:5000) was added overnight at 4°C.
Then the DAPI stain followed (see below).

Immunofluorescence images were captured using a Leica TCS SP8 confocal microscope
(Leica Microsystems, Wetzlar, Germany). The picture area was chosen in the DAPI channel
only. Pictures were taken in 3 z-planes (roughly 10um total z distance), and 6 images per
condition were analysed (18 total datapoints per condition).

CAF staining

In 250 pl blocking solution, primary non-labelled antibody FAP (1:100) was applied for 3
hours at RT or overnight at 4°C. Afterwards, gels were washed thrice with PBST for 20
minutes at RT, and another blocking step was followed for 20 minutes. Afterwards,
secondary labelled antibody (Anti-rabbit 555 for FAP) was diluted 1:500 in 250 pl blocking
solution and applied to gels for 3 hours at RT or overnight at 4°C. Three washes of PBST
followed this. Next, the directly labelled primary antibodies were added a-SMA (1:150) and
Vimentin 647 (1:5000) were added overnight at 4°C.

The next day, gels were washed thrice in PBST for 20 minutes. Finally, DAPI was diluted to
1:2000 in PBS and added for 40 minutes at RT. After washing three times in PBST for 20
minutes, the gel was carefully removed from the dish and placed on a slide, using PBS to
attach it to the coverslip.

Immunofluorescence images were captured using a Leica TCS SP8 confocal microscope
(Leica Microsystems, Wetzlar, Germany). The picture area was chosen in the DAPI channel
only to guarantee objectivity. Pictures were taken in 5 z-planes (roughly 10 um total z
distance), and 6 pictures per condition were analysed (30 total datapoints per condition).

ImageJ analysis

Imaged analysis of Ki-67, Cleaved Caspase -3 (CC3), a-SMA or FAP positive pixels:
Images were analysed as described previously. However, for Ki-67 and CC3 staining, two
different threshold setting methods were used as indicated in the graphs (Otsu and fixed
threshold). The area of Ki-67 and Cleaved Caspase-3 (CC3) positive pixels was measured
and normalised to the area of DAPI-positive pixels for each image (by dividing the positive
pixel areas). The area of a-SMA and FAP positive pixels was measured and normalised to
the area of vimentin-positive pixels for each image, as normalisation on DAPI was not
possible, because the organoids showed positive DAPI area as well.

2.7 Statistics

All statistical analyses were performed with GraphPad Prism 10. Outliers were identified and
removed when indicated. Furthermore, the normal distribution of the data was checked
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(using Lognormality and Normality QQ plot). If the data passed the Normality test, One-way
ANOVA (analysis of variance) was used. Statistical significance was finally determined with
a p-value of less than 0.05. The following classification indicates the statistical significance
of the p-values: ns * ** *** p > 0.05 p < 0.05 p <0.01 p <0.001 **** p < 0.0001. GraphPad
Prism was used to represent the data graphically. Error bars, representing standard
deviation (SD), have been added to all diagrams to indicate measurement errors.
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3. Results

3.1 The effect of IL-4, TGF-B1 and IFN-y treatment on a-SMA expression in CAF
6388/19

Alpha-smooth muscle actin (a-SMA) is the most widely used marker of an activated cancer-
associated fibroblast subtype (Sahai et al., 2020). Transforming growth factor-beta (TGF-[3)
plays a crucial role in activating and trans-differentiating CAFs, mainly through the
upregulation of a-SMA (Hawinkels et al., 2014; Carthy, 2018; Stylianou et al., 2018; Yang et
al., 2023).

First, we wanted to test how other cytokines of the TME, which are connected to fibrosis and
inflammation, affect a-SMA in CAF 6388/19. We investigated the effects of 2 ng/ml and 10
ng/ml IL-4, TGF-B1, and 50 ng/ml IFN-y treatment on a-SMA in colorectal CAF 6388/19
(p11) using an In-Cell Western assay. We also investigated the concerted action of IL4 and
IFN-y in this setup to validate a potential antagonistic effect of these cytokines in the CAFs.
For this, 15.000 CAF 6388/19 (p11) were seeded per well in 2D in a 96-well plate. The next
day, CAFS were serum-starved for 24 hours to eliminate potential interference effects of
serum factors on cytokine-induced a-SMA expression. Subsequently, CAFs were treated
with different concentrations (2 ng/ml or 10 ng/ml) of IL-4, IL-13, TGF-B1, 50 ng/ml IFN-y,
and combinations thereof for 24 and 72 hours. Celltag (red) total protein stain was used to
normalise the fluorescence data based on cell numbers. Furthermore, an IgG control was
used as a control for antibody specificity. All treatments were compared to non-treated cells.
Untreated CAFs exhibited basal levels of a-SMA expression as expected. Interestingly, a-
SMA upregulation was not uniform but concentrated in small regions, suggesting a
heterogeneous response in the CAFs (Figures 8A and 8B).

Both concentrations of IL-4 (2 ng/ml and 10 ng/ml) significantly increased a-SMA expression
compared to untreated CAFs at both time points (Figures 8B and 8C). Interestingly, the
difference in a-SMA expression between the two concentrations of IL-4 was minimal, with
only slightly enhanced expression under high IL-4 concentration. This suggests that even
lower concentrations of IL-4 are sufficient to trigger a maximal response in a-SMA
upregulation (Figures 8B and 8C). Both treatment concentrations of IL-4 lead to a 2-fold
increase in a-SMA levels at 24 hours. At 72 hours, levels of a-SMA were 3.5-fold higher
compared to control (Figure 8C). However, the degree of a-SMA upregulation induced by
IL-4 was lower than that caused by TGF-31, a potent and well-established inducer of a-SMA
expression.

At both time points, TGF-B1 treatment resulted in a pronounced upregulation of a-SMA
expression, as indicated by the intense green fluorescence (Figure 8A). TGF-31 upregulates
a-SMA about 4-fold compared to untreated CAFs after 24 hours of treatment. As with I1L-4,
TGF-B1 induced a-SMA levels are higher at 72 hours, displaying a 4.5-fold increase
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compared to no treatment (Figures 8A, 8B, 8C). However, the increase at 72 hours is not as
much as for IL-4 (Figures 8A, 8B, 8C).

IFN-y treatment alone did not downregulate the basal a-SMA levels in CAFs at 24 hours.
However, at 72 hours of treatment, the a-SMA signal was reduced by 35% compared to
untreated cells at this time point. However, this was not significant (Figures 8A and 8C).
Interestingly, IFN-y significantly attenuated the upregulation of a-SMA induced by IL-4
(Figures 8B and 8C). CAFs treated with IL-4 (10 ng/ml) and IFN-y (at a surplus of 50 ng/ml)
displayed the same a-SMA levels as untreated cells within 24 hours of treatment. The
antagonistic effect of IFN-y was sustained at 72 hours, indicating a prolonged inhibitory
influence of IFN-y on IL-4-induced a-SMA upregulation (Figure 8C). This supports the
hypothesis that the signalling pathways activated by IFN-y oppose those activated by IL-4,
resulting in the reduction of a-SMA expression. Additionally, IFN-y attenuated the
upregulation of a-SMA induced by TGF-B1 at the 24-hour time point, resulting in a 2.5-fold
increase in a-SMA levels (Figures 8A and 8B). This effect was only partially sustained at 72
hours, with a-SMA levels being 4 times as high as those of untreated CAF (Figures 8A and
8C). As for IL-4, IFN-y was able to attenuate the levels of a-SMA induced by TGF-f1, but
not to the basal levels of a-SMA seen in the untreated CAFs. Thus, the impact of IFN-y on
TGF-B1-related a-SMA upregulation is less compared to the effect IFN-y has on IL-4-
controlled increase of a-SMA (Figure 8).

Taken together, these results show that IL-4 significantly upregulates a-SMA in our CAFs,
as measured by ICW. Additionally, the assay confirmed the role of TGF-B1 in promoting a-
SMA expression. Furthermore, the ability of IFN-y to act as a negative regulator of CAF
activation by counteracting the effects of both IL-4 and, to a partial extent, TGF-B1. These
findings provide valuable insight into the interplay between cytokine signalling pathways in
regulating the pro-fibrotic phenotype of CAFs, with implications for understanding the
tumour-promoting activities of CAFs within the tumour microenvironment.
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Figure 8: In-Cell Western (ICW) assay of CAF 6388/19 shows upregulation of a-SMA
upon IL-4 and TGF-B1 treatment. CAFs 6388/19 (p11) were treated in 96-well plates in 2D
with IL-4, TGF-B1, IFN-y, and combinations at the indicated concentrations for 24 or 72
hours. The levels of a-SMA were determined using the ICW method. (A) Images of a-SMA
(green) and Celltag (total protein stain, red, used for normalisation) staining. (B, C) Analysis
of ICW fluorescence intensity measurement data at 24 and 72 hours, respectively. Mean
values are shown as bars, SD (error bars) of technical replicates (n=3) are depicted, ****
indicates a P <0.0001 using ordinary one-way ANOVA.
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3.2 The effect of IL-4, IL-13, TGF-B1 and TGF-B signalling inhibition (A 83-01) on
a-SMA expression in CAF 6388/19

This set of experiments aimed to investigate whether IL-13 can upregulate a-SMA in CAF
6388/19. IL-13, a cytokine closely related to IL-4, is reported as a regulator of fibroblast-
related collagen deposition and desmoplasia (Bailey et al., 2012;Gieseck et al., 2016; J. K.
Nguyen et al., 2020). As with IL-4, the literature did not provide data on the effect of IL-13 in
colonic CAFs. Moreover, we tested whether the combination of cytokines shown in the
previous experiment to induce a-SMA elicited a synergistic effect. Furthermore, we aimed
to test whether the upregulation of a-SMA by IL-4 and IL-13 is independent of TGF-3
receptor signalling. A-83-01, a small-molecule TGF-f receptor type | (ALK 5/4/7) inhibitor
diminishing Smad 2/3 phosphorylation, was used for this (Tojo et al., 2005). In addition,
given the critical role of TGF- signalling in CAF function, it is essential to determine how
specific components of organoid growth media, such as A-83-01, may interfere with CAF
activity in future organoid/CAF coculture experiments.

As seen in the previous assay, untreated CAFs show restricted a-SMA-positive areas,
suggesting that certain cells express a-SMA without treatment (Figures 9A and 9B). In this
experiment, a-SMA levels of untreated CAFs were higher than in the previous experiment
(Figures 9A and 9B, 9A and 9B).

The normalised values for a-SMA expression induced by IL-4 (2 ng/ml) and IL-13 (2 ng/ml)
are comparable. Both showed a 1.5-fold increase in a-SMA expression compared to
untreated CAF 6388/19 (Figure 9B). TGF-B1 treatment led to a 2.2-fold increase in a-SMA
levels compared to controls. However, all three individual cytokine treatments caused a
significant upregulation of a-SMA (Figures 9A and 9B).

The combination treatment of IL-4 (2 ng/ml) with TGF-B1 (2 ng/ml) did not result in any
further enhancement of a-SMA expression compared to TGF-31 treatment alone (Figure
9B). Similarly, combining IL-13 with IL-4 did not lead to a substantially higher a-SMA
expression than IL-4 or IL-13 alone, indicating that IL-4 and IL-13 might activate overlapping
or converging signalling pathways in promoting CAF activation (Figure 9B).

To further investigate whether the TGF-3 signalling is required for IL-4 and IL-13-induced a-
SMA upregulation, A 83-01, a TGF-31 receptor type | inhibitor which prevents downstream
Smad 2/3 phosphorylation, was used. Treatment with A 83-01 (1 uM) did not significantly
reduce the upregulation of a-SMA induced by both IL-4 and IL-13 (Figure 9B). This finding
suggests that IL-4 and IL-13 can upregulate a-SMA expression largely independent of TGF-
B receptor type | signalling, as the inhibition of TGF-B1 does not drastically reduce their
effects (Figure 9B). Conversely, when A 83-01 was combined with TGF-B1, a-SMA
expression was significantly reduced compared to TGF-B1 treatment alone (Figure 9B) and
showed intensities comparable to the signal of untreated CAFs, confirming that the
upregulation of a-SMA by TGF-1 strongly depends on its receptor signalling.

56



These results further highlight that IL-4, IL-13, and TGF-B1 upregulate a-SMA expression in
the CAFs. Interestingly, IL-4 and IL-13 do so via mechanisms primarily independent of TGF-
B receptor type | signalling, whereas TGF-B1 relies on this pathway for its full effect. These
results also shed light on the impact of A-83-01, often used in media for culturing organoids,
on CAF. These findings underscore the importance of carefully selecting components for
use in media during CAF and organoid co-culture experiments.
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Figure 9: In-Cell Western (ICW) assay shows the effect of IL-4, IL-13, TGF-1 and A
83-01 (TGF-B1 signalling inhibition) on a-SMA expression in CAF 6388/19. CAF
6388/19 (p15) were treated in 96-well plates in 2D with 2 ng/ml IL-4, IL-4/A 83-01 (1 uM),
TGF-B1, TGF-B1/A 83-01, IL-13, IL-13/ A 83-01, IL-4/TGF-B1, IL-4/IL-13 at the indicated
concentrations for 24 hours. The levels of a-SMA were determined using the ICW method.
(A) Representative pictures of a-SMA (green) and Celltag (total protein stain, red, used for
normalisation) staining. (B, C) Analysis of ICW fluorescence intensity measurement data at
24 and 72 hours, respectively. Mean values, SD (error bars) of technical replicates (n=3) are
depicted, **** indicates a P <0.0001 using ordinary one-way ANOVA.
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3.3 Determining the effect of IL-4, IL-13, TGF-1 and TGF-B1 signalling
inhibition (A 83-01) on a-SMA expression in CAF 6388/19 using
immunofluorescence staining for confocal microscopy

The previous In-Cell Western experiments showed that IL-4, IL-13 and TGF-B1 can
upregulate a-SMA expression in CAFs. However, this assay is not instructive for the
intracellular localisation of SMA. However, as pointed out in the introduction, the presence
of a-SMA in stress fibres is essential for myofibroblast function (Hinz & Lagares,
Myofibroblasts - Methods in Molecular Biology 2299, Springer 2021). Thus, using
immunofluorescence staining for confocal microscopy, the following experiment assessed
a-SMA upregulation and subcellular localisation after cytokine treatment.

For this, CAFs were seeded in an 8-well chamber slide as a 2D monolayer and treated the
following day with either 2 ng/ml of IL-4, IL-13, TGF-B1, or 1 uM of A8301 (TGF-31 receptor
inhibitor) and combinations thereof for 48 hours, followed by immunofluorescence staining
for Vimentin and a-SMA. The picture area was chosen objectively, as described in the
methods. In brief, the areas were randomly selected in the DAPI channel to avoid
investigator-based bias for SMA expression. Subsequently, quantitative analysis of SMA
expression in the confocal images using ImagedJ was performed.

Representative confocal images display a-SMA (green) expression alongside DAPI-stained
nuclei and Vimentin (Figure 10A). These images were selected to represent the mean a-
SMA positive pixel count for each condition, highlighting the visual differences in a-SMA
expression levels across the various treatments (Figure 10A). All pictures analysed can be
found in Appendix Figure 1. In the controls, only a minority of the cells exhibited an a-SMA-
positive signal, indicating a heterogeneous cell population (see Figure 10A). As expected,
SMA was induced upon TGF- treatment or upon addition of TGFB/IL-4. Importantly, a-SMA
expression was restricted to stress fibres, as clear fibre structures are detectable, rather
than a diffuse uniform cytoplasm stain (Figure 10A; compare to Figure 5 in the Introduction).
First, we determined the a-SMA-positive pixel areas, normalised to the DAPI-positive nuclei
area, in Imaged. Since this type of analysis for SMA quantification had not been validated in
the lab before, a manual count of SMA+ cells was performed in addition to ensure that the
analysis using Imaged produced reliable and comparable results. The graphs of both
analysis methods show a similar pattern. The a-SMA-positive cell count generally yielded
higher values than analysing a-SMA-positive pixels (compare Figures 10B and C). This is
most likely due to measuring a-SMA-positive areas in the cells and normalising them to the
number of cells present in the frame by the DAPI area (Figure 10B). These a-SMA-positive
areas only account for a fraction of the individual cell bodies. In contrast, Figure 10C focuses
on the number of cells positive for a-SMA based on a binary decision (yes/no for a-SMA
positivity). However, both analysis methods yield meaningful results and reveal an identical
pattern of SMA expression across all tested conditions. Considering the analysis time,
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especially with many images, the analysis of a-SMA-positive area is an effective and
objective method for this assessment.

