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Abstract

Tumor diseases appear to be as individual as the patients themselves - whether solid or leukemic,
the “enemy within” exhibits remarkable heterogeneity in morphology, gene and protein expression
profiles, epigenetic footprints, cell proliferation kinetics and, as a consequence of these factors,
response to therapy. Modern sequencing techniques have confirmed the spatio-temporal hetero-
geneity of tumors, which is a significant factor in the high recurrence rates that persist in many
cancers. As our understanding of the complex dynamics between tumors and their environment
continues to grow, there is an urgent need to develop models that can most accurately recapitulate
these factors with high similarity and significance to the patient situation. Such models would
allow researchers to study the interactions between tumors and their environment in a controlled
setting, enabling the discovery of new treatment strategies, particularly with respect to tumor
progression and metastasis, and thus of high relevance to patient outcomes. Tumor-adjacent
tissue is likely to be the first point of contact with the growing tumor and thus may be a critical
determinant of tumor progression. Despite this important fact, it has received little attention.

Therefore, the present work aimed to establish an autologous and allogeneic co-culture system that
allows for the investigation of how tumor-adjacent tissue influences tumor growth and invasion
with a particular focus on breast cancer, the most common cancer type worldwide. Specifically, we
introduce a novel 3D floating matrix co-culture model consisting of two parts: First, iPSC-derived
mammary-like organoids (representing the tumor-adjacent mammary epithelium) and second,
either breast cancer patient-derived microtumors or breast cancer cell line-derived spheroids.

In a first step, CD34* hematopoietic stem and progenitor cells were isolated from the peripheral
blood of two breast cancer patients diagnosed with an invasive lobular mammary carcinoma.
A comprehensive characterization of the newly established iPSC lines confirmed chromosomal
stability, expression of endogenous stem cell markers, the loss of exogenous reprogramming
factors and their potential to differentiate into the three germ layers: endoderm, mesoderm and
ectoderm. Next, the iPSCs were differentiated into mammary-like organoids, which were shown to
display important features of the human mammary gland, including the expression of mammary
luminal and basal epithelial markers as well as acinar-like structures. Expression of the milk
protein, 3-casein, was observed under prolactogenic culture conditions.

For the subsequent co-cultivation with the organoids, microtumors were isolated from fresh pri-
mary tumor tissue. Microtumors are small fractions of the native tumor and therefore heterogenous
in composition, containing not only cancer cells but also immune cell infiltrates, cancer-associated
fibroblasts and components of the extracellular matrix. Using histological and protein-based
approaches, we confirmed that the isolated microtumors closely resembled the corresponding
primary tumor with respect to histological and molecular composition and preserve signaling
pathway signatures of their native counterpart. Co-culture data revealed a significant increase in
growth and invasiveness of microtumors derived from invasive ductal carcinoma of no special
type in the presence of mammary-like organoids. Furthermore, a significant increase in the levels
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of the soluble markers fibronectin and metalloproteinase-2, both associated with tumor aggres-
siveness, invasion and metastasis, was detected in the co-cultures of mammary-like organoids
and microtumors/spheroids, compared to the corresponding monocultures. We conclude that
tumor-adjacent tissue may “fuel” tumor-progression, probably depending on the stage and the

composition of the tumor.

iPSC generation Organoid differentiation

Co-culture

Microtumor isolation

Figure 1: Workflow for the generation of co-cultures from induced pluripotent stem cell-derived mammary-like

organoids and patient-derived microtumors.
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Zusammenfassung

Tumore scheinen so individuell wie die Patienten selbst zu sein - ob solide oder leukdmisch, der
“innere Feind” zeigt eine bemerkenswerte Heterogenitat in Bezug auf Morphologie, Transkripti-
onsprofile, epigenetische Fingerabdriicke, Zellproliferationskinetik und - als Folge dieser Faktoren
- das Ansprechen auf die Therapie. Moderne Sequenzierungstechniken haben die raumliche
und zeitliche Heterogenitat von Tumoren bestitigt, die ein wesentlicher Faktor fiir die hohen
Rezidivraten bei vielen Krebsarten ist. Mit zunehmendem Verstdndnis der komplexen Dynamik
zwischen Tumoren und ihrer Umgebung besteht ein dringender Bedarf nach einer Entwicklung
von Modellen, die die Situation des Patienten so genau wie moglich nachbilden. Solche Modelle
wiirden es ermdglichen, die Wechselwirkungen zwischen Tumoren und ihrer Umgebung in einer
kontrollierten Umgebung zu untersuchen, um neue Behandlungsstrategien zu entdecken und die
klinischen Ergebnisse der Patienten zu verbessern. Wenngleich das an den Tumor angrenzende
Gewebe der vermutlich erste Kontaktpunkt des wachsenden Tumors ist und daher ein entschei-
dender Faktor fiir das Fortschreiten des Tumors darstellt, wurde jedem benachbarten Gewebe
bislang wenig Aufmerksamkeit geschenkt.

Ziel dieser Arbeit ist es, ein autologes und allogenes Co-Kultursystem zu etablieren, mit dem
untersucht werden kann, wie tumornahes Gewebe das Tumorwachstum und die Tumorinvasion
beeinflusst. Hierbei legen wir einen besonderen Fokus auf Brustkrebs, der am héufigsten vorkom-
mende Krebstyp weltweit. Konkret stellen wir ein neuartiges 3D-Matrix-Co-Kulturmodell vor, das
aus zwei Teilen besteht: erstens aus iPSC-abgeleiteten Brustdriisen-dhnlichen Organoiden (die das
tumornahe normale bzw. pramaligne Gewebe représentieren) und zweitens aus entweder von
Brustkrebspatientinnen abgeleiteten Mikrotumoren oder aus Brustkrebszelllinien abgeleiteten
Sphéroiden.

In einem ersten Schritt wurden CD34* hamatopoetische Stamm- und Vorlduferzellen aus dem
peripheren Blut zweier Brustkrebspatientinnen mit invasivem lobuldarem Mammakarzinom isoliert.
Eine umfassende Charakterisierung der neu etablierten iPSC-Linien bestétigte die chromosomale
Stabilitdt, die Expression endogener Stammzellmarker, den Verlust exogener Reprogrammie-
rungsfaktoren und ihr Potenzial zur Differenzierung in die drei Keimbléatter: das Endoderm, das
Mesoderm und das Ektoderm. Anschlieffend wurden die iPSCs in Brustdriisen-dhnliche Organoi-
de differenziert, die wichtige Merkmale der menschlichen Brustdriise aufweisen, einschliefdlich
des Vorhandenseins von Brustepithel, Myoepithel und azinédren Strukturen. Die Expression des
Milchproteins 3-Casein konnte unter prolaktogenen Kulturbedingungen bestatigt werden.

Fiir die nachfolgende Co-Kultivierung wurden zudem Mikrotumore aus frischem primarem
Tumorgewebe isoliert. Mikrotumore sind kleine Fraktionen des Primértumors und daher in ihrer
Zusammensetzung heterogen. Neben malignen Zellen enthalten sie Immunzell-Infiltrate, Krebs-
assoziierte Fibroblasten sowie wichtige Komponenten der Extrazelluldren Matrix. Histologische,
sowie Protein-basierte Untersuchungen bestétigten, dass die isolierten Mikrotumore in ihrer
histologischen und molekularen Zusammensetzung sowie in ihrer Markerexpression eine hohe
Ahnlichkeit zu ihrem entsprechenden Primartumor aufweisen und wichtige Signalwege des
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Primédrtumors aufrecht erhalten. Die Mikrotumore und Organoide wurden in einem 3D-Matrix-
System Co-kultiviert und die daraus resultierenden Daten zeigten eine signifikante Zunahme
des Wachstums und der Invasivitdt von Mikrotumoren des invasiven duktalen Karzinoms ohne
speziellen Typ in Gegenwart der Organoiden, was darauf hindeutet, dass tumornahes Gewebe
die Tumorprogression “ankurbeln” kann. Dariiber hinaus wurde in Co-Kulturen von Brust-
dhnlichen Organoiden und Mikrotumoren/ Sphéroiden im Vergleich zu den entsprechenden
Mono-Kulturen ein signifikanter Anstieg der 16slichen Marker Fibronektin und Metalloproteinase-
2 beobachtet, die beide mit Invasion und Metastasierung assoziiert sind. Wir schlieflen daraus,
dass tumornahes Gewebe das Tumorwachstum in Abhingigkeit vom Tumorstadium und der
Tumorzusammensetzung beschleunigen kann.



Contents

Abstract vii
Zusammenfassung ix
Contents xi
Abbreviations XV
List of Figures xvii
List of Tables xix
List of Publications 1
1 Cancer - a spectrum of diseases 5
The many faces of the enemy within . . . ... ... ... .. ....... .. .. 5

Clonal evolution — survival of the fittestand beyond . . . . . ... ... ... ... 6
Genomicinstability . . . ... ... ... .o L L o 9
Cancerstemecells. . . . . .. ... ... 10

Cell plasticty . . . .. ... ... .. . 1

The TME and its contribution to the hallmarks of cancer . . ... ... ... ... 1
Cancer-associated fibroblasts . . . . .. ... .. .. ... .. .. ...... 12

Infiltrating immunecells . . . . ... ... .. .. . o oL 13

Vasculature . . . . . . ... ... L 14

Extracellular matrix . . . . ... ... .. Lo oo 15

Breast cancer: an example of a highly diverse malignancy . . . . . ... ... ... 16

2 The power of pluripotency 19
From the zygote to the living organism . . . . ... ... ... .. ....... .. 19
Pluripotency inresearch . . . . .. ... ... ... ... . . Lo L. 20
Generation of iPSCs . . . . . . . ... L 21

Donor material collection . . . . . ... ... ... ... . ... 21
Reprogramming strategies . . . . ... ... ... ... .. ... ... .. 23

Organoids — self-organizing tissue replicasinadish . . . .. ... ... ... ... 24
Organoid culture and application . . . . ... ... ... ... .. ......... 26

3 Objectives 29
4 Results I: iPSC generation and characterization 31
Highlights . . . . ... ... . 31
Background . . ... ... ... 31

Generation of the iPSC line NMIi010-A based on the initial reprogramming protocol 33

xi



4.4
4.5
4.6

Generation of iPSCs from HSPCs obtained from PB of two breast cancer patients
iPSC characterization . . . . . . . . . . . . . e
Conclusion . . . . . . . e

5 Results II: Investigation of the influence of tumor-adjacent tissue on cancer behavior

Ul
Ol = W N =

Q1 U1 O1 Q1

Q1
(@)}

Highlights . . . ... ... .. .. .
Background . . ... ... ...
Generation of iPSC-derived MLOs . . . . . . . . . . ...
Isolation of breast cancer PDMS . . . . . . . . . . . ... ... ...
Co-culture of breast cancer spheresand early MLOs . . . . . . ... ... ... ..
Conclusion . . . . . . . .. e e

6 Results III : Breast cancer patient-derived microtumors resemble tumor heterogeneity

6.1
6.2
6.3
6.4
6.5
6.6
6.7

6.8

Highlights . . .. ... ... .. . .
Background . . ... ... ...
Isolation of PDMs from a cohortof patients . . . . .. .. ..............
Histotype-specific pathologic features . . . . . .. ... ... .. ... .. .....
PDM’s comprise ECM components . . . ... .. ..................
IHCstaining . . . . . . .. ... .
Protein profiling analyses . . . . . ... ... .. ... ... ... .. .. ... ..
Conclusion . . . .. ... ...