In detail, a trend towards increasing a-SMA expression was observed with IL-4 treatment,
as measured by the number of a-SMA-positive pixels (Figure 10B). Additionally, IL-4
significantly upregulated the number of a-SMA-positive cells (Figure 10C). Both analysis
methods demonstrate that the effect of IL-4 is independent of TGF-[3 receptor inhibition, as
no decrease was observed with the addition of A-83-01 (Figure 10B, C), thereby confirming
the ICW data. IL-13 treatment did not significantly increase the number of a-SMA positive
pixels or a-SMA positive cells (Figure 10B and C). However, there is a trend of upregulation
of a-SMA-positive cells (Figure 10C). Both analysis methods indicate that the trend of
upregulation with IL-13 treatment is independent of TGF-B1-inhibition (Figure 10B, C). The
effect of TGF-B1 upregulating a-SMA was significant in both analysis methods. TGF-$1
upregulated a-SMA more potently than IL-4 and IL-13, individually or in combination (Figures
10B,C). Adding A-83-01 reduced a-SMA expression by approximately half, as indicated by
the number of a-SMA-positive cells (Figure 10C). This effect was more pronounced when
measuring a-SMA-positive pixels, where the expression of a-SMA was almost entirely
blocked by adding A-83-01 (Figure 10B). IL-4, in combination with IL-13, upregulated a-
SMA, but not more than IL-4 or IL-13 alone (see Figures 10B and 10C). This non-additive
effect suggests that they activate the same downstream signalling cascades. Interestingly,
IL-4 in combination with TGF-B1 showed the highest upregulation. The combination
synergises when assessing a-SMA positive pixels (Figure 10B). The resulting a-SMA level
of the combination is almost twice as much as the measurements of individual treatments
added (Figure 10B).

Taken together, these results show that IL-4 alone at 2 ng/ml upregulates a-SMA in the
stress fibres; however, there is a lack of significance in the SMA area quantification method,
whereas when counting SMA+ cells, a significant increase is detectable. Moreover, this
experiment confirms that TGF-31 has the most robust effect on CAF activation via increased
a-SMA in the stress fibres. Combining IL-4 and TGF-B may indicate a synergistic effect,
upregulating a-SMA exceptionally highly. As previously shown, IL-4 and IL-13 impact a-SMA
upregulation in CAF 6388/19 independently of TGF- receptor signalling.
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Figure 10: Confocal microscopy shows the effect of IL-4, IL-13, TGF-B1 and A 83-01
(TGF-B1 signalling inhibition) on a-SMA expression in CAF 6388/19. 15.000 CAF
6388/19 (p11) were seeded in chamber slides and treated for 48 hours after 24 hours of
preculturing. (A) Representative microscopic images are depicted. Nuclei were stained with
DAPI (blue), Vimentin in red and a-SMA in green. (B, C) Analysis of confocal images using
Image J (B) a-SMA positive pixels per area normalised on DAPI positive nuclei area (C) a-
SMA positive cells manually counted and normalised to DAPI positive nuclei area. Mean
values, SD (error bars) of technical replicates (pictures) (n=15) per condition are depicted,
**** indicates a P <0.0001 using ordinary one-way ANOVA.
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3.4 The influence of IL-4, TGF-1, IL-18+ TNF-a and treatment combinations on
CAF BGM2008 expression of a-SMA, FAP, IL-1-R1, PDPLN and PD-L2.

We have demonstrated above that CAFs respond to various cytokines with different levels
of SMA expression. Thus, it was tempting to speculate that these factors substantially impact
the CAF phenotype and, hence, CAF marker expression. In this set of experiments, we
aimed to characterise the response of BGM2008 CAFs to different cytokine stimulations
based on a-SMA, FAP, IL-1R1, PDPLN, and PD-L2. These are all defined as bona fide
markers for CAFs. The previously established treatments, including 2 ng/ml IL-4, IL-1B +
TNF-a, TGF-B1, and their combinations, were used, and the change in expression of the
markers as mentioned earlier was assessed.

Again, we used the In-Cell Western to assess changes in CAF marker expression. In short,
we seeded 15,000 CAF-BGM2008 cells per well of a 96-well plate in 2D, starved them for
24 hours, and treated them for 48 hours with the cytokines as mentioned above. IgG controls
were used for each antibody.

a-SMA

Basal expression of a-SMA was observed in untreated CAF-BGM2008 (p10), as previously
seen with CAF-6388/19 (p11) (Figure 11A and B). Treatment with IL-4 led to a highly
significant induction of a-SMA expression, with a 3.7-fold increase compared to the
untreated control (Figures 11A and 11B). As expected, TGF-B1 treatment resulted in an
even higher level of a-SMA, with a 5-fold increase (Figures 11A and 11B). Both results from
the treatments with IL-4 and TGF-B1, thus compare well with the results of the 72-hour
timepoint of CAF 6388/19 (Results section 3.1). In contrast, adding pro-inflammatory
cytokines IL-13 and TNF-a did not significantly alter a-SMA levels (Figures 9A and 9B).
Interestingly, combining IL-4 with TGF-B1 did not enhance a-SMA induction beyond the
effect observed with TGF-31 alone (Figures 11A and 11B). This is comparable to the In-Cell
Western results using CAF 6388/19 (see Results 3.2). A slight increase in a-SMA expression
was noted when IL-4 was combined with IL-18 and TNF-a compared to untreated levels
(Figures 11A and 11B). Similarly, the combination of TGF-B1 with IL-18 and TNF-a resulted
in a moderate upregulation in a-SMA, though the effect was less pronounced compared to
TGF-B1 treatment alone (Figures 11A and 11B). The presence of all four cytokines (IL-4,
TGF-B1, IL-1B, and TNF-a) resulted in a-SMA levels comparable to those observed with the
combination of TGF-B1, IL-18, and TNF-a (Figures 11A and 11B).

FAP

Very low basal expression of FAP was detected in BGM2008 (Figures 11A and 11B). IL-4
treatment did not induce any significant upregulation of FAP expression (Figures 11A and
11B). In contrast, TGF-B1 treatment led to a highly significant increase in FAP levels (Figure
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11A and 11B). Treatment with IL-18 and TNF-a resulted in a minimal, non-significant
increase in FAP expression (Figure 11A and 11B). The combination of IL-4 and TGF-B1 did
not result in higher upregulation compared to TGF-B1 alone (Figures 11A and 11B).
Interestingly, when IL-4 was combined with IL-13 and TNF-a, a FAP was highly significantly
upregulated to approximately the same level as TGF-B1-treated cells (Figures 11A and
11B). Similarly, TGF-B1/IL-1B/TNF-a, elicited a highly significant 3,8-fold increase in FAP
compared to TGF-B1 treatment alone (Figure 11A and 11B). Interestingly, the combination
of all four cytokines showed a similar response with high upregulation of FAP (Figure 11A
and 11B).

IL-1R1

Untreated CAFs exhibited high levels of IL-1R1 expression (Figures 11A and 11B). Upon
treatment with IL-4, a notable downregulation of IL-1R1 was observed, with a 36% reduction
(Figures 11A and 11B). TGF-B1 treatment reduced IL-1R1 to about half of the level of
untreated CAFs (Figures 11A and 11B). The combination of IL-18 + TNF-a resulted in a
similar decrease in IL-1R1 expression as TGF-31 (Figures 11A and 11B). IL-4 and TGF-$31,
in combination, reduced IL-1R1 expression by 60%, comparable to the effect of IL-4 and
inflammatory treatment (IL-1B + TNF-a) (Figures 11A and 11B). TGF-31 + IL-1B + TNF-a
resulted in a reduction of IL-1R1 to the same extent (Figures 11A and 11B). The most
significant reduction was observed with all four cytokines, resulting in a 71% decrease
(Figures 11A and 11B).

PDPLN

IL-4 treatment resulted in a moderate upregulation of podoplanin by 33% compared to
untreated controls (Figures 11A and 11B). TGF-B1 did not significantly change PDPLN
levels, but a trend towards an increase was detected (Figures 11A and 11B). The highest
levels of PDPLN expression were observed in CAFs treated with IL-13 and TNF-a, showing
a highly significant upregulation compared to untreated CAFs, with an absolute increase of
77% (Figures 11A and 11B). IL-4 and TGF-B1 did not enhance PDPLN expression beyond
TGF-B1 alone (Figures 11A and 11B). Combining IL-4 with IL-18 + TNF-a significantly
increased PDPLN expression at a moderate level to about the expression of IL-4 alone
(Figures 11A and 11B). TGF-B1, in combination with IL-13 + TNF-a, led to a significant
upregulation, with a 30% absolute increase (Figures 11A and 11B). The presence of all four
cytokines increased PDPLN (Figures 11A and 11B), indistinguishable from the triple
treatments. Overall, IL-4 and TGF-B1 appeared to attenuate the expression of PDPLN
induced by IL-1B + TNF-a treatment (Figures 11A and 11B).

PD-L2
Untreated CAF-BGM2008 showed no PD-L2 expression. |IL-4 treatment did not result in an
upregulation (Figures 11A and 11B). However, TGF-B1 treatment induced a highly
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significant upregulation of PD-L2 but at a generally low signal (Figures 11A and 11B). The
combination of IL-18 and TNF-a did not significantly alter PD-L2 expression, but a trend
toward upregulation was observed (Figures 11A and 11B). When IL-4 was combined with
TGF-B1, there was a substantial upregulation of PD-L2, higher than TGF-B1 alone,
suggesting an additional contribution from IL-4 (Figures 11A and 11B). Combining IL-4 with
IL-1B + TNF-a resulted in a modest, yet significant, increase in PD-L2, with levels higher
than those observed with IL-18 + TNF-a alone (Figures 11A and 11B). TGF-B1, in
combination with IL-18 and TNF-a, showed a significant upregulation; however, this was
less pronounced than that of TGF-B1 alone. Finally, treating the CAFs with all four cytokines
resulted in a highly significant upregulation of PD-L2, but to a lesser extent than with I1L-4
and TGF-3 alone (Figures 11A and 11B). Interestingly, PD-L2 upregulation approximately
followed the pattern of a-SMA upregulation (Figures 11A and 11B).
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Figure 11: In-Cell Western (ICW) assay measuring CAF BGM2008 marker regulation
(a-SMA, FAP, IL-1R1, PDPLN and PD-L2) upon treatment of 2ng/ml of IL-4, TGF@-1, IL-
18+ TNF-a and different combinations (as indicated). CAFs BGM2008 (p10) were
treated in 96-well plates in 2D with 2 ng/ml of IL-4, TGF-31, IL-1B + TNF-a and combinations
thereof as indicated for 48 hours. The levels of a-SMA were determined using the ICW
method. (A) Representative pictures of a-SMA, FAP, IL-1R1, PDPLN and PD-L2 (green, as
indicated) and Celltag (total protein stain, red, used for normalisation) staining. (B, C)
Analysis of ICW fluorescence intensity measurement data. Mean values, SD (error bars) of
technical replicates (n=3) are depicted, **** indicates a P <0.0001 using ordinary one-way
ANOVA.
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3.5 The influence of IL-4, TGF-1, IL-18+ TNF-a and treatment combinations on
CAF BGM2008 expression of a-SMA and FAP using immunofluorescence
staining for confocal microscopy

The following experiment assessed a-SMA and FAP expression after cytokine treatment
using immunofluorescence staining for confocal microscopy. It was performed as described
in the Results section 3.3, using CAF-BGM2008 (p8).

In brief, 15.000 CAF were seeded in an 8-well chamber slide as a 2D monolayer and treated
the following day with 2ng/ml of IL-4, TGF-B1, IL-1B + TNF-a and combinations thereof for
48 hours. This was followed by immunofluorescence staining for FAP, vimentin, a-SMA, and
nuclei (DAPI). The picture area was chosen objectively, as described in the methods, and
pictures were acquired in three optical planes. Quantitative analysis of confocal images
using Imaged followed. Representative confocal images display a-SMA (green), FAP
(yellow), DAPI-stained nuclei (blue) and Vimentin (red) (Figure 12A, B). These maximal
projection images of the three planes were selected to represent the mean a-SMA (Figure
12A) and FAP (Figure 12B) positive pixel count for each condition, highlighting the visual
differences in marker expression levels across the various treatments. All pictures analysed
can be found in Appendix Figures 5 and 6.

a-SMA

As reported above, a-SMA was detected in stress fibres (Figure 12A; compare to Figure 4B
of the Introduction). Untreated CAFs displayed low a-SMA signal, as measured by a-SMA
positive pixels normalised to nuclei (DAPI stain) (Figures 12A, C). A slight trend toward
upregulation of a-SMA was observed with IL-4 treatment (Figures 12A and 12B). A similar
non-significant trend was observed with TGF-31 treatment; potentially, the significance is
limited due to high variability among individual pictures (Figures 12A and 12B). Treatment
with IL-1B + TNF-a showed no detectable a-SMA expression (Figures 12A and 12B).

In contrast, IL-4 in combination with TGF-B1 resulted in a highly significant upregulation of
a-SMA (Figures 12A and 12B). Combining IL-4 with IL-1B + TNF-a failed to substantially
induce a-SMA expression (Figures 12A and 12B). The combination of TGF-B1 with IL-13 +
TNF-a showed a trend towards a-SMA upregulation, but this effect did not reach statistical
significance (Figures 12A and 12B). Higher levels, comparable to all four treatments, were
seen in the In-Cell Western assay for this condition (Results 3.5). Notably, the highest levels
of a-SMA-positive pixels were observed with high significance with the combination of all
four cytokines (Figures 12A and 12B).

FAP
Only some cells showed FAP expression, which indicates a heterogeneous cell population
(Figure 12B, Appendix Figure 6). Untreated and IL-4-treated CAFs show no FAP-positive
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pixels normalised to nuclei at a set threshold (Figures 12B and 12C). This matches the
results seen in the In-Cell Western (Results 3.5). TGF-B1 clearly shows increased FAP
levels, with high significance (Figures 12B and 12C). In-Cell Western in Results 3.5 also
showed an increase of FAP with TGF-31 treatment (Figures 12B and 12C). Treatment with
the inflammatory cytokines, IL-1B + TNF-a, showed some FAP upregulation, although this
was not significant (Figures 12B and 12C). The upregulation of FAP with inflammatory
cytokines was about half of the level compared to TGF-B1 treatment (Figures 12B and 12C).
IL-4 and TGF-B1 in combination increased FAP highly significantly compared to untreated
(12B and 12C). The signal is about two times the TGF-B1 signal (Figures 12B and 12C).
This is interesting, as IL-4 alone showed no effect on FAP upregulation (Figures 12B and
12C). These results are in agreement with the In-Cell Western analysis, which also showed
an increase in FAP upregulation upon 1I-4+TGF-31 treatment, with levels comparable to
TGF-B1 single treatment (Results 3.5). IL-4 and IL-13 + TNF-a significantly upregulated
FAP, comparable to levels of TGF-B1 upregulation Figures 12B and 12C).

Interestingly, TGF-B1 in combination with IL-18 + TNF-a showed less upregulation than
TGF-B1 alone (Figures 12B and 12C). This is in contrast to the In-Cell Western detected
levels, where the combination of TGF-B1 with IL-1B + TNF-a resulted in a significant
increase (Results 3.5)

Treatment with all four cytokines upregulated FAP the most, resulting in levels that were
760-fold higher than untreated and about twice as strong compared to IL-4 + TGF-1
(Figures 12B and 12C).
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Figure 12: Confocal microscopy shows the effect of IL-4, TGF-B1 and IL-18 +TNF-a
treatment on a-SMA and FAP expression in CAF BGM2008. 15.000 CAF BGM2008 (p8)
were seeded in chamber slides and treated for 48 hrs following 24 hrs of preculturing. (A,
B) Representative microscopic images are depicted. Nuclei were stained with DAPI (blue),
Vimentin in red, a-SMA in green and FAP in yellow. (C, D) Analysis of confocal images using
Image J (B) a-SMA positive pixels per area normalised on DAPI positive nuclei area (C)
FAP positive pixels per area normalised on DAPI positive nuclei area. Mean values, SD
(error bars) of technical replicates (pictures) (n=18) per condition depicted (3 planes per
picture, 6 images per condition), **** indicates a P <0.0001 using ordinary one-way ANOVA.
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3.6 The influence of IL-4, TGF-1, IL-1B+ TNF-a treated CAF 6388/19
conditioned media and its effect on BGM2008 CRC organoid growth using Cell-
Titer-Glo 3D assay

In the previous experiments, we concentrated on the CAF phenotype upon treatment with
specific factors. In the following experiments, we focused on the effects of these different
CAF states on cancer cell proliferation/survival. We were specifically interested in whether
CAFs change their secretome at different states and how this would influence cancer cell
growth.