7 General discussion and conclusion

7.1

NN
W N

iPSCs can be generated from CD34" HSPCs derived from PBMCs of healthy and
diseased donors . . . .. ... ...
iPSCs-derived generationof MLOs . . . . . . ... ... ... ... ... ...
Tumor-adjacent mammary epithelial tissue reinforces processes associated with
growthandinvasion. . . . . .. ... ... ... ... L L o
Increased secretion of FN and MMP2 from invasive breast cancer spheres in the
presence of tumor-adjacent mammary epithelialcells . . . . ... ... ... ...

7.5 Limitations and future challenges of the organoid technology . . . .. ... ...
7.6 PDMs as physiologically relevant cancermodels . . . . . .. ... ... ... ...
77 Conclusion . . . . . ... e
8 Outlook
8.1 Expanding the co-culture capabilities: towards other organoid types . . ... ..
Acknowledgements
Declaration
Bibliography

Xii

34
34
37

39
39
40
41
43
45
47

49
49
49
51
51
52
53
54
56

57

58
61

62
65
69
70
75

77
77

81

83

111



APPENDIX 113

A Additonal information on iPSC lines 115
B Publication 1 117
C Publication 2 123
D Publication 3 129
E Publication 4 135
F Publication 5 163

xiii






Abbreviations

Abbreviations used throughout this thesis are arranged alphabetically:

aCGH Array-based comparative genomic hybridization
BCP Breast cancer patient

CAF Cancer-associated fibroblast

CAIl Carbonic anhydrase II

CD Cluster of differentiation (e.g., CD34)

CiRA Center for iPS Cell Research and Application
CK Cytokeratin

CRC Colorectal cancer

CSsC Cancer stem cells

DCIS Ductal carcinoma in situ

DTX Docetaxel

E-Cad E-Cadherin

EBiSC European bank for iPSCs

EBNA-1 Epstein-Barr Nuclear Antigen-1

EBV Eppstein-Barr virus

ECM Extracellular matrix

EGFR Epidermal growth factor receptor

EMT Epithelial-mesenchymal transition

ER Estrogen receptor

ESC Embryonic stem cell

FN Fibronectin

GAG Glycosaminoglycan

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GFR Growth factor reduced

GSK3f3 Glycogen synthase kinase 3-3

H&E Hematoxylin and Eosin staining

HER2 Human epidermal growth factor receptor 2
HLA Human leukocyte antigen

HR Hormone receptor

HSPC Hematopoietic stem and progenitor cell
ICM Inner cell mass

IDC-NST Invasive ductal carcinoma of no special type
IF Immunofluorecence

IHC Immunohistochemistry

IL Interleukin

(@ Infiltrating immune cell

ILC Invasive lobular carcinoma

iPSC Induced pluripotent stem cell

X0



LCIS Lobular carcinoma in situ

MLO Mammary-like organoid
MMP Metalloproteinase

MMR DNA mismatch repair

MUC2 Mucin 2

MUC5B Mucin 5B

NK Natural killer cell

NPHS1 Nephrin

oriP Origin of plasmid replication
OSKM Oct4, Sox2, Klf4, c-Myc

PAB Palbociclib

PAB Palbociclib

PB Peripheral blood

PBMC Peripheral blood mononuclear cell
PCR Polymerase chain reaction
PDM Patient-derived microtumor
PG Proteoglycan

PgR Progesterone receptor

PODXL Podocalyxin

pTHrP Parathyroid hormone

PTX Paclitaxel

RBC Red blood cells

ROS Reactive oxygen species

RT Reverse transcriptase

STR Short tandem repeat

TAM (Immune context) Tumor-associated macrophage
TAM (Appendix F) Tamoxifen

TDLU Terminal duct lobular unit
TIL Tumor infiltrating lymphocytes
TME Tumor microenvironment
TNBC Triple negative breast cancer
(F)PTT (Fresh) primary tumor tissue
(m)EB (MammoCult™ medium-cultured) embryoid body

xvi



List of Figures

11
12
13

21
2.2

2.3

41
4.2
4.3
4.4

5.1
5.2
5.3

8.1
8.2

Tumor evolutionmodels. . . ... ... ......
Contributors to tumor heterogeneity. . . . . . . . .
Subtypes and anatomy of breast cancer. . . . . . .

From the zygote to the blastocyst . . . . . ... ..

(Induced) pluripotent stem cells have the potential to differentiate into various cell types

of all the three germ layers. . . . ... ... .. ..
Key mechanisms of self-organization. . ... ...

General schematic workflow for the generation of iPSCs. . . . . . ... ... ... ..
Expression of cell surface markers in the expanded cell fractiononday7 . ... ...

Arisingcolony . .. ... ... ... ... .. ...
Sox2expression . . . .. ... ...

Schematic workflow for the generation of iPSC-derived MLOs. . . . . . .. ... ...

Whole mount IF staining of day 10 mEBs and EBs.
Workflow for the isolation of PDMs from FPTT. . .

iPSC-derived differentiation into kidney organoids
iPSC-derived differentiation into colon organoids.

16
18

19

20
26

32
33
34
36

41
42
44

79
80

xvii






List of Tables

2 The candidate’s contributions to the publications . . . . . ... ... ... .. ... .. 3

51 Opverview of the anonymized cohort patients . . . . . ... ... ... ... ...... 44

Xix






List of Publications

Manuscripts accepted for publication

1.