We established above that 2 ng/ml of IL-4, TGF[3-1 and especially the combination of IL-4
and TGFB-1 upregulate a-SMA in CAF 6388/19 and induce a robust myofibroblast
phenotype (myCAF). IL-13 was also found to upregulate a-SMA, but combined with IL-4, it
did not show a more pronounced upregulation than IL-4 alone. Hence, we decided to focus
on the effects of IL-4 and TGF-B1 in the following experiments. To broaden the scope of the
research, we decided to add inflammatory induction by adding the combination of IL-13 and
TNF-a to our CAF treatments. IL-18 and TNF-a have been shown to induce an inflammatory
(iCAF) phenotype in CAFs (Schauer et al., 2013; Dudas et al., 2011; Diaz-Maroto et al.,
2021; Rubinstein-Achiasaf et al., 2021; Koncina et al., 2023). Thus, we aimed to measure
the impact of two principal states of CAF- iCAF and myCAF (Kennel et al., 2023) — on patient
derived CRC organoids.

We treated CAF 6388/19 (p13) in 2D at full confluence with 2 ng/ml of IL-4, TGF-(3, IL-18
and TNF-a for 48 hours, then treated them again for 48 hours (Figure 13A). Then, we
washed the cells with PBS to remove any cytokine treatment residues and added Omin
(minimal organoid medium) media. After 48 and 96 hours, the conditioned media were
collected. The collected media were combined and mixed 1:1 with fresh Omin to replenish
nutrients. This mixture was then used to treat BGM2008 organoids (p25 (B; D), p14 (C; D))
seeded as single cells in 10 pl Matrigel domes (2000 cells /per well/per 10 ul Matrigel). After
3 days, treatment was prolonged with fresh CM/Omin. On days 5 or 9 (as indicated in Figure
7), organoid growth/viability was assessed using the CellTiter-Glo 3D assay. As controls,
organoids were also grown in untreated CAF-conditioned media, Omin and ENAS media.
At first, the luminescence of BGM2008 organoids on day 5 was measured to test the best
endpoint for the newly established assay. No significant change in ATP levels of organoids
cultured in cytokine-treated conditioned media was detectable (see Figure 13D).
Furthermore, no increase in the number or size of organoids was visible with any conditioned
media (Figure 13B). Organoids grown in Omin showed less luminescence than untreated
conditioned Omin 1:1 mix media (-74% absolute decrease) (Figures 13B and 13D). ENAS
media supported organoid growth better than Omin alone at day 5. Yet, untreated CAF-
conditioned media better supported organoid growth, with ATP values twice as high as
ENAS (Figures 13B and 13D).
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The experiment was repeated as a trend was detectable. This time, organoids were grown
longer until a visible difference was observable at day 9 (Figure 13C). The Cell Titer Glo
assay at day 9 showed that organoids grown in IL-13+ TNF-a pre-treated conditioned media
had significantly higher ATP values (+26% abs. increase) (Figure 13E). There were no
significant changes, but a trend towards increased organoid growth with pre-treatment of
CAFs with IL-4 (+13% absolute increase) and TGF-B1 (+20% absolute increase) (Figures
13C and 13E). As per the previous experiment, organoids grown in Omin showed less
luminescence than those grown in untreated conditioned Omin 1:1 mix media (-72%
absolute decrease) (Figure 13B and 13D). Furthermore, ENAS media supported organoid
growth better than Omin (+41% absolute increase), yet not as well as CAF-conditioned
media (Figures 13C and 13E).

These results indicate that conditioned media from inflammatory CAFs, resulting from pre-
treatment of CAF 6388/19 with inflammatory cytokines, led to a significant increase in ATP
values of organoids grown in that media for 9 days. TGF-31 and IL-4 pre-treatment showed
a trend of increased luminescence; however, the effect was not significant. This data
suggests that treating CAF with cytokines may alter their secretome profile, increasing
cancer organoid growth. Further research is needed to determine the exact changes in
proteins secreted by CAF in response to each cytokine treatment.
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Figure 13: The influence of cytokine pre-treated CAF 6388/19 conditioned media on
BGM2008 CRC organoid viability using Cell Titer Glo 3D assay. CAF 6388/19 (p13)
were seeded in 6 cm dishes in 2D and at confluency they were treated with 2 ng/ml of IL-4,
TGF-B1, IL-1B+TNF-a twice for 48 hours. After washing with PBS, 4 ml of Omin was added.
Conditioned media (CM) were harvested after 48 hours, and the last step was repeated to
obtain more CM. CM was mixed with Omin 1:1, ENAS and pure Omin were used as controls.
Conditioned and control media were used to grow BGM2008 organoids (p25 (B; D), p14 (C;
D)) in Matrigel domes (2000 cells/10 pL/well) for the indicated time. After that, Cell Titer Glo
3D assay was performed to assess viability (A) Schematic representation of the assay using
biorender.com (B, C) Microscope pictures of organoids in Matrigel domes grown for (B) 5
days (C) and 9 days in cytokine pre-treated CAF 6388/19 conditioned media. (D, E) Analysis
of Cell Titer Glo 3D luminescence (D) 5 days (E) and 9 days. Mean values, SD (error bars)
of technical replicates are depicted: treatments (n26), Omin and ENAS (n24), **** indicates
a P <0.0001 using ordinary one-way ANOVA.
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3.7 The influence of IL-4, TGF-B1, IL-1B + TNF-a and combinations of these
treatments on CAF BGM2008 conditioned media and its effect on patient-
matched CRC organoid viability using Cell Titer Glo 3D assay.

After proof of principle that IL-18 + TNF-a treated CAF 6388/19 secrete factors that increase
the growth of BGM2008 organoids, we asked whether the patient-matched CAFs from
BGM2008 tumours would have the same effect on BGM2008 organoids. Furthermore, we
investigated whether treating with combinations of cytokines leads to a combinatorial effect.
The assay was performed as described in 3.4 and the methods.

The assay was performed twice with different treatment combinations (Figure 14A, B, C, D).
CAF BGM2008 (p5) and BGM2008 organoids (p20 (Figure 14A and C; Day 5) and p31
(Figure 14B and D; Day 9) were used. A summary Figure 14E combining both experiments
was created by normalising the treatments to the untreated in the respective assay. Treating
CAFs with IL-4 or TGF-B1 alone did not significantly increase organoid luminescence
(Figures 14A, B, C, D, E). However, a combination of the pro-inflammatory cytokines IL-13
and TNF-a led to a significant increase in the luminescence signal of the organoids, with an
absolute increase of 211% compared to the untreated control (Figure 14A, C, E). The
combination of IL-4 and TGF-31 almost doubled (96% absolute increase) organoid viability
(Figure 14B, D, E). No significant effects were seen with the IL-4 +IL-18 + TNF-a (Figure 14
A, B, C, D). IL-4 seems to oppose the effects of inflammatory treatment (Figure 14A, B, C,
D). Interestingly, a mixture of TGF-1, IL-13, and TNF-a resulted in a marked increase in
detected ATP (+90% absolute increase), comparable to IL-13 + TNF-a values (Figure 14A,
C, E). This indicates that TGF-3 does not increase growth further than treatment with IL-13
and TNF-a alone (Figure 14A, C, E). However, the most substantial response was observed
when all cytokines were combined, resulting in a luminescence signal 3.8-fold greater than
the signal of untreated conditioned media (Figure 14B, D, E).

Control experiments using organoids in Omin media (without conditioned media) exhibited
a reduced signal relative to the Omin/conditioned media mixture (1:1). Additionally,
organoids in ENAS media without conditioned media displayed higher ATP levels (+117%
absolute increase) than untreated conditioned media (Figure 14A, C, E).

Importantly, the effect of different cytokine treatments of CAFs and their impact on cancer
growth was additionally shown in a different biological replicate regarding the CAFs. Taken
together, these results show that inflammatory treatment strongly affects the CAF
secretome, significantly increasing the growth of cancer organoids. Furthermore, combined
pre-treating CAFs with IL-4 and TGF-B1 increased organoid growth/viability comparable to
values of TGF-B1 in combination with IL-18 and TNF-a. IL-4 counteracted the effect of
inflammatory treatment. Astonishingly, the combination of all cytokines led to the most
significant impact.
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Figure 14: The influence of IL-4, TGF-B1, IL-1+ TNF-a and combinations of these
treatments on CAF BGM2008 conditioned media and their effect on patient-matched
CRC organoid viability using Cell Titer Glo 3D assay. CAFs BGM2008 (p5) were seeded
in 6 cm dishes in 2D and at confluency they were treated with 2 ng/ml of IL-4, TGF-B1, IL-
18+TNF-a twice for 48 hours. After washing with PBS, 4 ml of Omin was added. Conditioned
media (CM) were harvested after 48 hours, and the last step was repeated. CM was mixed
with Omin 1:1, ENAS and pure Omin were used as controls. These media were used to
grow BGM2008 organoids (p20 (A;C) and p31 (B; D)) in Matrigel domes (2000 cells/10
pL/well) for the indicated time. After that, the Cell Titer Glo 3d assay was performed to
assess viability (A, B). Microscope pictures of organoids in Matrigel domes grown in
conditioned media of cytokine-pretreated CAF BGM2008. (B, C, D) Analysis of Cell Titer
Glo 3D luminescence. Mean values, SD (error bars) of technical replicates are depicted:
treatments (n=10), Omin and ENAS (n=7), **** indicates a P <0.0001 using ordinary one-
way ANOVA.
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3.8 OOTA co-culture of pretreated BGM2008 CAF with patient-matched CRC-
Organoids

To test the effect of the cytokines on CAF and organoids, we implemented a co-culture
model termed “Organotypic organoid transwell assay” (OOTA). For this, CAFs are seeded
in a collagen | gel, and organoids in Matrigel are seeded on top. The OOTA has not been
used as a growth assay before in the lab, so the number of organoid cells seeded had to be
estimated. CAF were pre-treated with cytokines: When CAF reached confluency in a 2D
monolayer grown in a 6 cm dish, they were treated with 2 ng/ml cytokines for 48 hours.
Then, a 3D collagen gel with 300.000 CAF was formed, and 40.000 organoid cells in Matrigel
were seeded on top. Disappointingly, IL-4 pretreatment could not be done according to plan
due to an infection. The decision was made to continue with untreated cells and treat them
on day 2 and day 4 with 2ng/ml IL-4. Thus, the IL-4 condition is marked with a *(Figure 15A
and following). Three pictures of the same area per condition were taken daily with the
microscope and analysed as described in Methods for the growth area (Figures 15B and C).
Treatment at 2ng/ml was added on days 2 and 4 for the media change for all the conditions.
On day 5, the OOTA was fixed. The OOTAs were then cut into quarters. Using one-quarter
of each OOTA, the organoids were stained for DAPI, Vimentin, cleaved Caspase-3, EpCAM,
and Ki-67 (Figures 16B and C). Another quarter of the CAFs were stained using a-SMA and
FAP (Figures 17A and B). Pictures were taken with the confocal microscope in 3 planes and
analysed as described in the methods.

Over five days, all organoids of different conditions showed a healthy morphology with
absent dark cores (Figure 15B and C). Untreated organoids retained a compact, dense, and
spherical morphology (Figure 15B and C). In contrast, treatment with cytokines induced
distinct structural alterations. IL-4-treated organoids displayed more irregular borders, with
some peripheral cells appearing not integrated into organoids (Figure 15B and C).
Organoids exposed to TGF-1 or IL-13 + TNF-a as single treatments appeared smaller and
more uniformly rounded (Figure 15B and C). The combination of IL-4 + TGF-31 resulted in
organoids with diffuse, less defined borders and a less spherical, possibly flattened
morphology (Figure 15B and C). Treatment with IL-4 + IL-13 + TNF-a led to larger organoids
accompanied by numerous individual cells at the periphery (Figure 15B and C). In contrast,
TGF-B1 + IL-1B + TNF-a produced many small, rounded organoids (Figure 15B and C). The
most pronounced morphological disruption was observed with the combination of all
cytokines (IL-4 + TGF-B1 + IL-1B + TNF-a), which resulted in a low number of organoids
with extensive spreading, diffuse borders and severely altered architecture (Figure 15B and
C).

Quantitative analysis of total organoid area per picture reveals no statistically significant
differences among treatments at Day 2 (Figure 15D) or Day 5 (Figure 15E) compared to
untreated. IL-4 and TGF-$ + IL-1B + TNF-a show a high deviation of values for the organoid
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area on day 2 (Figure 15D). Whereas treatment with all cytokines shows fewer organoids
on Day 2 (Figure 15D). On day 5, there is less growth with IL-4 + TGF-31 treatment (Figure
15E). The most significant difference in growth for day 5 is the condition treated with all
cytokines (Figure 15E).

Normalising the total organoid area at Day 5 relative to Day 2 (fold growth) similarly does
not show significant differences between conditions (Figure 15F). There is a trend of
decreased growth with IL-4. Values for TGF-B1 and IL-1B + TNF-a single treatment are
comparable to those of the untreated. There is less growth when IL-4 and TGF- are
combined (Figure 15F). IL-4 + IL-1B8 + TNF-a compared to the no-treatment control. There
is less growth between Day 2 and Day 5 for TGF-B1 + IL-18 + TNF-a. All cytokines are
comparable to untreated (Figure 15F). Growth trajectories plotted per condition showed a
general increase in total organoid area over time across all treatment groups, reflecting the
expected expansion of organoid cultures (Figure 15G).

Individual organoid size analysis revealed notable differences; for this, the individual
organoid area (um?) post-treatment on Day 2 (Figure 15H) and Day 5 (Figure 15l) was
quantified. On Day 2, no significant differences in organoid area were observed between the
untreated group and most treatment conditions. IL-4 + IL-18 + TNF-a showed modest but
statistically significant increases in organoid size compared to untreated (Figure 15H). TGF-
B1+ IL-1B + TNF-a showed a highly significant increase in organoid size, about double the
mean size compared to untreated (Figure 15H). By Day 5, the organoid area increased
substantially in the untreated group relative to several treatment conditions (Figure 15I).
Single treatments of cytokines show about half the mean size of untreated. Interestingly, IL-
4 +|L-1B + TNF-a and IL-4 +TGF-B1 + IL-13 + TNF-a show comparable results to untreated
(Figure 15I).
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Figure 15: CAF-BGM2008 (p12) and patient matched CRC organoid BGM2008 (p19)
co-culture (OOTA) with different cytokine treatment conditions. CAF BGM2008 (p12)
were pretreated with 2 ng/ml of cytokines (as indicated) in 2D in 6cm dishes for 48 hours,
then 300.000 CAF were distributed in a collagen | gel. 40.000 BGM2008 organoid cells (p19)
were seeded on top in 20 pl Matrigel. Omin media was changed every 2 days and 2 ng/ml
treatment was added. (A) Schematic representation of the assay using biorender.com (B)
representative pictures of organoid morphology of different treatment conditions as indicated
over 5 days (500 uM size bar at bottom right) (C) representative pictures of one frame per
condition (as indicated) over 5 days (D+E) total organoid area measurements of growth (3
frames per condition) (D) day 2 (E) day 5 (F) total organoid area normalised day 5 divided
by day 2 (G) Growth trajectories plotted per condition (H+l) individual organoid size
measured (H) day 2 (l) day 5. Mean values, SD (error bars) per condition depicted, ****
indicates a P <0.0001 using ordinary one-way ANOVA.
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Next, the OOTA was stained for DAPI (white), Vimentin (green), cleaved Caspase-3
(yellow), EpCAM (turquoise) and Ki-67 (pink) (Figure 16A). Pictures were taken with the
confocal microscope with the organoid side facing up. Quantitative analysis was performed
for Ki-67 (Figures 16B and D) and cleaved Caspase-3 (Figures 16C and F) staining with
Imaged as described in Methods, with the percentage of positive pixels per staining depicted
(Figures 16B, C, D and E). Two threshold methods were chosen for the analysis: Otsu
(Figures 16B and C), an automated threshold based on an algorithm calculating pixel
intensity variance, and a fixed threshold (Figures 16D and E). Cleaved caspase-3 serves as
a marker of apoptosis, while Ki-67 staining is indicative of cellular proliferation. EpCAM is a
cell adhesion molecule of epithelial cells.

The Otsu method indicates significantly higher levels of Ki-67 for IL-18 + TNF-a than for the
untreated (Figure 16B). Significantly lower proliferation was detected in the IL-4 + TGF-$1
condition. The other conditions show no significant change compared to untreated (Figure
16B).

The Otsu method shows significantly higher cleaved caspase-3 levels for IL-4-treated
organoids (Figure 16C). Also, the single treatments with TGF-f1+ IL-18 + TNF-a show
significantly higher apoptosis. Only TGF-1 + IL-18 + TNF-a shows a significantly higher
apoptosis level for the combination of treatments (Figure 16C).

The fixed threshold method shows no significant change in Ki-67 levels in all the conditions
(Figure 16D). For CC3 staining, IL-1B + TNF-a levels are significantly higher than those
untreated (Figure 16E). The condition TGF-1 + IL-13 + TNF-a shows the significantly
highest level of apoptosis with the fixed threshold.

In summary, both analyses indicate higher proliferation for IL-18 + TNF-a and lower
proliferation for IL-4 + TGF-B1. Additionally, increased apoptosis for IL-18 + TNF-a and TGF-
B1 + IL-1B + TNF-a and a trend for TGF-B1 treatment alone.
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Figure 16: Confocal images of CAF-BGM2008 (p12) and CRC organoid BGM2008 (p19)
co-culture (OOTA) showing Ki-67 and Cleaved Caspase 3 (CC3) staining (A)
Representative confocal pictures showing DAPI (white), Vimentin (green), Cleaved
Caspase-3 staining (CC3, yellow), EpCAM (turquoise), Ki-67 staining (pink) (B, C, D, E)
analysis of staining depicted as percentage of positive area normalised on DAPI area of
images with different treatment conditions of 2ng/ml of IL-4, TGF-B1, IL-1B and TNF-a in
different combinations (as indicated) for 5 days (B, C) Analysis of confocal images using
ImagedJ using Otsu threshold (B) Ki-67 (C) CC3 (D, E) Analysis of confocal images using
ImagedJ using fixed threshold (D) Ki-67 (C) Cleaved Caspase 3 (CC3). Mean values, SD
(error bars) and individual measurements (18 pictures per condition) depicted, no outliers
removed, P <0.0001, Ordinary one-way ANOVA
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Next, the OOTA was stained for a-SMA (green), FAP (yellow) and Vimentin (red) and DAPI
(blue). Pictures were taken with the confocal microscope with the CAF in collagen gel facing
up. Quantitative analysis was performed as described in Methods, with the difference that
the signal was normalised on vimentin this time, as the DAPI channel also showed nuclear
staining of organoid cells, not just CAFs.

Assessment of a-SMA expression in BGM2008 CAFs revealed no detectable signal in
untreated cells (Figure 17A and D). Treatment with IL-4 induced a slight increase in a-SMA
expression, although this change was not statistically significant. Notably, contrary to
expectations, TGF-B1 alone did not result in a substantial increase in a-SMA-positive cells
(Figure 17A and D). Consistent with previous findings, IL-18 and TNF-a treatments did not
induce a-SMA expression. In contrast, the combination of IL-4 and TGF-1 led to a marked
upregulation of a-SMA, yielding the highest signal among all conditions tested (Figure 17A
and D). The signal of the combination IL-4 + TGF-31 is about 8 times that of TGF-31 alone.
Other cytokine combinations, including IL-4 + IL-13 + TNF-a and TGF-B1 + IL-18 + TNF-q,
did not promote a-SMA expression. Interestingly, simultaneous treatment with all four
cytokines failed to induce a-SMA upregulation (Figure 17A and D).

Analysis of FAP expression in BGM2008 CAFs showed no upregulation in untreated cells
or following IL-4 treatment (Figure 17B and E). TGF-B1 alone slightly increased FAP-
positive cells, although this change did not reach statistical significance. Similarly, treatment
with inflammatory cytokines IL-18 and TNF-a did not result in FAP upregulation. In contrast,
combined treatment with IL-4 and TGF-B1 led to a highly significant increase in FAP
expression (Figure 17B and E). Modest but comparable levels of FAP induction were
observed with IL-4 + IL-13 + TNF-a and TGF-B1 + IL-13 + TNF-a combinations. The highest
level of FAP upregulation was detected when all four cytokines were administered together,
indicating a synergistic effect of the full cytokine combination on FAP expression (Figure
17B and E).
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Figure 17: Confocal images of CAF-BGM2008 (p12) and CRC organoid BGM2008 (p19)
co-culture (OOTA) showing CAF upregulation of a-SMA and FAP with treatment of
2ng/ml of IL-4, TGF-B1, IL-1B8 and TNF-a in different combinations (as indicated) for 5 days.
(A, B) Representative pictures were chosen to match the mean a-SMA or FAP positive
pixels per condition. Nuclei stained by DAPI (blue), Vimentin (red), a-SMA (green), and FAP
(yellow). (C) Analysis of confocal images using Imaged showing upregulation of (C) a-SMA
(D) FAP with treatment in different combinations (as indicated) for 48 hours. The graphs
depict an analysis of a-SMA/FAP positive pixels per area normalised on vimentin positive
nuclei area using Imaged. Mean values, SD (error bars) and individual measurements
(pictures) (n=30 per condition) depicted, no outliers removed, P <0.0001, Ordinary one-way
ANOVA
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4.Discussion

Chronic inflammation plays a crucial role in the development and progression of colorectal
cancer (CRC), consisting of a constant cycle of injury and repair (Percario et al., 2021; Zhao
etal., 2021). In general, the inflammatory response can be categorised into Type 1 and Type
2, each with distinct members of cytokines. Type 1 cytokines primarily control intracellular
pathogens through pro-inflammatory mechanisms, with IFN-y being a key effector. In
contrast, Type 2 cytokines, such as IL-4 and IL-13, play a crucial role in resolving the
inflammation of the Type 1 response. Secondly, by remodelling the ECM, Type 2 mediates
tissue repair following damage from Type 1 processes. Hence, Type 2 cytokines are
essential factors that influence wound healing, activating pathways associated with fibrosis
and the development of the tumour microenvironment. IL-4 and IL-13 are produced by
immune cells, including eosinophils, Th2 cells, mast cells, and innate lymphoid cells.
Additionally, cytokines such as TGF-f3 are part of the Type 2 response (Allen, 2024; Nguyen
et al., 2020). Early in cancer development, both anti-tumour and pro-tumour immune and
inflammatory responses are initially present; however, if the tumour is not eliminated, the
pro-tumourigenic mechanisms ultimately prevail (Grivennikov et al., 2010).

The tumour microenvironment (TME) and the diverse functional states of cancer-associated
fibroblasts (CAFs) play a pivotal role in modulating cancer progression, therapy response,
and tissue remodelling (Tommelein et al., 2015; L. Deng et al., 2021; Hanahan,
2022;Glabman et al., 2022; Linares et al., 2021). CAFs play a crucial role in creating an
immunosuppressive TME by secreting cytokines and chemokines that recruit and modulate
immune cells (Monteran & Erez, 2019). CAF secrete a plethora of factors, and the TME
consists of numerous cells contributing to this cytokine environment (Linares et al., 2021).
CAFs are often described as a heterogeneous cell population, and their plasticity in
response to external signals such as cytokines remains incompletely understood (Louault
et al., 2020).

Recent research has identified IL-1 and TGF- as key cytokines present in tumours that
drive the heterogeneity of CAFs. TGF-B signalling suppresses IL-1 receptor 1 (IL-1R1)
expression, inhibits IL-1 responses, and promotes the differentiation of fibroblasts into
myofibroblast CAFs. In contrast, IL-1 signalling activates the JAK/STAT pathway, leading to
the development of inflammatory CAFs (Yoshida, 2020). This dynamic has led to the
concept of a "stromal switch," where “tumour-promoting” CAFs could potentially be
reprogrammed into “tumour-suppressing” CAFs (D. Yang et al., 2023).

This thesis investigated how cytokine-mediated activation of CAFs alters their phenotypic
marker expression and secretory profiles, and how these changes influence the growth and
behaviour of patient-derived CRC organoids. The aim was to understand how specific
cytokines, IL-4, IL-13, IFN-y, TGF-B1, IL-13, and TNF-q, either individually or in combination,
modulate the phenotypic status of CAFs, exemplified by the expression of common CAF

97



markers (e.g. a-SMA, FAP, PD-L2, PDPN, and IL-1R1), and their tumour-supportive
functions.

The first part focused on the marker expression of CRC CAFs and how CAF markers are
regulated by cytokine treatment. Two CAF patient primary cultures, CAF 6388/19 and CAF
BGM2008, were examined using two methods: In-Cell Western (ICW) and confocal
microscopy, both of which applied immunofluorescence staining for CAF markers.

In the second part, the thesis further assessed whether these cytokine-induced alterations
in CAFs enhance their ability to promote cancer organoid growth/viability using conditioned
media from cytokine pre-treated CAFs. For this purpose, the CellTiter-Glo 3D assay, an
ATP-based luminescence readout, was employed, serving as a measure of organoid
viability.

Third, the work explored the impact of cytokine treatment on direct CAF—organoid
interactions in a 3D patient-derived organoid co-culture (OOTA) model. Organoids were
assessed regarding their size and morphology upon treatment with cytokines. Furthermore,
confocal immunofluorescence was employed to detect apoptosis (cleaved Caspase-3) and
proliferation levels (Ki-67) in organoids. Moreover, CAF markers, a-SMA and FAP, were
quantified in CAFs.

Overall, these findings address the broader research question of how cytokine-driven
stromal reprogramming shapes tumour-stroma dynamics, with implications for
understanding CAF plasticity, tumour progression, and therapy resistance in colorectal
cancer. A summary of all findings derived from one patient (BGM2008) is given in Table 8.
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Table 8: Summary of combined 2D and 3D assessment of CAF phenotypes and organoid
growth/viability (BGM 2008)

BGM2008-CAF
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reatments .
(2 ng/mi) Marker expression (2D) or.gal.u_)ld OOTA (3D co-culture)
viability
(CTG)
a-SMA FAP IL-1R1 PDPLN PD-L2 Ki-67* CC3* a-SMA FAP
untreated ™ . Tt Trn . G o o
1L-4 ey . apt EE T Y . 4 + s L
TGF-B1 11 1 1 T LT kS ) T T +
IL-1B + TNF-a + + L EETY) + ey e p)
IL-4 +TGF-B1 L T o e T D L) + T LY Trb
IL-4 + IL-1B +
-+ T T T T “+ “+ -+ - T
TNF-a
TGF-B1 + IL-1B
£ + r1 LR 1 11 + L - 14
+TNF-a
IL-4 + TGF-B1 +
EXEX T LY LX) LR P4 XY + ) - XYY
IL-1B + TNF-a
*Otsu threshold
IL-4/1L-13 TGF-B IFN-y IL-16 + TNF-a
S| s was TGF-B1 A-83-01 IFg\/ |g B TNF-a
279 °y | ) N
—
5 W
O
=
}
o

IL-13Ra | [TGFBR2 <P~ TGFBR1 IL-1R TNF-R1/2

IL-4Ra / / \ /

JAK 172
@ | JAK1/3
2 STAT6 SMAD 2/3 p STAT |
S| \e_ STATS SMAD 4 N oAt NEE
3 1 Immune 1 a-SMA Immune K Immune
z Collagen Collagen Cytokines
myCAF iCAF
L ] L |
FIBROSIS INFLAMMATION

Figure 18: Simplified overview of cytokine signalling (IL-4 and IL-13, TGF-8, IFN-y and
IL-18 + TNF-a) and its impact on CAF phenotypes. TGF-B is associated with a-SMA
expression and a myCAF phenotype, whereas treatment with IL-18 + TNF-a leads to an
iCAF phenotype (by Elisa Ebner)
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4.1 Cytokine regulation of colonic CAF marker expression

411 IL-4, IL-13, TGF-81, IFN-y, IL-1B8 and TNF-a differentially influence a-SMA

expression

Untreated CAFs show clustered regions of cells with a-SMA expression

Untreated CAFs exhibit spatial heterogeneity in a-SMA expression, with clustered regions
of a-SMA-positive cells visible as localised fluorescence spots in the ICW images (see
Figures 8, 9 and 11). This was consistent across both patient-derived CAF models and
confirmed by confocal microscopy (see Figures 10 and 12), which showed a-SMA in stress
fibres in only a subset of cells, reflecting intra-population variability and a well-established
hallmark of CAF biology (Louault et al., 2020; Chhabra & Weeraratna, 2023).

At both 24 and 72 hours, CAF 6388/19 showed stable basal a-SMA levels. Still, a twofold
increase was observed at passage 14 compared to passage 11 (see Figures 8 and 9),
suggesting that either passaging, stochastic fluctuations, or handling variations may elevate
myofibroblastic activation. Comparable a-SMA levels in CAF 6388/19 (p11) and BGM2008
(p10) imply that passage number or handling may influence expression (see Figures 8 and
11). Mechanical stress from passaging might mimic injury, triggering a-SMA via wound-
healing-like responses. Indeed, senescent fibroblasts can adopt myofibroblast features
through TGF-B signalling (Mellone et al., 2016), and both senescence and stress-induced
activation are linked to a-SMA upregulation (Mellone et al., 2016; Belle et al., 2024). These
changes may parallel stromal ageing, where fibroblasts acquire contractile, ECM-rich
phenotypes (H. Li et al., 2022).

In vitro passaging may thus skew CAF populations toward more activated states by selecting
subpopulations with high a-SMA, particularly in the absence of in vivo niche signals. To
preserve physiological relevance, early-passage, patient-matched CAFs are recommended.
Finally, variation in a-SMA induction across CAF lines may reflect patient-specific traits,
including prior exposure to TGF- or epigenetic imprinting (Kehrberg et al., 2023).

TGF-B1 is a potent regulator of a-SMA expression

TGF-B1 binds to the type Il TGF- receptor (TGFBR2), leading to the phosphorylation and
activation of the type | TGF-3 receptor (TGFBR1/ALK-5). Activated TGFBR1 phosphorylates
receptor-regulated SMADs (R-SMADs), including SMAD2 and SMAD3, which form
complexes with SMAD4 and further regulate gene transcription. The small molecule A-83-
01 inhibits TGFBR1/ALK-5 activation (together with type | nodal receptors ALK4 and ALK 7)
(Tojo et al., 2005). Additionally, several non-canonical signalling pathways are activated by
TGF-B1, including the PI3K/Akt, Rho/Rock, Ras/Raf, and TRAF/NF-kB/JNK pathways (Jung
etal., 2017). TGF-B signalling is a key regulator of fibroblast activation in CRC and is marked
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by increased expression of a-SMA, which drives CAFs toward a contractile and metastasis-
promoting phenotype (Hawinkels et al., 2014; Calon et al., 2015; B. Deng et al., 2022). Thus,
TGF-B is of good use as a control for studying CAF myofibroblast activation and a-SMA
induction.

As expected, TGF-B1 robustly upregulated a-SMA expression in both patient-CAFs, in all
assays and at different time points, confirming its dominant role in promoting the
myofibroblastic CAF phenotype. Using ICW, TGF-B1 induced a-SMA expression with
maximal effects observed at 72 hours, resulting in a 4- to 5-fold increase at low concentration
(2 ng/ml) (CAF6388/19, p11; see Figure 8). CAF 6388/19 at a later passage number (p14)
do not respond as much, with only a two-fold increase (see Figure 9), which might be due
to the general higher levels of SMA expression at the start of treatment due to passaging
effects. This requires further clarification. Intriguingly, a-SMA increase in BGM 2008 CAFs
(p10, 24 hours) is comparable to CAF 6388/19 (p11) (see Figures 8 and 11). Confocal
microscopy confirmed the incorporation of a-SMA into stress fibres, indicative of functional
myofibroblast differentiation (see Figure 10). The TGF- receptor | (TGFBRI) inhibitor A-83-
01 entirely abolished this TGF-B1-mediated induction seen in ICW and confocal microscopy
(see Figures 9 and 10). A-83-01 is commonly included in organoid culture media. This may
suppress CAF activation by targeting TGF-f signalling, which should be carefully considered
in co-culture systems. Organoid culture often relies on media with numerous exogenous
growth factors, and small-molecule inhibitors may not fully recapitulate in vivo conditions,
thus limiting physiological relevance (Wensink et al., 2021). In our OOTA setup, we
completely avoid the addition of exogenous factors or inhibitors except for 1% FCS. We
have previously shown that PDTO growth-supporting factors are entirely provided by the
fibroblasts (Atanasova et al., 2023).