Keller, A.-L., Binner, A., Schenke-Layland, K., and Schmees,
C. (2022). Establishment of Four Induced Pluripotent Stem
Cell Lines from CD34+ Hematopoietic Stem and Progenitor
Cells from a Patient Diagnosed with an Invasive Lobular
Mammary Carcinoma. Stem Cell Research 64, 102902

. Keller, A.-L., Greis, D., Eybe, J., Ploger, S., Weiss, M., Koch,

A., Brucker, S. Y., Schenke-Layland, K., and Schmees, C.
(2022). Generation and Characterization of Three Induced
Pluripotent Stem Cells Lines from an 86-Year Old Female
Individual Diagnosed with an Invasive Lobular Mammary
Carcinoma. Stem Cell Research, 102988

Keller, A.-L., Binner, A., Breitmeyer, R., Vogel, S., Anderle,
N., Rothbauer, U., Schenke-Layland, K., and Schmees, C.
(2021). Generation and characterization of the human in-
duced pluripotent stem cell line NMIi010-A from peripheral
blood mononuclear cells of a healthy 49-year old male
individual. Stem Cell Research 54, 102427

Breitmeyer, R., Vogel, S., Heider, J., Hartmann, S.-M., Wiist,
R., Keller, A.-L., Binner, A., Fitzgerald, ]J. C., Fallgatter, A.].,
and Volkmer, H. (2023). Regulation of synaptic connectivity
in schizophrenia spectrum by mutual neuron-microglia
interaction. Communications Biology 6, 472

Anderle, N., Koch, A., Gierke, B., Keller, A.-L., Staebler, A.,
Hartkopf, A., Brucker, S. Y., Pawlak, M., Schenke-Layland,
K., and Schmees, C. (2022). A Platform of Patient-Derived
Microtumors Identifies Individual Treatment Responses

and Therapeutic Vulnerabilities in Ovarian Cancer. Cancers
14, 2895

Walter, B., Canjuga, D., Yiiz, S. G., Ghosh, M., Bozko, P,
Przystal, ]. M., Govindarajan, P., Anderle, N., Keller, A.-L.,
and Tatagiba, M. (2021). Argyrin F Treatment-Induced Vul-
nerabilities Lead to a Novel Combination Therapy in Exper-
imental Glioma. Advanced Therapeutics 4, 2100078

Przystal, ]. M., Becker, H., Canjuga, D., Tsiami, F., Anderle,




2

List of Publications

10.

11.

N., Keller, A.-L., Pohl, A., Ries, C. H., Schmittnaegel, M.,
and Korinetska, N. (2021). Targeting CSFIR alone or in
combination with PD1 in experimental glioma. Cancers 13,
2400

. Holl, M., Becker, L., Keller, A. L., Feuerer, N., Marzi, J.,

Carvajal Berrio, D. A, Jakubowski, P, Neis, F., Pauluschke-
Frohlich, J., Brucker, S. Y., Schenke-Layland, K., Kramer,
B., and Weiss, M. (2021). Laparoscopic Peritoneal Wash
Cytology-Derived Primary Human Mesothelial Cells for In
Vitro Cell Culture and Simulation of Human Peritoneum.
Biomedicines 9, 176

. Holl, M., Rasch, M.-L., Becker, L., Keller, A.-L., Schultze-

Rhonhof, L., Ruoff, E.,, Templin, M., Keller, S., Neis, F., Kefiler,
F., Andress, J., Bachmann, C., Krdmer, B., Schenke-Layland,
K., Brucker, S., Marzi, J., and Weiss, M. (2022). Cell Type-
Specific Anti-Adhesion Properties of Peritoneal Cell Treat-
ment with Plasma-Activated Media (PAM). Biomedicines 10,
927

Anderle, N., Schifer-Ruoff, F., Staebler, A., Kersten, N.,
Koch, A., Onder, C., Keller, A.-L., Liebscher, S., Hartkopf,
A., Hahn, M., Templin, M., Brucker, S. Y., Schenke-Layland,
K., and Schmees, C. (2023). Breast cancer patient-derived
microtumors resemble tumor heterogeneity and enable
protein-based stratification and functional validation of
individualized drug treatment. Journal of Experimental &
Clinical Cancer Research 42, 210

Manuscripts submitted for publication

Keller, A.-L., Anderle, N., Schrenk, M., Greis, D., Bin-
ner, A., Visser, D., Gopfert, J., Koch, A., Weiss, M., and
Brucker, S. (2023). Co-cultures of iPSC-derived Mammary-
like Organoids and Patient-derived Microtumors Model
Invasive Behavior of Breast Cancer ex vivo



Table 2: The candidate’s contributions to the publications. S = scientific ideas generated by the candidate (in %), D =
data generated by the candidate (in %), A = analysis and interpretation by the candidate (in %), P = paper writing by the
candidate (in %).

No. Accepted No. of Candidate S D A P
authors pos.

1 yes 4 1 60 75 65 75
2 yes 9 1 60 75 65 75
3 yes 8 1 60 75 65 75
4 yes 10 6 15 10 5 5
5 yes 10 4 20 10 10 5
6 yes 16 9 15 5 5 5
7 yes 16 6 15 10 5 5
8 yes 13 3 20 10 10 10
9 yes 17 4 20 10 10 10
10 yes 14 7 15 10 5 5
1 no 12 1 50 75 75 60







Cancer - a spectrum of
diseases

1.1 The many faces of the enemy within

Extraordinary laboratory efforts in the field of cancer research over
the past decades have allowed us to gain a deeper understanding
of tumorigenesis and the serious consequences of somatic aber-
rations. While early detection of most primary organ-confined
malignancies is no longer necessarily a “death sentence”, the
mortality rates of metastatic cancers remain alarmingly high. (12)
In fact, during the gradual development of cancer, neoplastic cells
can acquire the ability to spread from the primary tumor site to
distant parts of the body — a critical and lethal process (13).

Tumors are dynamic societies, well adapted for survival (14). The
concept of cancer as a dynamic disease rather than a molecularly
static one emerged from the observation that almost all tumors
manage to evade targeted therapeutic intervention, despite the
remarkable initial killing effects induced by treatment (15). Often
described as a “spectrum of diseases”, cancers exhibit broadly het-
erogeneous identities across patients, tumor types, primary and
secondary lesions, and within individual tumors (16). Germline ge-
netic variation, environmental factors, and/or individual somatic
mutation profiles may contribute to “intertumoral heterogeneity”,
which refers to substantial variability among patients with the
same histologic malignancy. “Intratumoral heterogeneity”, on the
other hand, describes the fact that a single tumor can be extremely
diverse in both space and time. (15)