Although TGF-f is an extensively studied cytokine in cancer, much remains unknown about
the connection between TGF-B and CAFs. The TGF-3 pathway plays a central role in CRC
development, and the TGF-B superfamily comprises many members, including bone
morphogenetic proteins (BMPs), activins, and Nodal (Jung et al., 2017). Nodal has also
been implicated in CAF activation via the TGF-B/SMAD/SNAIL pathway, correlating with
increased a-SMA expression (Z. Li, Zhang, et al., 2019). Hence, it would be interesting to
test the impact of Nodal and SNAIL on a-SMA expression using the methods established in
this thesis.

Moreover, direct contact between CRC cells and bone marrow mesenchymal stromal cells
(BMSCs) can transform BMSCs into CAFs through Notch-Jagged1 interaction, which
activates the downstream TGF-B/SMAD signalling cascade (Y. Peng et al., 2014). These
BMSCs-CAF could be compared to the patient-isolated CAFs. The origins of CAF are yet to
be elucidated, and different cellular sources could add to the heterogeneity of this cell type
(Kobayashi et al., 2022). Furthermore, activin A, another member of the TGF-3 superfamily,
promotes immunosuppression and progression in CRC (Wiley et al., 2025). Additionally,
Kobayashi et al. found that BMP signalling balance in CAF predicts CRC progression.
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GREM1 and ISLR (also known as Meflin) function as inhibitors and promoters of BMP
signalling, respectively. In CRC patients, elevated GREM1 expression is linked to poorer
survival, whereas high ISLR expression correlates with improved survival (Kobayashi et al.,
2021).

IL-4 and IL-13 upregulate a-SMA independently of TGF-B-receptor

Interleukin-4 (IL-4) and Interleukin-13 (IL-13) signal through a common receptor complex
composed of IL-4 receptor alpha (IL-4Ra) and IL-13 receptor alpha 1 (IL-13Ra1). These
cytokines activate the Janus kinase (JAK) family members, JAK1 and JAKS, leading to the
phosphorylation and activation of signal transducer and activator of transcription 6 (STATG).
Activated STATG6 translocates to the nucleus and regulates the transcription of genes
involved in immune responses and fibrosis, such as type | collagen (Allen, 2024; Owen et
al., 2019; J. K. Nguyen et al., 2020). Additional non-canonical downstream signalling of IL-
4/1L-13 involves PI3K/Akt and ERK 1/2 (J. Shi et al., 2021). IL-4 is a multifunctional cytokine
that plays a pivotal role in modulating immune responses, promoting cell growth, enhancing
resistance to apoptosis, activating gene expression, and driving cellular differentiation in a
diverse population of cells, including lymphocytes, macrophages, fibroblasts, and epithelial
as well as endothelial cells (Luzina et al., 2012). IL-4 is involved in the promotion of asthma,
allergic inflammation, and multiple types of cancer (Gour & Wills-Karp, 2015). Interleukin-13
acts through two receptor subtypes: IL-13Ra1 and IL-13Ra2. When paired with IL-4Ra via
IL-13Ra1, or more prominently through IL-13Ra2, signalling via STAT6, focal adhesion
kinase (FAK), and PI3K/Akt/mTOR is activated in CRC cells. High expression of IL-4Ra and
IL-13Ra2 in CRC correlates with advanced disease and poorer prognosis (Bartolomé et al.,
2015; H. Cao et al., 2016; H. Liu et al., 2017; Matsui et al., 2019). IL-4 and IL-13 are crucial
regulators of fibroblast activation and fibrosis across various tissues, with STATG6 signalling
primarily fulfilling these fibrosis-related functions (O’Reilly et al., 2016). IL-4 and IL-13
signalling have been extensively studied in fibrotic diseases, where they drive fibroblast-to-
myofibroblast transition and ECM deposition (Aoudjehane et al., 2008; Arndt et al., 2023).
However, their direct effects on CAFs have remained largely unexplored. The present
findings thus provide novel insights into their profibrotic roles within the TME, especially in
desmoplastic tumours such as CRC.

The ICW data show that IL-4 significantly increases a-SMA levels, reaching maximal
induction observed at low concentrations (2 ng/ml) (see Figure 8). IL-13 induced a-SMA to
a comparable level as IL-4 in the ICW (see Figure 9). Although IL-4 and IL-13 induced a-
SMA upregulation, their potency was less than that seen using TGF-B1 (see Figure 9).
Notably, these effects were not blocked by A-83-01, demonstrating that IL-4 and IL-13 act
through TGF-B-receptor-lI-independent pathways in our CAFs (see Figure 9). The
combination of IL-4 and IL-13 did not produce additive or synergistic effects in the ICW,
suggesting that their signalling pathways overlap (see Figure 9). Both IL-4 and IL-13 induced
visible a-SMA stress fibres in confocal microscopy and showed a trend toward increased a-
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SMA expression, particularly in cell counts; however, this was not statistically significant for
the positive pixel method (see Figure 10) (for further details, see Methodological
Considerations: ICW vs. Confocal Microscopy). The upregulation of a-SMA in both patient-
derived CAF lines (CAF 6388/19 and CAF BGM2008) in response to IL-4 suggests that this
response is not patient-specific but rather reflects a conserved feature of CAFs (see Figures
8,9,10,11,12). While IL-4 and IL-13 induced clear a-SMA-positive stress fibres in confocal
microscopy, the quantitative increase in a-SMA signal was more pronounced in the ICW
assay. This discrepancy may reflect a scenario in which IL-4/IL-13 increase total a-SMA
protein levels without proportionately enhancing their incorporation into contractile fibres, a
hallmark of fully activated myofibroblasts (for further details, see Methodological
Considerations: ICW vs. Confocal Microscopy).

CRC tissue exhibits a distinct cytokine milieu (Braumduller et al., 2023; Maryam et al., 2023).
Tosolini et al. reported that CRC tumour samples express IL-17A, IL-4, IL-5, IL-13, and the
IL-12 receptor B2 (IL12Rb2) (Tosolini et al., 2011). Kim et al. reported that tumour samples
contain IL-4, IL-6, IL-8, IL-10, IL-12, TNF-a, GMC-SF, IFN-y, and VEGF (Kim et al.,
2014). Both studies report spatial heterogeneity regarding cytokine expression and identify
distinct profiles corresponding to T-cell subsets. For example, Th17-associated IL-17A
indicates a poor prognosis, while Th2 cytokines (IL-4, IL-5, IL-13) do not predict outcome,
and Th1-related IL-12Rb2 correlates with more favourable disease-free intervals (Tosolini
etal., 2011; Kim et al., 2014). The cellular sources of IL-4 in the TME are diverse and include
Th2 cells, regulatory T cells (Tregs), M2-polarised tumour-associated macrophages (TAMs),
mast cells, eosinophils, and innate lymphoid cells (ILC2s) (Gamez-Belmonte et al., 2020).
Previous studies on lung cancer have shown that irradiated CAFs can secrete
immunosuppressive molecules, including IL-4, reinforcing the idea that CAFs can both
respond to and propagate type 2 cytokine signalling (Gorchs et al., 2015). Additionally, it is
known that the CAF secretome is influenced by specific mutations in the tumour cells, as it
was shown that KRAS mutant pancreatic ductal adenocarcinoma (PDAC) cancer cells
activate CAFs, which is mediated by CXCR-2. This resulted in NF-kB-mediated secretion of
IL-4, IL-10, and IL-13, while IL-6 was downregulated. Treatment with CXCL-1 increased IL-
4, IL-13 and CXCL7, while downregulating a-SMA(Awaiji et al., 2020; Linares et al., 2021).
This is a curious result, as activation of NF-kB is believed to generate the iCAF phenotype
(Biffi et al., 2019).

Thus, CAF responses to IL-4/IL-13 may be especially relevant in Th2-skewed or immune-
suppressed TMEs, where these cytokines are abundant. While type 1 inflammatory
cytokines are widely studied, there is a notable lack of research on type 2 cytokines.

The ability of IL-4 to upregulate a-SMA, even in the absence of TGF-B1 signalling, raises
the question of whether IL-4 induces a distinct myCAF phenotype that may be functionally
relevant in shaping the TME. This aligns with the emerging model of CAF heterogeneity, in
which myCAFs and iCAFs represent the extremes of a plastic spectrum. A possible theory
is that IL-4, as a known immune modulator, inhibits the inflammatory induction of CAFs,
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thereby pushing them towards a myofibroblast fate. It is plausible that IL-4 suppresses iCAF-
associated pathways (e.g., IL-1R1) while enhancing matrix-related gene expression, leading
to a non-inflammatory, matrix-remodelling CAF state. However, IL-4's ability to increase o-
SMA is evidence that it does not rely solely on iCAF inhibition, but also actively promotes a
myofibroblast phenotype. This hypothesis aligns with observations in other fibrotic contexts
but requires validation, especially in the context of the TME. Thus, additional experiments
are needed to determine how exactly IL-4 and IL-13 cause a-SMA upregulation. Additionally,
it should be investigated if or how the TGF-B1-induced myCAF phenotype differs from the
IL-4 phenotype.

Although IL-4 and IL-13 had measurable effects on a-SMA, IL-13 was not further
investigated due to its slightly weaker activity. However, it is essential to note that IL-13 can
function independently of IL-4 in certain cancers, including CRC, where it contributes to
epithelial proliferation, metastasis, and immune evasion (H. Cao et al., 2016). Thus, the non-
redundant roles of IL-13 in CAF biology warrant further investigation, especially in tumours
expressing IL-13Ra2. Further functional assays, such as collagen gel contraction, would be
required to confirm whether the a-SMA induced by IL-4/IL-13 contributes to the generation
of mechanical matrix force. Traction/atomic force microscopy can be used to measure the
mechanical activity of the ECM (Otero et al., 2020). The effects of IL-4 and IL-13 on a-SMA
could also intersect with other signalling pathways, such as the Rho/ROCK pathway. A study
by Murray et al. demonstrated that the IL-6-JAK1-ROCK signalling pathway regulates
actomyosin contractility in the tumour stroma, a mechanism potentially shared by IL-4 and
IL-13. (Sanz-Moreno et al., 2011b). Elucidating these downstream events could reveal new
therapeutic targets to selectively block profibrotic CAF activity. Moreover, the effects of IL-4
and IL-13 on ECM composition should be further explored.

The reliance on A-83-01 to assess TGF- independence is informative but does not rule out
non-canonical TGF-B signalling or convergence downstream, such as SMAD-independent
pathways. Whether IL-4 and TGF-3-mediated a-SMA upregulation happens through distinct
or shared signalling mechanisms needs to be determined. Synergy is seen in the confocal
data of CAF 638819 when comparing a-SMA positive pixels, but not when looking at positive
cell count (see Figure 10). CAF BGM2008 do not show any additive effect regarding a-SMA
in the confocal (see Figure 12). The individual datapoints from the confocal analysis show
high variability; thus, drawing a solid conclusion about synergy from just the means could
be misleading. The crosstalk of TGF- and JAK/STAT is vast, and interactions play critical
roles in regulating transcriptional programs involved in pluripotency, differentiation, immune
responses and tumour progression. SMADs and STATSs are frequently co-assembled within
the same transcriptional complexes (X. Hu et al., 2021). The TGF-f3 signalling pathway has
been shown to modulate the JAK/STAT pathway in both stimulatory and inhibitory ways,
depending on the specific cell type and the activation state of key signalling proteins (K. Luo,
2017). The TGF-B/STATS3 crosstalk has been explored in more detail (Tang et al., 2017; Hu
et al., 2021). However, the TGF-B/STAT6 crosstalk needs further elucidation, especially
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regarding CAFs. Both IL-4 and TGF-B share the commonality of upregulating the
PISBK/AKT/mTOR signalling pathway; thus, it would be interesting to investigate whether this
pathway is involved in a-SMA upregulation. Interestingly, the PISK/AKT pathway was shown
to promote the differentiation of various cells into CAFs, furthermore increasing their
proliferation and survival (Wu et al., 2021). For future experiments, pharmacological
inhibitors or CRISPRI/siRNA knockdown to block specific pathways during cytokine
stimulation may help dissect the pathways regulating a-SMA expression.

Methodological Considerations: ICW vs. Confocal Microscopy

To confirm the ICW findings, confocal microscopy was employed to localise a-SMA
expression and confirm its incorporation into actin stress fibres, a hallmark of myofibroblast
differentiation (see Figures 10 and 12); (Hinz & Lagares, Myofibroblasts - Methods in
Molecular Biology 2299, Springer 2021). Therefore, quantifying a-SMA protein levels using
Western blotting or mRNA expression via qPCR is of limited value in this context. CAFs
were stained for a-SMA, Vimentin, and DAPI, with a-SMA expression quantified via two
different methods: pixel-based analysis using ImageJ and manual positive cell counting.
Both analyses were normalised to the DAPI-positive area. Thus, it offers a sensitive
measure of marker intensity. Manual cell counting, though more binary and time-consuming,
captured discrete positive cells and tended to yield slightly higher values. However, both
methods produced consistent trends, with pixel analysis being more objective and scalable.
Confocal imaging, compared to ICW, provided enhanced spatial resolution. These results
emphasise the utility of spatially resolved, image-based methods for high-throughput CAF
phenotyping, offering deeper insight into marker localisation, heterogeneity, and
myofibroblast activation. A limitation of this method is the higher variability observed in
individual measurements compared to ICW. This may be due in part to the limited number
of cells captured within each confocal frame. Additionally, a-SMA—positive cells tend to
cluster in localised regions. The imaging frames were selected in the DAPI channel, thus
stochastically probing the area and thus limiting the overall picture. The method could be
advanced in the future by additional staining for actin or the splice variant ED-A of cellular
fibronectin, as suggested by Hinz and Lagares (Hinz & Lagares, Myofibroblasts - Methods
in Molecular Biology 2299, Springer 2021).

IFN-y antagonises a-SMA Induction by IL-4 and TGF-$1

Interferon-y (IFN-y) is a type Il interferon and a type 1 cytokine and thus opposes type 2
cytokine signalling. IFN-y signals through the IFN-y receptor (IFNGR), activating Janus
kinase 1 (JAK1) and Janus kinase 2 (JAK2). JAKs phosphorylate STAT1, which forms
homodimers and translocates to the nucleus, regulating the transcription of target genes
involved in immune responses (Owen et al., 2019). IFN-y signalling exerts diverse, context-
dependent effects on CAFs. IFN-y either suppresses tumour growth by limiting invasion and
promoting immunity or supports cancer by increasing inflammation and stemness (Lu et al.,
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2009;Bansal et al., 2012; X. Liu et al.,, 2019). In addition, IFN-y prompts an immune-
activating shift in CAFs (Grauel et al., 2020; Koppensteiner et al., 2025). Studies have
documented that IFN-y can also drive a pro-inflammatory CAF phenotype; these reports
note effects such as increased TNF-a secretion (Z. Ma et al., 2022; Yamashita et al., 2024).
In our experiments, IFN-y alone did not significantly alter a-SMA levels, although a modest
reduction was observed (see Figure 8). Strikingly, IFN-y exerted strong antagonistic effects
on both IL-4- and TGF-B1-induced a-SMA expression. It completely reversed IL-4-mediated
a-SMA upregulation and partially suppressed the TGF-B1-induced response. Antagonising
STAT signalling might explain the greater impact of IFN-y on IL-4-mediated upregulation of
a-SMA (Ohmori & Hamilton, 2000). Activated myofibroblasts may lose the capacity to induce
growth-inhibitory STAT1 signalling (Kaler et al., 2014).