Given this immense heterogeneity and the high attrition rate of
oncological drug development, the pursuit of a cure for metastatic
cancer may seem daunting (17, 18). However, translational re-
search, high-throughput tumor analytical techniques together
with multi-omics characterization at high resolution have rev-
olutionized our perspective on cancer treatment from simply
considering the anatomical site of the tumor origin towards a
personalized approach based on the molecular properties of a
tumor. (18)

The mechanisms and events that provoke tumor heterogeneity
encompass a multitude of parameters such as genetic alterations,
epigenetic changes, or the tumor microenvironment (TME), and
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6 Chapter 1 Cancer — a spectrum of diseases

’

1: The “philadelphia chromosome”
is a genetic aberration located on
chromosome 22. This chromosome is
abnormally small due to a reciprocal
translocation between chromosome
9 and 22 t(9;22)(q34;q11), resulting in
a BCR::ABL fusion gene. This gene
encodes a hybrid protein that leads
to a constitutively activated tyrosine
kinase signaling pathway, causing
cells to divide uncontrollably and
contributing to the development of
certain types of leukemia. (21, 22)

are further driven by a complex and individual interplay of both
internal and external cues (15). Considering the broad complexity
of tumor heterogeneity, the reader will be familiarized with the
most important of many aspects that contribute to the multifaceted
nature of this phenomenon.

1.2 Clonal evolution - survival of the
fittest and beyond

“One general law, leading to the advancement of all organic beings,
namely, multiply, vary, let the strongest live and the weakest die.” (19)

More than 150 years ago, Charles R. Darwin published his theory
of the “survival of the fittest” in his seminal work “On the Origin
of Species” (19). His doctrine is still considered the foundation of
evolutionary biology, and within this framework the British natu-
ralist paved the way for today’s understanding of diversification,
somatic selection, and extinction (20).

A landmark perspective was provided by the discoverer of the
Philadelphia chromosome', Peter Nowell, who applied Darwin’s laws
of evolution to cancer (23). He described tumor progression as an
evolutionary process in which malignant cells develop through an
iterative sequence of clonal expansion, genetic diversification, and
clonal selection (24). In line with Darwin’s gradualism, a single cell
acquires a series of genetic mutations, which may or may not pro-
vide a selective advantage (e.g., through activation of oncogenic
pathways and/or inactivation of tumor suppressors), allowing
the cell to grow and divide uncontrollably (15, 20, 25). Over time,
further subclones equipped with additional genomic abnormal-
ities and variable fitness may accumulate stepwise. However,
the cancer clones must withstand constantly changing selection
pressures from their tissue habitat, as they face fierce competition
for resources and space (20). While the immune cell infiltrate
attempts to eradicate the resistant tumor cells, the malignant cells
may evolve specific adaptations that allow them to evade both
innate and adaptive immune defenses (26). As a result, only those
cancer clones that are best adapted to their environment — the
fittest clones — survive and become dominant, while others may
be rendered obsolete and go extinct (20).

Indeed, the Darwinian selection process is quite contextual and
cannot anticipate possible future changes, so some adaptations
may be very advantageous at one time, but as conditions change,
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these adaptations may lead the clone down a blind alley until it
eventually disappears (20).

This phenomenon can be exploited for tumor therapy. The dy-
namics of cancer clones can be influenced by applying an artificial
selection pressure to the malignant cells using standard therapeu-
tic interventions such as drugs or radiation, leading to massive
cell death and environmental degradation (23). However, it can
also unintentionally foster the development of a repertoire of
drug-tolerant clones from which therapy-resistant cell popula-
tions evolve (20). For instance, resistance to anilinoquinazoline
(epidermal growth factor receptor (EGFR) inhibitors) can be at-
tributed to a threonine-to-methionine point mutation in EGFR
thatleads to lung cancer relapse (27). In chronic myeloid leukemia,
a single amino acid substitution in BCR::ABL renders the fusion
protein less sensitive to imatinib (Gleevec) (28), while amplifi-
cation of thymidylate synthase results in resistance to its target
5-fluorouracil in colorectal cancer (29). (30).

The evolution of distinct subclones leads to a branched phyloge-
netic tree of coexisting molecularly and phenotypically diverse
cancer cells and thus, a broad intratumoral heterogeneity (20)
(Figure 1.1A). Genetic studies confirmed a non-linear, branched
evolution in a variety of tumor types, including pancreatic cancer
(31), breast cancer (32), chronic lymphocytic leukemia (33), or
childhood acute lymphoblastic leukemia (34).

Despite Nowell’s advanced idea of a branched tumor evolution,
his concept was widely overlooked (20). The traditional view of
tumor evolution was linear, with a single clone of cancer cells
acquiring genetic alterations over time, resulting in a new distinct
genetic profile with such a powerful growth advantage that this
clone outcompetes the ancestral one (15, 20). In other words,
driver mutations give the host cells such a selective advantage
that they displace all former clones through selective sweeps (25,
35). As a result, the tumor would consist of clonally identical
cells, while the corresponding phylogenetic tree would contain a
dominant clone accompanied by rare intermediates that survived
the previous selective sweeps (Figure 1.1B). However, there is
little evidence to support the linear evolutionary mode, as these
studies did not incorporate genome-wide markers and may have
missed heterogeneous mutations that distinguish different clones.
(35)

Of note, Darwin’s model is not sufficient to entirely explain
tumor evolution. Non-Darwinian mechanisms were identified as
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Figure 1.1: Tumor evolution mod-
els. A. Branched evolution. B. Lin-
ear evolution. C. Neutral evolution.
D. Punctuated evolution described
by Muller plots showing the clonal
prevalence over time and by phyloge-
netic trees. Different colors represent
different clones. Figure adapted and
modified from Vendramin et al. (20)
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2: Chromothripsis is a genetic con-
dition that involves extensive frag-
mentation of chromosomes and sub-
sequent reassembly in a different or-
der and is associated with oscillating
copy number abnormalities (43).