The opposing role of IFN-y and IL-4 can also be seen in the context of TAM. In general,
elevated levels of IFN-y drive macrophages toward an M1 phenotype, whereas high levels
of IL-4 and IL-13 promote polarisation into the M2 phenotype (Gunaydin, 2021). Further
research is needed to elucidate the impact of IFN-y signalling, the crosstalk with other
cytokines, and the effect on the TME.

IL-18 and TNF-a do not upregulate a-SMA, but also do not diminish basal a-SMA
expression

Interleukin (IL)-1B signals through the IL-1 receptor (IL-1R), activating interleukin-1 receptor-
associated kinase (IRAK) family members and TNF receptor-associated factor 6 (TRAFG).
This leads to the activation of mitogen-activated protein kinase (MAPK) and nuclear factor
kappa B (NF-kB) signalling pathways (Weber et al., 2010). |IL-13-mediated activation of
CAFs promotes the secretion of pro-inflammatory cytokines, chemokines, and matrix
metalloproteinases. IL-13 secreted by tumour cells was shown to activate normal colonic
fibroblasts, converting them into inflammatory CAFs (iCAFs) that further promote tumour
progression (Bent et al., 2018; Diaz-Maroto et al., 2021; Koncina et al., 2023). The pro-
inflammatory cytokine Tumour necrosis factor-alpha (TNF-a) binds to TNF receptors
(TNFR1 and TNFR2). TNFR1 binding leads to the activation of NF-kB and MAPK signalling
pathways (Holbrook et al., 2019). This way, TNF-a mediates the generation of inflammatory
CAFs (Aoudjehane et al., 2008; Dash et al., 2021). Thus, IL-13, in combination with TNF-q,
robustly activates the canonical NF-kB pathway, leading to iCAF formation (Wu et al., 2021).
IL-18 and TNF-a did not induce a-SMA expression in any of our assays (see Figures 11 and
12). This supports their association with inflammatory CAF (iCAF) phenotypes, which lack
myofibroblastic features.

Papers describe that TNF-a suppresses the expression of a-SMA, even in combination with
TGF-B (Goldberg et al., 2007). Another study stated that the addition of IL-18 diminished
basal a-SMA expression in lung fibroblasts (Gabasa et al., 2013).

TNF-a and interleukin-6 (IL-6) are recognised as key contributors to inflammation in CRC.
They drive the activation of critical oncogenic transcription factors, including nuclear factor-
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kB (NF-kB) and signal transducer and activator of transcription 3 (STAT3), in intestinal
epithelial cells, promoting cell proliferation and resistance to apoptosis. CAFs can secrete
pro-inflammatory cytokines, such as TNF-a, IL-1, and IL-6, creating a chronic inflammatory
environment that recruits immune cells, including myeloid cells. This inflammation facilitates
tumour progression by promoting cell survival, proliferation, and angiogenesis (Kennel et
al., 2023). Inflammatory CAFs (iCAFs) promote the induction and maintenance of an
inflammatory environment by expressing inflammatory mediators, including IL-6, IL-11,
COX-2, CXCL1 and CXCL2 (Erez et al., 2013; Monteran & Erez, 2019). Hence, it would be
of interest to investigate the impact of additional inflammatory mediators, such as IL-6. In
this context, a relatively new member of the IL-1 family, IL-33, was discovered, with
increased expression in CAF. IL-33 also activates type 2 innate lymphoid cells (ILC), which
in turn produce IL-13 (Yeoh et al., 2022; Ercolano et al., 2021).

Combination of inflammatory cytokines (IL-1B + TNF-a) counteracts a-SMA up-
regulators (IL-4 and TGF-31)

In the ICW and confocal experiments, inflammatory treatment counteracted IL-4-mediated
SMA upregulation, bringing it to the level of the untreated group (see Figures 11 and 12). In
contrast, IL-4 in combination with TGF-31 reduced a-SMA levels compared to TGF-1
alone; however, it still showed higher a-SMA levels than the untreated group in the confocal
images (see Figure 12). However, the ICW only showed a slight reduction compared to TGF-
B1 alone (see Figure 11). Unexpectedly, in both assays, treatment with inflammatory
cytokines + IL-4 + TGF-31 showed the highest upregulation of a-SMA.

Interestingly, IL-4—induced STATG6 activation plays a pivotal role in suppressing the
inflammatory gene expression upregulated by TNF-q, in part by functioning as an antagonist
of NF-kB through its interaction with the E-selectin gene promoter, thereby reducing
leukocyte recruitment and inflammatory gene expression (X. Hu et al., 2021).

The crosstalk of TGF- and IL-1 is dose-dependent in many cell types (T. Lu et al., 2007).
IL-18 and TGF- exhibit opposing effects on CAFs in preclinical models of PDAC.TGF-3
was found to downregulate the interleukin-1 receptor (IL1R1) and inhibit JAK/STAT
signalling, thereby preserving a-SMA expression and the myofibroblastic phenotype(Biffi et
al., 2019). A study in CRC showed that, in combination, TGF-3 offsets IL-13’s suppressive
influence on a-SMA, supporting fibroblast survival and maintenance of the myofibroblastic
state. Disruption of both IL-18 and TGF-B signalling, which was achieved by using a
neutralising IL-1B antibody in combination with a TGFBR1 inhibitor, was counteracted by
TAK1-mediated activation of the PI3K/Akt noncanonical TGF-B pathway. This activation
alters the CAF cytokine and chemokine profile, resulting in sustained Akt signalling in CRC
cells. However, dual inhibition of TAK1 and TGFBR1 effectively blocked IL-1B/TGF-B1-
induced fibroblast activation, resulting in reduced secretion of proinflammatory cytokines
(Diaz-Maroto et al., 2019b).

Literature on the combined action of TGF- and TNF-a is minimal. In studies using human
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dermal and gingival fibroblasts, TNF-a counteracted TGF- action by inhibiting Smad
phosphorylation via JNK activation (Goldberg et al., 2007).

Collectively, the literature describes independent roles for TGF-f and NF-kB pathway
activation in establishing tumour-promoting fibroblast phenotypes (Biffi et al., 2019).
However, the impact of their combined signalling in CAF remains relatively uncharacterized.

4.1.2 IL-4, TGF-B1, IL-1B8 and TNF-a differentially influence FAP expression

ICW and confocal imaging revealed low FAP expression in untreated CAFs and following
IL-4 treatment. TGF-B1 significantly increased FAP expression in both assays (see Figures
11 and 12). Interestingly, the pro-inflammatory cytokines IL-13 and TNF-a induced only
modest, non-significant increases in FAP levels, reaching approximately half the level
caused by TGF-B1 alone, suggesting that inflammatory signalling by IL-18 and TNF-a alone
is insufficient to substantially activate FAP expression. No synergistic effect was observed
between IL-4 and TGF-B1 in ICW (see Figure 11). However, confocal imaging detected a
clear synergistic response, with FAP expression roughly doubling compared to TGF-$1
treatment alone (see Figure 12). A similar pattern was previously noted with a-SMA, where
confocal microscopy more effectively captured synergistic effects, suggesting that spatially
resolved imaging may be more sensitive to subtle or localised activation patterns.
Unexpectedly, the combination of IL-4, IL-13 and TNF-a resulted in a strong and significant
upregulation of FAP. Similarly, the combination of TGF-B1 with IL-18 and TNF-a resulted in
a marked increase in FAP expression, exceeding that observed with TGF-31 alone in ICW.
Interestingly, combined treatment with IL-18 + TNF-a and TGF-31 in the confocal analysis
unexpectedly resulted in lower FAP levels than TGF-31 alone, diverging from ICW results.
Further experiments are necessary to clarify this discrepancy and eliminate potential
sources of error. Notably, the complete four-cytokine cocktail consistently produced the
highest FAP expression.
FAP is widely considered a prominent CAF marker, and its expression is connected to tissue
repair, fibrosis and ECM degradation (Nurmik et al., 2020b). However, FAP is also found to
be upregulated during inflammation, but not in the context of cancer (Z. Wang et al., 2023).
Thus, it is hard to associate FAP with either the myCAF or iCAF phenotype; however, most
studies align FAP with the myCAF phenotype (Bueno-Urquiza et al., 2024). In breast cancer,
FAP expression was found in both inflammatory and myofibroblastic subsets, but the
myofibroblastic (FAP+/aSMA+, CD29+) cells were more strongly linked to
immunosuppressive and ECM-related functions (Croizer et al., 2024). Intrahepatic
cholangiocarcinoma studies describe FAP-positive CAFs with an inflammatory signature (for
example, via STAT3-CCL2 signalling (X. Yang et al., 2016).
In colorectal cancer, a subset of CAFs characterised by high IL1R1 expression responds to
tumour-derived IL-1B8 by upregulating FAP (alongside PDPN), acquiring an inflammatory
iCAF phenotype that drives tumour growth in 3D co-culture assays and fosters
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immunosuppression via macrophage polarisation and T-cell inhibition, effects reversed by
IL-1 signalling blockade (Koncina et al., 2023). Our experiments can confirm these results.
Additionally, it was shown that collagen induces FAP expression through the binding of a331
integrin (Fitzgerald & Weiner, 2020).

TGF-B1, acting via both canonical and noncanonical signalling, induces FAP expression in
various other CAF populations (Kawase et al., 2015; Ping et al., 2023). Autophagy is
reported to mediate this induction (M. Huang et al., 2021). Signalling pathways that activate
STATS (through a uPAR-FAK-Src—JAK2 cascade) contribute to FAP upregulation (X. Yang
et al., 2016).

FAP upregulation in colorectal CAFs is known to occur through a network of signalling
cascades and microenvironmental cues, including TGF-B (Cho et al., 2020), WNT, FGF
(Furuhashi et al., 2023), and PIBK/AKT/MAPK pathways (Henrich et al., 2024). Additionally,
IFNAR1 downregulation is linked to increased levels of FAP in CRC (Cho et al., 2020).
Furthermore, the cytokine IL-34 promotes FAP upregulation in CRC CAFs (Franzé et al.,
2020). Radiation exposure and oxidative stress also elevate FAP expression in CRC CAFs
(Hassametto et al., 2023; Garate et al., 2024). Thus, several other mechanisms behind FAP
upregulation could be explored.

41.3 IL-4, TGF-B1, IL-1B8 and TNF-a Differentially Regulate CAF Markers: IL-1R1,
PDPN, and PD-L2

Our experiments demonstrated that TGF-B1 functions as a central regulator of the CAF
phenotype by upregulating PD-L2, while simultaneously repressing IL-1R1 expression (see
Figure 12). IL-4 contributes to the upregulation of podoplanin (PDPN) and suppresses IL-
1R1 levels. In contrast, the inflammatory cytokines IL-13 and TNF-a predominantly drive
PDPN expression. Notably, synergistic regulation of PD-L2 is observed under specific
cytokine combinations, particularly in the presence of both IL-4 and TGF-31. These findings
highlight the dynamic and context-dependent regulation of CAF phenotype by cytokine
networks.

IL-1R1
Previous studies have shown that TGF-f signalling suppresses IL-1R1 expression in CAFs,
contributing to a shift away from the iCAF phenotype (Biffi & Tuveson, 2021). Consistent
with this, we observed IL-1R1 downregulation following TGF-B1 treatment (see Figure 12).
IL-4 also led to a downregulation, however, to a lesser degree than TGF-31 treatment.
Interestingly, in our study, combined treatment with IL-18 and TNF-a also led to IL-1R1
downregulation, suggesting that pro-inflammatory cytokines themselves may initiate
negative feedback or compensatory mechanisms that limit prolonged IL-1 signalling.
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Notably, no further suppression of IL-1R1 expression was observed when combining any of
the tested cytokines. IL-1R1 is critical for maintaining this iCAF phenotype, as genetic or
pharmacological blockade of IL-1R1 significantly impairs organoid viability in co-culture
models (Koncina et al., 2023). However, Koncina et al. focused on IL-1f alone, whereas our
findings with IL-13 plus TNF-a suggest a more complex interplay, potentially involving
feedback inhibition or signal crosstalk not evident in single-cytokine contexts.

Additional investigation is required to confirm and expand upon these findings, including
assessments of feedback regulators (e.g., IRAK-M, IL-1RA), and functional assays targeting
IL-1R1 in multi-cytokine environments (Zhukova et al., 2024).

Podoplanin

Ekwall et al. reported that podoplanin expression is induced by the pro-inflammatory
cytokines IL-1B3, TNF-a, and TGF-B1 in cultured primary synovial fibroblasts (Ekwall et al.,
2011). This finding was partially confirmed by Croft et al., who observed induction by IL-13
and TNF-a, but not by TGF-B1 (Croft et al., 2016). Importantly, Koncina et al. (2023) also
reported that IL-18 induces PDPN expression in colorectal CAFs (Koncina et al., 2023). In
our study, IL-4 and IL-1B + TNF-a upregulated podoplanin, respectively (see Figure 12). In
combination, no antagonistic effect of these cytokines was noticed.

PD-L2

In our study, PD-L2 upregulation matches FAP upregulation; thus, both markers are
regulated by TGF-B (see Figure 12). Among the genes highly expressed by FAP* CAFs,
PD-L2 and TNFSF4 (OX40L) have been identified as key mediators of sustained CAF-T
cell interactions in breast cancer (Costa et al., 2018). Although most research has focused
on the PD-L1/PD-1 axis, both PD-L1 and PD-L2 are capable of engaging PD-1, highlighting
the potential role of PD-L2 in immunotherapy resistance (Mhaidly & Mechta-Grigoriou,
2021). Unfortunately, the IgG control for the PD-L1 antibody produced a strong background
signal and hence could not be analysed. Since PD-L1 blockade may not inhibit PD-L2—PD-
1 interactions, elevated PD-L2 expression in FAP* CAFs may represent an alternative
mechanism of resistance to current immune checkpoint therapies (Topalian et al., 2016). In
CRC, CAF-secreted factors, such as TGF-B, are linked to immune evasion and resistance
to therapies like PD-1 blockade, highlighting the importance of targeting CAFs to improve
immune control over tumours (Mariathasan et al., 2018; Linares et al., 2021).

Limitations and further directions

The study is based on 2D monoculture systems of established CAF patient primary cultures,
which may not fully capture the cellular complexity and spatial organisation of the in vivo
tumour microenvironment. For further assays, it would be helpful to investigate how long the
markers remain upregulated. Additionally, it is necessary to validate marker expression and
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function in a more physiologically relevant context, e.g. in a 3D collagen gel.

While marker expression was thoroughly evaluated, functional aspects such as matrix
remodelling and contractility by CAFs in response to stimuli were not assessed. These
cytokines likely alter not only a-SMA levels but also the quality and function of the ECM,
including the deposition of fibronectin (ED-A splice variant), desmin, tenascin-C, CCN2 (also
known as CTGF)(Karlsson & Nystrom, 2022; Hinz & Lagares, Myofibroblasts - Methods in
Molecular Biology 2299, Springer 2021). ECM alterations could be characterised through
immunofluorescence staining, decellularised ECM analysis, or proteomic approaches such
as mass spectrometry (Lee et al., 2025).

The observed divergence between ICW and spatially resolved readouts, such as confocal
microscopy, particularly regarding stress fibre formation, underscores the need for
multimodal quantification methods to assess CAF activation accurately. Single-cell analysis
could resolve this problem. Many studies have implemented single-cell sequencing (SCRNA-
seq) with CAF (J. Ma et al., 2021; Lavie et al., 2022). A complementary method on the
single-cell level could also be assessing the marker expression with flow cytometry after
treatment with TGF-31, IL-4, and combinations of inflammatory cytokines to identify distinct
CAF subpopulations expressing specific markers. CAFs could also be sorted by marker
expression, and their impact on organoid growth could be evaluated in a sorted culture to
measure the effect of each marker.

Interestingly, it was found that tumour suppressors, such as p53, and oncogenes, like KRAS,
influence the cytokine profile, and cells adapt to distinct cytokine signalling by regulating
these proteins. TP53 deficiency, which occurs early in CRC development, is associated with
increased levels of inflammation and the production of NF-kB-related cytokines and
chemokines. RAS mutations directly influence several pro-inflammatory cytokines and
chemokines, including IL-6, IL-8, IL-11, GM-CSF, and CXC-chemokine ligand 1 (CXCL1).
KRAS or NRAS mutations in microsatellite-stable CRCs are associated with reduced
expression of genes connected to Th1-type immunity, such as IFN-y. KRAS also leads to a
decrease in the tumour-suppressive effects of TGF- (West et al., 2015). Thus, the impact
of mutations on cytokine expression warrants further scientific exploration. Additional studies
are required to clarify what signalling cascades are activated by cytokine signalling,
especially of combined treatments.

The analysis focused on a small set of markers (a-SMA, FAP, PD-L2, PDPLN, IL-1R1). The
inclusion of additional markers, such as Meflin (Takahashi et al., 2021), fibronectin (FN1) or
platelet-derived growth factor- A/B (PDGF-A/B), would have provided a more
comprehensive phenotypic profile. Marker expression is highly context- and method-
dependent, underscoring the complexity of CAF responses. Apart from a-SMA and FAP, a
plethora of other CAF markers can be found. Vimentin is found to be expressed in both
CAFs and normal fibroblasts; thus, it is not CAF-specific (Z. H. Wang et al., 2012). Meflin is
expressed by mesenchymal stem cells and exerts a suppressing effect, decreasing LOX
activity. Matrix stiffness, TGF-B, hypoxia, and ageing inhibit Meflin in stromal cells, thereby
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enhancing collagen production. Meflin expression in CAF is low compared to normal
fibroblasts (Ishihara & Haga, 2022). Meflin-positive CAFs have been shown to suppress
tumour progression by modulating collagen architecture and BMP signalling within the TME
(Takahashi et al., 2021; Kobayashi et al., 2021). Additional CAF markers with modest
specificity comprise fibroblast-specific protein 1 (FSP1), platelet-derived growth factor
receptor (beta) (PDGFR(B)), collagen type | alpha 1 (COL1A1), fibronectin 1 (FN1), SPARC
(Herrera et al., 2013; Zheng et al., 2021;Mele et al., 2022;Z. Zhao et al., 2022; Shah et al.,
2024).

The selection of the time point was made according to the initial a-SMA experiments, thus
might not reflect the best assessment of the other markers. While two independent CAF
lines were tested, greater inter-patient variability in CAF responses may exist. Further
validation across a broader panel of primary CAFs would strengthen the generalizability of
findings. It would be of interest to assess the co-expression of markers, e.g. a-SMA and
FAP, to see whether certain CAF express only one marker or both combined. Although
informative, the findings remain unvalidated in animal models or patient-derived xenografts,
which could confirm the in vivo relevance of IL-4/IL-13-driven CAF activation.

4.2 Impact of cytokine-pretreated CAF conditioned media on colorectal cancer
organoid growth

To investigate whether different cytokine-activated colorectal CAFs influence tumour growth
via secreted factors, we analysed the effects of conditioned media (CM) from pretreated
CAFs on patient-derived CRC organoids (BGM2008) embedded in Matrigel using the
CellTiter-Glo 3D assay (see Figures 13 and 14).

MyCAF-CM does not increase organoid viability

CM from CAFs treated with IL-4 or TGF-B1 alone, both of which are associated with
myofibroblast-like (myCAF) phenotypes, did not significantly promote organoid growth (see
Figure 14). While myCAFs are known for their ECM remodelling and contractile properties,
they may not secrete factors that directly support tumour cell growth or survival, in line with
the original subtype definition by Ohlund et al, in which myCAFs are characterised by strong
ECM production and contractile features but do not contribute substantially to tumour
progression through soluble factors. Instead, their primary roles involve ECM deposition,
tissue stiffening, and mechanical modulation of the TME (Ohlund et al., 2017; Calon et al.,
2015; Sahai et al., 2020). Indeed, single-cell RNA-seq data from lung cancer demonstrates
that a-SMA-high CAFs (myCAFs) lack enrichment for inflammatory cytokines like IL-6 or
CXCL12, which are instead expressed by iCAFs (Koppensteiner et al., 2025). Reviews of
the CAF secretome further assert that key soluble tumour-supportive mediators (e.g., IL-6,
IL-8, HGF) are predominantly produced by inflammatory CAF subsets, whereas myCAFs
are ECM-focused (Vokurka et al., 2022; Wright et al., 2023).
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The combination of IL-4 and TGF-B1 moderately increases organoid viability
Interestingly, the combination of IL-4 with TGF-31 yielded a modest increase in patient-
derived tumour organoids (PDTO) ATP luminescence, indicating a slight enhancement in
organoid viability (see Figure 14). Thus, myCAF might have a more moderate impact on
cancer growth compared to iCAF, which only shows a significant increase in viability when
TGF-B and IL-4 are combined. MyCAF might not strongly impact cancer viability through
paracrine secretion, but rather direct contact or ECM remodelling effect (Karagiannis et al.,
2012; Erdogan & Webb, 2017). Matrix stiffness regulates pro-tumourigenic transcription
factors, such as YAP/TAZ, B-catenin and Twist/Snail (Ishihara & Haga, 2022). This study
describes patient-specific CAF heterogeneity in matrix stiffening after 21 days in culture, as
measured by atomic force microscopy (AFM). Interestingly, the difference was lost when the
cells were co-cultured with CRC cells (Micalet et al., 2024). This study suggests that the
effects of CAFs on ECM stiffness develop gradually over time, and that crosstalk with cancer
cells further influences this process. Future investigations should explore this further. For
instance, proteomics data could elucidate ECM remodelling and desmoplastic proteins
connected with it (Karagiannis, Petraki, et al., 2012).

iCAF-CM (IL-1B and TNF-a) significantly increases organoid viability

Notably, CM from CAFs stimulated with the pro-inflammatory cytokines IL-13 and TNF-a
significantly enhanced organoid luminescence, indicating increased viability (see Figure 14).
This suggests that inflammatory activation skews the CAF secretome toward a more pro-
tumourigenic phenotype, likely through a reprogrammed secretome (Erez et al., 2010;
LeBleu & Kalluri, 2018). Proteomic profiling of the conditioned media will be crucial in
elucidating the specific soluble mediators responsible for these effects.

Inflammatory CAFs (iCAFs), which secrete IL-6 and other pro-inflammatory cytokines, are
more often linked to paracrine stimulation of tumour growth. These results suggest that
CAFs treated with inflammatory cytokines secrete tumour-supportive factors. Although the
precise composition of the CAF secretome remains to be defined, it is likely to include known
pro-tumourigenic mediators, such as IL-6, IL-8, VEGF, prostaglandins, IGF or HGF, which
may promote tumour cell proliferation, survival, or the maintenance of cancer stem-like traits
(Kalluri, 2016; Linares et al., 2021; Y. Chen et al., 2024). Konicna et al. showed that IL-1p—
activated CAFs promote colorectal tumour growth through NF-kB signalling, enhance 3D
tumour cell expansion, and polarise macrophages toward a pro-tumourigenic phenotype via
CCL2 secretion. Blocking IL-1 signalling, either pharmacologically (by Anakinra) or
genetically, reduced tumour growth, Th17 infiltration, and immunosuppression in the TME,
leading to improved survival (Koncina et al., 2023). From a therapeutic perspective, our
findings suggest that targeting inflammatory pathways in CAFs, such as IL-1R, TNFR, or
downstream effectors like NF-kB, might reduce their tumour-promoting functions (Guo et al.,
2024).
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IL-4 counteracts IL-1 and TNF-a-mediated organoid viability

Interestingly, when IL-4 was combined with IL-18 and TNF-a, no significant enhancement in
organoid growth was observed, with comparable levels to untreated (see Figure 14). This
suggests that IL-4 attenuates the tumour-promoting effects of pro-inflammatory cytokines,
pointing to antagonistic interactions between these signalling pathways. Notably, IL-4
appears capable of counteracting the dual effect induced by IL-18 and TNF-a. The anti-
inflammatory role of IL-4 and IL-13 can be clearly seen in macrophages and other immune
cells (Allen, 2024). IL-4 has been described as an anti-inflammatory agent in acute and
chronic inflammatory conditions (Pan et al., 2025). More in-depth research is essential to
better understand these opposing mechanisms.

TGF-B1 does not reduce the effect of IL-18 and TNF-a-mediated organoid viability

In contrast to IL-4, TGF-B1 pretreatment of CAFs, in combination with IL-18 and TNF-a, did
not reduce the pro-tumourigenic effect observed with IL-13 and TNF-a alone, but also did
not increase the organoid response. Only a slight reduction of luminescence compared to
inflammatory treatment can be detected (see Figure 14). This might suggest a potentially
antagonistic or regulatory interaction between TGF-B1 and the inflammatory cytokines in
this context, like previously reported (Biffi et al., 2019;Koncina et al., 2023).

Combined Treatment with IL-4, TGF-B1, IL-1B, and TNF-a maximally enhances
organoid viability

The most robust response was observed when all four cytokines (IL-4, TGF-B1, IL-1j3, and
TNF-a) were combined to pretreat CAFs, resulting in a 3.8-fold increase in luminescence
compared to organoids cultured with untreated CAF-CM. Of note, the luminescent signal is
more than the one with CAF CM produced by inflammatory cytokine treatment alone (see
Figure 14).

These findings are particularly noteworthy as they suggest that iCAF and myCAF
phenotypes may coexist and concurrently influence tumour progression, rather than being
mutually exclusive. This challenges the prevailing model where cytokine signalling is thought
to drive distinct and antagonistic CAF states, with TGF- favouring myCAF differentiation
and IL-1 promoting iCAF identity. Previous studies, including those by Biffi et al. and Koncina
et al., have supported this dichotomy by demonstrating that TGF-B and IL-1 signalling
pathways exert opposing effects on CAF fate (Biffi et al., 2019;Koncina et al., 2023).
However, the observation that IL-4 can modulate this balance is a novel finding and
introduces a new layer of complexity, suggesting that CAF heterogeneity may be more
plastic and context-dependent than previously appreciated, potentially allowing for
simultaneous activation of divergent CAF programs within the same microenvironment.

Conditioned media from CAFs support organoid growth more than standard media
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Organoids cultured in Omin medium alone showed the lowest viability, whereas ENAS
medium supported moderate growth, outperforming untreated CM but falling short of
cytokine-activated CM (see Figure 14). In a previous study of our lab, we showed that
colorectal cancer organoids and matched CAFs from the same patient can be cultured
without exogenous niche factors. Co-cultures exhibited enhanced tumour cell heterogeneity,
closely mirroring patient tumour morphology and transcriptional states (Atanasova et al.,
2023).

Limitations and future perspectives

These experiments demonstrate that colorectal CAFs exhibit marked functional plasticity in
response to diverse cytokine stimuli. The differential effects observed across inflammatory
(iCAF) and myofibroblast-like (myCAF) conditions underscore that CAFs are not a uniform
population but are highly dynamic entities shaped by their microenvironment. Specifically,
the stimulation of pro-inflammatory cytokines (IL-13 + TNF-a) markedly enhanced the pro-
tumourigenic activity of CAFs. This highlights the importance of cytokine context in driving
CAF heterogeneity and plasticity, with implications for both tumour growth and therapeutic
targeting strategies (Y. Chen et al., 2021)

There is a significant research gap in combined cytokine action, even involving prominent
cytokines of the TME (e.g. TGF-B, IL-1B3, and TNF-a), on CAF-mediated tumour growth. We
have a limited understanding of how simultaneous or sequential exposure to multiple
cytokines shapes CAF heterogeneity, function, and tumour-promoting capacity. Most
studies to date have investigated TGF-B, IL-13, or TNF-a in isolation, leading to a binary
model of CAF polarisation: myCAF (TGF-B-driven) vs. iCAF (IL-1B- or TNF-a-driven)(Biffi &
Tuveson, 2021). A more nuanced understanding is emerging regarding the different CAF
subtypes. However, it is unclear how CAF-intrinsic signalling pathways integrate opposing
inputs. The hierarchy or co-activation potential of these pathways in CAFs remains poorly
defined. It's unknown whether CAF phenotypes switch in response to multiple cytokines or
whether intermediate CAF states exist and how stable or functional they are.

Despite these insights, the study has several limitations. All experiments were conducted in
vitro. Although primary CAFs and organoids provide improved physiological relevance
compared to cell lines, they do not fully recapitulate the multicellular complexity and
architecture of in vivo tumours. Cytokine treatments were administered over relatively short
time frames (24—48 hours), which may not reflect chronic exposure scenarios relevant to
disease. Furthermore, only two patient-isolated CAFs were analysed, limiting the
generalizability of our findings across the broader spectrum of CRC-associated CAF
phenotypes.

While organoid viability was modulated by CAF-CM, the specific secreted factors
responsible for this modulation were not identified. Proteomic and transcriptomic profiling of
cytokine-treated CAFs will be crucial in identifying these mediators (Mishra & Banerjee,
2023). Likewise, downstream effects on organoid signalling pathways, changing
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morphology, invasion capacity, and stemness (CD44, CD133, CD24, EpCAM, LGRS and
ALDH) were not assessed but represent possibilities for follow-up experiments(Y. Zhou et
al., 2018). To build on these findings, future studies should perform cytokine profiling (e.g.,
Luminex or ELISA) or MASSSPEC of the protein of CAF-CM to identify key tumour-
supportive factors (De Boeck et al., 2013; S. X. Chen et al., 2014; Mishra & Banerjee, 2023;
Linares et al., 2021). Additional studies should also investigate downstream signalling in
organoids in response to CAF-CM. Furthermore, RNA-sequencing of cytokine-treated CAFs
could be performed to map transcriptional reprogramming.

4.3 Cytokine effect in CAF-PDO co-culture (OOTA)

In this setup, an organotypic organotypical assay (OOTA) was employed to investigate the
impact of cytokine-treated CRC-CAF (CAF BGM2008) on the morphology and growth of
colorectal cancer organoids (BGM2008). CAFs were pretreated with IL-4, TGF-B1, IL-18 +
TNF-a, or their combinations before embedding in collagen I. Then, organoids were seeded
in Matrigel on top. Treatment followed on days 2 and 4 (see Figure 15).

Cytokines impact organoid morphology and growth

Over five days, organoid morphology varied significantly across different treatment
conditions (see Figure 15B). Untreated organoids remained compact and spherical,
whereas |L-4 and combination treatments disrupted their architecture, resulting in irregular
borders and dispersed cells. The combination of all four cytokines resulted in the most
severe disruption, characterised by diffuse and poorly structured organoids (see Figure
15B). Morphological changes, particularly under IL-4 and combined cytokine treatments,
may reflect EMT-like behaviour, loss of polarity or perturbation of stemness/differentiation
balance, key features of early invasion and metastasis. Staining for EMT markers like Snail,
Twist, or ZEB, thus could be of interest. Additionally, E-cadherin (CDH1) downregulation
and upregulation of N-cadherin (CDH2) of cancer cells could indicate EMT (Mele et al.,
2014). Moreover, the expression of MMP is indicative of ECM remodelling, facilitating EMT
(Yin et al., 2024).

Quantification of organoid growth (total area and fold change from day 2 to day 5) showed
no statistically significant differences between conditions (see Figure 15D, E, F and G).
However, the combination of IL-4 and TGF-1, as well as the entire cytokine combination,
displayed the least growth. Organoid size analysis revealed that TGF-$1 + IL-18 + TNF-a
significantly increased individual organoid size on day 2, while single cytokine treatments
resulted in smaller organoids by day 5 (see Figure 15H and [). This type of analysis might
be expanded to an increased number of microscopy images to reach significance.

Immunofluorescence stain of Ki-67 (proliferation) and cleaved Caspase-3 (apoptosis)
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Immunofluorescence confocal analysis of proliferation (Ki-67) and apoptosis (cleaved
Caspase-3) of OOTAs fixed at the end of the experiment revealed that IL-13 + TNF-a
increased proliferation, while IL-4 + TGF-B1 reduced it (Otsu’s method is a way to
automatically separate the foreground from the background in an image by finding the
brightness threshold level that best divides the two) (see Figure 16B). Apoptosis was
elevated in single treatments of IL-4, TGF-3, and IL-13 + TNF-a and in TGF-B1 + IL-13 +
TNF-a conditions. (see Figure 16C).