3: Chromoplexy refers to a class of
chained DNA rearrangement events
in which genetic material is ex-
changed between chromosomes, re-
sulting in the formation of new chro-
mosomal structures and the loss of
multiple copies (43).

important characteristics of tumor evolution. Modern techniques
such as bulk and/or single-cell DNA sequencing combined with
fast deep learning solutions allow the identification of other tumor
evolutionary trajectories and the generation of the most likely
tumor phylogeny. (36, 37) This information is highly valuable for
further downstream analysis, clinical forecasting and therapeutic
decision making (37, 38).

One of the evolutionary models that goes beyond Darwin’s theory
is the idea of neutral evolution, which states that the accumula-
tion of random mutations over the lifetime of a tumor leads to
high intratumoral heterogeneity. According to this theory, het-
erogeneity is by-product of cancer progression rather than an
active driving force. It lacks the idea of selective advantage or
fitness changes, resulting in a highly divergent phylogenetic tree.
(35) Some tumors harbor numerous passenger mutations, which
account for the vast intratumoral heterogeneity (39) (Figure 1.1C).
This was shown, for instance, by Ling and colleagues, who ana-
lyzed nearly 300 regions within a hepatocellular carcinoma using
either whole-exome sequencing or genotyping and detected more
than 100 million mutations in the coding region with no particular
selection for any clone — a number that cannot be explained by a
Darwinian selection procedure (40).

The linear, branched and neutral model assume that a tumor
acquires mutations in a sequential and gradual manner over
time. However, evidence exists that long periods of a gradual
mutational equilibrium can be interrupted by an outburst of
multiple aberrations across the genome as a consequence of
certain catastrophic events such as chromosomal instability (41),
chromosomal rearrangements via breakage-fusion-bridge cycles
(42) or chromothripsis?(44). Thus, contrary to Darwin’s theory,
cancer cells may undergo “saltatory jumps” that could, on the
one hand, allow the tumors to potentially achieve a better fitness
than it would be possible through the gradual accumulation of
alterations or, on the other hand, could lead to detrimental results.
(20)

An example of this punctuated evolution was given by sequencing
results from a number of prostate cancers, which showed that mul-
tiple DNA translocations and deletions occurred independently
in a devastating process called chromoplexy? (45).

In addition, sequencing data from triple-negative breast cancer
(TNBC) patients challenged the concept of gradual evolution, as
the investigators detected a few major subpopulations of clonal
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cells within the breast carcinomas, as well as a smaller subpopu-
lation of non-clonal cells showing loss of entire chromosomes or
chromosome arms or with metastable or pseudodiploid properties.
These alterations must have been acquired in short, punctuated
events during early stages of tumor development, with subsequent
stable clonal expansions (Figure 1.1D). (46)

1.3 Genomic instability

Nature has provided us with a toolkit of “emergency mechanisms”
that control the precise execution of cell divisions, repair unwanted
genetic alterations or patrol our bodies to eliminate abnormal
cells (47).

However, internal factors including oxidative stress, DNA replica-
tion or repair errors, and the exposure to external genotoxic agents
such as tobacco smoke or asbestos* can induce copy number vari-
ations of specific loci, large chromosome segments, or even whole
genomes, leading to the bypassing or loss of function of these
emergency mechanisms. (15, 41, 47) What’s more, as we age, DNA
repair becomes less efficient and more prone to error. The result
is an accumulation of DNA damage and mutations, accelerating
the process of age-related physiological decline (49).

Genomic instability and aneuploidy, an abnormal karyotype,
may be the consequences (46). There are several major mecha-
nisms involved in genomic instability. For instance, abnormal
bases and nucleotides, such as deaminated cytosines or pyrim-
idine dimers induced by UV-light are normally excised and re-
paired(50). However, germline mutations in components involved
in the corresponding repair mechanisms predispose a person
to skin cancer (51). Furthermore, a defect in the DNA mismatch
repair (MMR) mechanism, such as loss of function of MSH2 and
MLHI1 genes, which are required for MMR, can lead to hypermu-
tation and microsatellite instability, ultimately driving oncogenic
transformation (15, 50). MMR deficiency that leads to microsatel-
lite instability has been observed in several types of cancer, most
frequently in colorectal cancers (CRC) (50, 52). In contrast, defects
in homologous recombination are more often detected in ovarian
and breast tumors (50). Genomic instability creates a wide range
of genetic alterations, giving rise to distinct subclones within a
tumor. These subclones can exhibit varied treatment responses,
cell behaviors, gene expressions and promote tumor evolution

4: Why is asbestos so harmful? As-
bestos, a silicate mineral composed
of bundles of fibers, exists natu-
rally in the environment. It was
widely used in industry because
of its low electrical and thermal
conductivity and relative resistance
to chemical degradation. However,
when inhaled, these fibers reach the
alveoli and trigger inflammatory re-
sponses. Macrophages attempt to en-
gulf the fibers, but when the fibers
are larger than 5um, their geom-
etry prevents successful phagocy-
tosis. Consequently, the fibers per-
sist in the lung and activate the
NLRP3 inflammasome, resulting in
the maturation of IL-13 and ulti-
mately chronic inflammation, which
has multiple effects on carcinogene-
sis. (48)
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and thus, are a major contributor to cancer heterogeneity (50,
53).

1.4 Cancer stem cells

In addition to the large number of differentiated malignant and
non-malignant cells that make up the tumor ecosystem, a rare
but potent subpopulation was identified within most tumors
and represents a major challenge to cancer therapy. This cellu-
lar fraction is referred to as cancer stem cells (CSCs), reflecting
their stem cell-like properties, including self-renewal, differen-
tiation, dedifferentiation, transdifferentiation, quiescence, and
symmetric/asymmetric cell division. (54)

According to the CSC theory, intratumoral heterogeneity is estab-
lished by a differentiation hierarchy resulting in a broad set of
very distinct cell types present within the tumor (55). In this way,
the small fraction of CSCs maintains tumor progression through
the production of new stem cells and differentiation into a mass
of specialized non-CSCs (56). It is noteworthy that terminally
differentiated cells can dedifferentiate and acquire CSC features
under certain conditions, and thus the cellular hierarchy is not a
one-way street, but can be dynamic and reversible (55). CSCs can
not only promote and sustain tumor onset, expansion, metastasis
and disease relapse, but are also resistant to conventional cancer
therapies (54, 57-59).

If a therapeutic agent succeeds in eliminating all non-CSCs, the
tumor may shrink or disappear, but the remaining CSCs evade the
intervention and are responsible for tumor regrowth (60). After
their initial discovery in human acute myeloid leukemia, CSCs
could be harvested from most malignancies of hematopoietic
origin and solid tumors, e.g., breast (61-63), ovarian (57, 64, 65),
colon (66-69), brain (70, 71), liver (72—-74) or pancreatic (75—-77)
cancers (58). A large number of CSC surface markers have been
identified, most of which are well known from embryonic or adult
stem cell surfaces (78). One such marker is cluster of differentiation
(CD) 44, a class I transmembrane glycoprotein associated with the
modulation of mesenchymal-like processes such as cell adhesion,
invasion, and migration (54, 79). Indeed, Al-Hajj and colleagues
observed that a fractioned CD44" /CD24"~ subpopulation from
breast cancer patients harbored a 100-fold greater tumorigenic
capacity compared to the unsorted cells after transplantation into
immunodeficient mice (54, 61).



Due to their high differentiation potential, CSCs play a significant
role in cancer heterogeneity. For example, CSCs have been found
to generate neurons that synapse with innervating fibers. Tis-
sue innervation is an important event regulating organogenesis,
homeostasis, cellular plasticity or response to injury. (69) However,
the crosstalk between cancer and neural cells is associated with a
poor clinical outcome (69, 80, 81). It has been shown that a fraction
of CSCs isolated from colorectal and gastric cancer patients are
capable of generating sympathetic and parasympathetic neurons,
which are involved in tumor neurogenesis and tumor growth
(80).

However, the CSC model has been met with strong skepticism be-
cause the gold standard for identifying CSCs involves dissociating
the tumor into a single-cell suspension before transplanting the
CSCs into immunocompromised mice. This procedure disrupts
the natural tumor environment and exposes the CSCs to a new
host environment, which may influence their behavior. (55)

1.5 Cell plasticty

While cellular plasticity is an important feature for tissue home-
ostasis and damage repair, it also allows cancer cells to rapidly
undergo fundamental changes in the cell’s biological properties
as a result of reversible and dynamic epigenetic and transcrip-
tional alterations (20). A prominent example of cell plasticity is
epithelial-mesenchymal transition (EMT), a fundamental process
in cancer metastasis. During EMT, epithelial cells lose their cell-cell
adhesion, dedifferentiate and acquire mesenchymal, migratory
characteristics. (82, 83)

1.6 The TME and its contribution to the
hallmarks of cancer

Douglas Hanahan and Bob Weinberg defined a set of character-
istics, referred to as the “hallmarks of cancer” that are common
to most types of cancers (13, 84, 85). These hallmarks describe
the various features tumors can acquire during progression. The
successive acquisition of the hallmarks allows cancer cells to by-
pass natural protective functions that prevent the unauthorized
proliferation of outlaw cells in higher organisms (17).

1.6 Cell plasticty

"
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The hallmarks of cancer are: sustaining proliferative signaling,
evading growth suppressors, avoiding immune destruction, en-
abling replicative immortality, tumor-promoting inflammation, ac-
tivating invasion and metastasis, inducing angiogenesis, genome
instability and mutation, resisting cell death, deregulating cellular
energetics (13, 84).

As the reader is without doubt very familiar with the hallmarks
of cancer, it might not be necessary to discuss them in detail.
Instead, a selection of hallmarks will be examined from a different
perspective by viewing them through the lens of the TME.

While new tools and techniques such as whole genome sequenc-
ing or epigenetic and transcriptional profiling expanded our
knowledge of the driving forces of malignant transformation,
the massive amount of information challenged us to distill the
data into a clear understanding of key cellular events that can be
translated into more effective and targeted therapies (17). Today,
we are well aware of the fact that neoplastic cells alone do not
manifest the disease but need the help of the members of the TME,
a highly heterogenous and dynamic habitat, which contributes to
the establishment of the cancer hallmarks (17, 20). Rather than
being a silent witness, the TME plays an active role in the disease
progression (86). As malignant cells face constant stochastic and
dynamic changes in their environment, they also progressively
remodel the TME to their own advantage (11). In addition to
neoplastic cells, the TME is composed of numerous recruited and
tissue-resident cells and components, including immune cells,
pericytes, fibroblasts, tumor vasculature or extracellular matrix
(ECM), which exchange soluble factors and secreted vesicles with
the cancer cells (87). In this way, the two candidates — the can-
cer cells and the TME - are in a constant dialog and mutually
influence each other (88).

1.6.1 Cancer-associated fibroblasts

Fibroblasts are a predominant cellular component of the normal
stroma and play a critical role in wound healing and tissue repair
(89). However, the processes associated with wound healing can
be hijacked by a tumor. In fact, it can masquerade as injured
tissue and recruit resources from the host to promote its own
growth and survival, ultimately behaving like a wound that never
fully heals (90). During tumorigenesis, normal fibroblasts can be
misdirected and educated to become cancer-associated fibroblasts
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(CAFs), which are phenotypically and functionally distinct from
their normal counterparts (91). However, multiple other cell types,
including bone marrow-derived cells (92) or trans-differentiated
pericytes (93) can also give rise to CAFs, so CAFs are considered
to be a cellular state rather than an actual cell type (93). They
can secrete various growth factors, including HGF, FGF, IGF1
or SDF-1/CXCL12 as well as various pro-inflammatory signals,
which drive cancer cell proliferation, act as survival signals or
lead to the recruitment and activation of infiltrating immune
cells (IICs) (17, 94). Through their expression of proangiogenic
signaling proteins such as VEGF, FGFs or IL-8/CXCL8, CAFs can
mediate angiogenesis (95).