The combination of IL-4 and TGF-B1, linked to myofibroblastic CAF phenotypes, resulted in
reduced proliferation (Ki-67) and minimal growth, suggesting a potential tumour-restraining
effect of myCAF-like conditions. This aligns with the results obtained previously with the
conditioned media experiment. It is consistent with the hypothesis that myCAFs may play a
less proliferative, more structural role in the TME. The effect of inflammatory cytokines,
increased proliferation and apoptosis, suggests a tumour-promoting but unstable
environment. IL-18 and TNF-a both can lead to increased apoptosis through distinct
mechanisms (Borowczak et al., 2022). Excessive inflammatory signalling can lead to cellular
stress; hence, this should be further investigated.

CAF activation markers showed that a-SMA was significantly induced only by IL-4 +
TGF-B1, while FAP was upregulated most strongly by the combination of all cytokines
Interestingly, a-SMA expression in the 3D OOTA co-culture model showed the highest
increase with combined IL-4 and TGF-B treatment, showing an approximately 8-fold
increase compared to TGF-3 alone (see Figure 17), in line with the ICW results. In contrast,
single treatments with IL-4 or TGF- resulted in only minimal, non-significant a-SMA
activation, and no other cytokine combinations produced notable upregulation. This finding
diverges from observations in 2D culture, where maximal a-SMA expression occurred with
the combination of all four cytokines, including IL-13 and TNF-a. Notably, in the 3D OOTA
setting, this four-cytokine combination did not result in significant upregulation, suggesting
distinct regulatory mechanisms between 2D and 3D systems or the impact of the tumour
cells in this setup, which were not present in the ICW analyses.

The underlying causes of this discrepancy are not yet clear. One explanation may be the
presence of a fully embedded 3D collagen | matrix in the OOTA model, which differs from
the monolayer fibroblast configuration used in 2D assays. Additionally, the direct crosstalk
between CAFs and cancer organoids in the OOTA system may contribute significantly to a-
SMA regulation. To delineate these two variables, the impact of 3D matrix context and the
presence of tumour-derived signals, future experiments should independently assess a-
SMA expression in 3D cultures of CAFs alone, and CAF cultures treated with cancer
organoid—conditioned media in both 2D and 3D formats. This approach would help clarify
whether matrix dimensionality, tumour-derived soluble factors, or their combination drives
the observed expression patterns.

Even though the clear mechanism behind the different results in a-SMA upregulation of 2D
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and 3D is missing, we can hypothesise that the underlying reason is an effect of the 3D
collagen culture. 2D cultures are typically performed on rigid plastic surfaces, which are
orders of magnitude stiffer than physiological tissue. This stiffness provides strong
mechanical signals that promote stress fibre formation and a-SMA expression, as a-SMA is
part of the contractile cytoskeleton associated with mechanotransduction. In 2D, fibroblasts
spread out flat and generate large focal adhesions and actin stress fibres, structures that
are linked to a-SMA incorporation into the cytoskeleton. 3D collagen gels, in contrast, are
much softer; however, they resemble the mechanical properties of the in vivo ECM. In 3D,
cells are embedded in all directions with different adhesion dynamics. This spatial
arrangement alters actomyosin contractility and affects the integration of a-SMA into stress
fibres. Cells in 3D matrices engage different sets of integrins and ECM receptors compared
to 2D. This affects focal adhesion kinase (FAK) and Rho/ROCK pathway activity, both of
which are important for regulating a-SMA expression.

In pancreatic CAFs and normal fibroblasts, stiffer collagen substrates induced higher a-SMA
levels and stress fibre orientation, demonstrating that substrate rigidity in a 3D-like
environment alters cytoskeletal activation (Stylianou et al., 2019). In microfluidic co-culture
models embedding CAFs in a 3D collagen matrix, CAFs displayed markedly increased a-
SMA, adopting contractile, spindle-shaped myofibroblast phenotypes, changes absent in
simple 2D culture(Jeong et al., 2016). In breast cancer models, CAF encapsulated in higher-
density collagen gels (e.g., 4 mg/ml) expressed significantly more a-SMA than in low-density
gels (~1 mg/ml), showing that ECM density and 3D context promote CAF activation (Gao et
al.,, 2021). CAFs embedded in collagen gels have been shown to exert contractile forces,
retracting the matrix and remodelling fibre structure over time, a phenomenon closely linked
to their a-SMA-positive, myofibroblast nature (Sapudom et al., 2020). However, this is not
entirely applicable in our OOTA model, since this includes a nylon mesh to avoid contraction
in the x-y axes and, thus, provides increased systemic stiffness in comparison to free-
floating, unsupported collagen gels.

The FAP expression results of the OOTA more closely resemble those observed in the 2D
model (see Figures 12 and 17). In both OOTA-CAF and 3D cultures, the combination of all
four cytokines induced the strongest upregulation of FAP. While the qualitative pattern of
cytokine-induced FAP expression was consistent across all culture conditions, with each
cytokine treatment leading to an increase compared to the 2D model, the magnitude of this
response differed. Notably, in the 3D culture setting, the combination of all four cytokines
elicited a markedly greater upregulation of FAP expression compared to the other treatment
conditions.

A single-cell sequencing study of CRC-CAF used reference component analysis, which
sorted CAFs into two groups: CAF-A and CAF-B. CAF-A express matrix-metalloproteinase
2 (MMP2), decorin (DCN), collagen 1A2 (COL1A2), podoplanin (PDPN) and FAP. In
contrast, CAF-B show marker expression of a-SMA (ACTA-2), transgelin (TGLN), Platelet-
Derived Growth Factor A (PDGFA), lumican (LUM). CAF-A may depict an intermediate state
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between normal fibroblasts and the CAF-B/myofibroblast state or an independent CAF
subtype (H. Li et al., 2017). Thus, CAF-B cells expressed myCAF/cytoskeletal markers such
as ACTAZ2, TALN and PDGFA. Whereas these markers were downregulated in CAF-A cells,
which expressed matrix remodelling genes such as MMP2, DCN and COL1A2. However,
TGFB1 and SMAD3 activation in both CAF subtypes suggests a common regulation of these
two CAF subsets (Lavie et al., 2022a). This suggests CAF either express a-SMA or FAP,
which fits our results. This highlights the need to evaluate this CAF phenotype dichotomy
using our confocal methodology or complementary single-cell methods. Additionally,
assessment of the markers reported by Li et al. would be valuable.

Limitations and future perspectives

Several limitations should be considered when interpreting the results of this study. Firstly,
due to contamination during IL-4 pretreatment, CAFs in the IL-4 condition were treated after
embedding in collagen, deviating from the pre-treatment protocol used for other conditions.
This variation may have influenced treatment outcomes and limits direct comparability.
Additionally, there was high inter-sample variability, particularly in organoid growth
measurements on day 2, with large standard deviations potentially obscuring statistically
significant effects. This suggests that observed trends in growth and morphology should be
interpreted with caution.

While organoid morphology was visibly altered under certain conditions, the quantification
methods, primarily total area and individual size, may not fully capture complex three-
dimensional changes or peripheral cell dissemination, highlighting a limitation in the
resolution of the chosen analytical approach. Thus, changing the readout is advised. For a
better readout Cell-Titer Glo assay could be used, this time in a 96-well format with
transwells. A Nano-Luciferase (NLuc) -based assay developed in the lab could help
investigate the relationship of CAF and organoids in a direct contact co-culture in Matrigel
domes. NLuc serves as a luminescent reporter in organoid cells; thus, the viability of
organoids can be measured after the addition of substrate. Moreover, the simultaneous
application of cytokines to the co-culture system might have direct effects on organoids
themselves, rather than exclusively via CAF modulation. This complicates the attribution of
observed phenotypes solely to CAF-mediated interactions. Additionally, the study relied on
a single CAF line and a single colorectal cancer organoid line (BGM2008), which limits the
broader applicability of findings. More patient-oriented lines should be tested. Furthermore,
the ratio of CAF to organoid cells has not been determined for this assay. The number of
organoid cells might have been too high, as on Day 5, organoids in some conditions fully
covered the area. Finally, the experimental duration of five days may be insufficient to
capture longer-term stromal remodelling, CAF reprogramming, or sustained effects on
tumour cell behaviour, warranting further investigation in extended culture systems.

The analysis regarding CAF-marker expression in the OOTA could be improved. In the 2D
settings, we normalised the marker to DAPI (nuclei stain), but that can't be done in the OOTA
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because the organoid nuclei are stained as well. Thus, the normalisation is based on
vimentin. However, vimentin expression may also change with cytokine treatment; therefore,
a different method should be employed. Vimentin expression in CAFs in CRC is linked to
higher disease recurrence rates, shorter survival, and a higher risk of tumour invasion (Z.
Zhao et al., 2023).

Further research should also investigate whether direct contact between CAFs and cancer
cells is necessary for a-SMA induction, as CAF-cancer cell interactions are critical for tumour
progression. This could be tested through co-culture experiments, where the role of direct
cell-cell contact versus soluble factors could be discerned. Conditioned media of organoids
and the effect on marker expression could be tested. However, the OOTA setup uses a
mesh that might impact the contractility of CAF.

A comprehensive understanding of how myCAFs influence cancer progression is still
lacking. Additional research is necessary to better understand the role of myCAFs in cancer
development. Some studies suggest that physical interaction between CAFs and cancer
cells is essential for modulating cancer cell behaviour, while others focus on the role of the
ECM matrix. In early-stage (T1) CRC liver metastases, CAFs promote tumour invasion
through direct cell-cell contact by enhancing extracellular matrix remodelling via cathepsin
H secretion, which drives proteolytic activity and CD44-mediated cancer cell engagement,
independently of paracrine signalling (Dang et al., 2023). In liver metastases from CRC,
myCAFs derived from hepatic stellate cells secrete hyaluronan (HA) to promote tumour
growth via CD44 signalling on cancer cells, whereas their concurrent production of type |
collagen forms a dense extracellular matrix that mechanically restrains tumour expansion
(Bhattacharjee et al., 2021).

Using patient-derived CRC organoids as a functional readout represents a significant
strength of the study, offering a personalised and translationally relevant model (Z. Zhou et
al., 2021; Xu et al., 2021). However, organoids lack immune and vascular compartments,
and future co-culture systems that incorporate additional TME components, such as immune
cells or endothelial cells, could yield a more holistic understanding of CAF-driven tumour
progression (Naderi-Meshkin et al., 2023; J. Wang et al., 2025). The absence of immune
components limits the relevance of our findings for understanding the immunoregulatory role
of CAFs. CAFs orchestrate a complex immune landscape that facilitates tumour progression
by creating a pro-inflammatory TME in the beginning and later an immunosuppressive
microenvironment. Their interactions with immune cells, including Tregs, MDSCs, and
macrophages, inhibit effective anti-tumour immunity and contribute to resistance to immune
therapies (Sahai et al., 2020; Monteran & Erez, 2019). As key cytokines like IL-4, IFN-y, and
TNF-a are important regulators of the immune system, future studies should incorporate
immune—CAF—tumour interactions to more faithfully model in vivo conditions. To further test
the immune cell impact, a triple culture with macrophages developed with the help of our
laboratory could be used, thus forming a more concise model of CRC (Kabiljo et al., 2024).
Notably, CAF markers are correlated with the function of immune cells. For example, a-SMA
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expression is negatively correlated with tumour-infiltrating lymphocytes (TILs), whereas
fibronectin shows positive co-expression (Zadka et al., 2021). FAP expression also
correlates with functional roles beyond matrix remodelling. Studies have shown that FAP+
CAFs can suppress anti-tumour immunity through the production of CCL2, CXCL12, and
the regulation of T cell infiltration (Mhaidly & Mechta-Grigoriou, 2021).

The differential effects of cytokine-primed CAFs underscore the need to distinguish between
tumour-promoting and restraining CAF subsets for targeted therapies. Anti-CAF strategies
may need to avoid broadly targeting CAFs and instead consider selectively targeting CAF
subsets, such as FAP-positive CAFs. Furthermore, inflammatory signalling could be
modulated (e.g., IL-1B or TNF-a inhibitors) to suppress tumour-promoting aspects while
preserving structural or homeostatic CAF functions. Furthermore, targeting fibrotic ECM can
enhance drug delivery and aid immunotherapy (Mai et al., 2024).
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5. Conclusion

The thesis investigates the impact of cytokines IL-4, IL-13, IFN-y, TGF-31, IL-13, and TNF-
a on CAF markers (a-SMA, FAP, PD-L2, PDPN, IL-1R1) and CRC tumour-supportive
functions. Patient-derived CRC-CAFs were analysed using In-Cell Western and confocal
microscopy. TGF-B1 strongly upregulated a-SMA, while IL-4 and IL-13 induced moderate
increases independent of TGF-3 receptor signalling. IFN-y antagonised IL-4 and TGF-31-
mediated a-SMA induction, whereas IL-13 and TNF-a counteracted IL-4-driven
upregulation. FAP was absent in untreated CAFs and after IL-4 treatment but was strongly
induced by TGF-1, with synergistic enhancement when IL-4 was combined. IL-13 + TNF-
a upregulated podoplanin, and PD-L2 regulation mirrored FAP, with TGF-31 as a central
driver. Conditioned media from IL-13 + TNF-a-treated CAFs significantly enhanced organoid
growth, demonstrating iCAF-mediated paracrine support, while IL-4 counteracted this effect.
Combined treatment with all four cytokines induced a highly secretory CAF phenotype,
maximally promoting organoid viability. In 3D co-cultures (OOTA), a-SMA was induced only
by IL-4 + TGF-B1, while FAP was most strongly upregulated by the full cytokine combination.
This thesis demonstrated for the first time that |IL-4 affects CAF by upregulating a-SMA,
independently of TGF-B1. Further, it confirmed the strong impact of TGF-$1 on CAF markers
a-SMA, FAP, IL-1R1 and PD-L2. This sheds light on the complex regulation of FAP
expression, which is widely regarded as a general marker of CAFs. The results challenge
the view that iCAFs and myCAFs are mutually exclusive and both simultaneously impact the
viability of CRC cancer organoids. Some markers, like a-SMA, are majorly impacted by 3D
organoid culture, whereas others, like FAP, show the same regulation pattern as in 2D.
Future experiments need to analyse the differential CAF-secretome induced by cytokine
treatments. Single-cell RNA sequencing would help to unravel CAF subpopulations in vitro
and compare them to their counterparts found in vivo in CRC. This would also enable us to
validate our complex in vitro culture models as physiologically highly relevant systems that
accurately reflect CAF heterogeneity. Additionally, a direct contact co-culture of CAF and
organoids should be implemented, further investigating the role of myCAF phenotype and
its impact on ECM remodelling and cancer growth over a longer period. Moreover, the
impact of CAF cytokines and markers on immune cells needs to be assessed.
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6. Appendix
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Figure 19: Confocal images of CAF 6388/19 (p11) showing upregulation of a-SMA with
treatment of 2ng/ml of IL-4, TGFB-1, IL-13 and 1pM A 83-01 in different combinations
(as indicated) for 48 hours. (n=15) Nuclei stained by DAPI (blue), Vimentin (red), a-SMA
(green).
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Figure 20: Confocal images of CAF BGM2008 (p7) showing upregulation of a-SMA
with treatment of 2ng/ml of IL-4, TGFB-1, IL-18 + TNF-a different combinations (as
indicated) for 48 hours. (n=6) Nuclei stained by DAPI (blue), Vimentin (red), a-SMA

(green).
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Figure 21: Microscope images of OOTA (CAF-BGM2008 (p12) and CRC organoid co-
culture) showing organoids with treatment of 2ng/ml of IL-4, TGFB-1, IL-18 + TNF-a
different combinations (as indicated) for 5 days. (A) seeding of 5 randomly chosen
OOTA (B) n=3 pictures per condition analysed (C) area analysed with Imaged, n=3 pictures
per condition
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Figure 22: Confocal images of OOTA (CAF-BGM2008 (p12) and CRC organoid (not
visible) co-culture) showing upregulation of a-SMA with treatment of 2ng/ml of IL-4,
TGFB-1, IL-1B + TNF-a different combinations (as indicated) for 48 hours. (n=6) Nuclei
stained by DAPI (blue), Vimentin (red), a-SMA (green).
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Figure 23: Confocal images of OOTA (CAF-BGM2008 (p12) and CRC organoid co-
culture) showing upregulation of FAP with treatment of 2ng/ml of IL-4, TGFB-1, IL-1B
+ TNF-a different combinations (as indicated) for 48 hours. (n=6) Nuclei stained by DAPI
(blue), FAP (yellow). Vimentin not depicted for clarity.
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