Furthermore, CAFs can secrete ECM proteins, including periostin,
fibronectin (FN) and collagen 1, which sequester pro-angiogenic
factors and may shield nearby tumor cells from targeted kinase
inhibitors and immunotherapies (96). CAFs can be also linked to
the hallmark “deregulating cellular energetics”. Cancer cells are
capable of releasing reactive oxygen species (ROS) that induce
CAFs to undergo a metabolic shift towards aerobic glycolysis (97).
This results in a CAF-mediated increase in lactate and pyruvate,
which can in turn fuel cancer cell proliferation (97, 98). L-lactic
acid also reduces environmental pH, impairs T-cell glycolysis
and effector T-cell function, decreases dendritic cell activation,
can recruit and induce regulatory T-cells or TAMs, and is thus
a key mediator of tumor-induced immunosuppression (99, 100).
Moreover, it was demonstrated that the progression from nor-
mal/benign breast hyperplasia to ductal carcinoma in situ (DCIS)
to invasive ductal carcinoma (IDC) can be fueled by the receptor
pair HGF (from fibroblasts or endothelial cells) and c-Met (from
malignant cells) (91, 101, 102).

1.6.2 Infiltrating immune cells

Infiltrating immune cells (IICs) gained a lot of attention due to
their key role in tumorigenesis. IICs provide mitogenic cues that
stimulate tumor cell proliferation through a variety of growth fac-
tors or cytokines, including EGF, TGF-b, TNF-a, FGFs, interleukins
(ILs), chemokines, histamines and heparins. Furthermore, IICs
mediate ECM degradation through the secretion of proteolytic
enzymes (e.g., metallo-, serine- and cysteine proteases), which in
turn releases matrix-bound growth factors that enable sustained
proliferative signaling. (103, 104)

13
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5: Tertiary lymphoid structures are
organized clusters of immune cells
that develop postnatally in non-
lymphoid tissues at sites of chronic
inflammation, such as in autoim-
mune diseases or cancer (108).

When cells are part of an organized epithelium, as it is the case
under normal circumstances, the adherent cells receive survival
signals through homo- and heterotypic adhesion molecules, which
is critical for homeostasis and integrity. If those cells detach from
their cellular network and thus, lose adhesion, they are destined to
undergo programmed cell death. (105) However, cancer cells can
resist cell death by escaping the dependence on survival signals
(17). This can be mediated by IICs, which bind to the cancerous
cells and maintain the adhesion-related survival signals, even
when the tumor cell detaches (e.g., during invasion and metastasis)
(17). For example, tumor-associated macrophages (TAMs) can bind
to breast cancer cells via the x-4 integrin/VCAM-1 receptor pair.
This clustering activates a mediator of receptor tyrosine signaling,
Ezrin, which triggers PI3K/ AKT signaling and eventually inhibits
apoptosis of the breast cancer cells (106).

In fact, the tumor’s “immune footprint” is a critical but complex
determinant of therapeutic response and overall clinical outcome
(107). While certain players, such as M2 macrophages and FoxP3™*
regulatory T-cells, can promote cancer growth, tumor-infiltrating
M1 macrophages, stromal CD4" T-cells in proximity to CD8"
cytotoxic T-cells, and the presence of dendritic cells within tertiary
lymphoid structures® have been shown to suppress tumor growth
(109). However, studies have shown that therapeutic interventions
can exert an unfortunate impact on the tumor immune response.
For instance, exposure of various cancer cell types to clinically rel-
evant doses of radiation results in resistance to natural killer (NK)
cell cytotoxicity, primarily due to radiation-induced resistance to
perforin (110).

1.6.3 Vasculature

The majority of blood vessels in healthy adult tissue are quiescent,
with few exceptions (17). In the context of cancer, they represent
a major modulator for tumor growth by “feeding” the tumor
with nutrients and oxygen (111). From a historic point of view,
lesional de novo vascularization was believed to be regulated by
cancer cells secreting pro-angiogenic factors, which is indeed one
mechanism but not the only one. TME stromal cells play a critical
role in the induction of angiogenesis and resistance to cell death.
(17)

For example, TAMs can stimulate tumor angiogenesis by secreting
VEGEF-A and furthermore enable the access to ECM-sequestered
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VEGF-A by producing the proangiogenic matrix metallopro-
teinase (MMP)-9 (103, 104). In addition, the recruited blood vessels
allow the cancer cells to travel through the bloodstream to distant
parts of the body, enabling invasion and metastasis (13, 17).

1.6.4 Extracellular matrix

Another important, albeit non-cellular, contributor to cancer pro-
gression is the ECM. Composed of a pleiotropic meshwork of
diverse crosslinked macromolecules and proteins, the ECM acts
as an orchestrated regulator of tissue integrity and homeosta-
sis, providing protection, structure, and rigidity. Its composition
and topography differ from organ to organ and tissue to tissue,
reflecting the specific functions and needs of each. (11, 112)

The predominant components of the ECM comprise fibrous
(glyco-)proteins such as collagen, FN, laminin and elastin; proteo-
glycans; hyaluronan; or non-structural regulators such as tenascin,
fibulins, osteopontin or thrombospondins (112, 113). Biochemical
and molecular cues present in the ECM, such as sequestered
cytokines or growth factors, are perceived by cells and translated
into downstream cellular responses, and thus, are in a continuous
biochemical and biophysical dialog with the neighboring cells
(114, 115).

During tumor progression, the evolving cancer tips the balance
of ECM synthesis and degradation in its advantageous direction.
This can be mediated via increased MMP expression, a large
family of structurally related, zinc-dependent endopeptidases.
(116) Under pathogenic conditions, the endopeptidase activity
of MMPs can extensively degrade ECM components thereby
facilitating tumor invasion and metastasis and the release of
matrix-bound biochemical cues that promote tumor progression
(117) (Figure 1.2).
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Figure 1.2: Contributors to tumor
heterogeneity. A tumor is a heteroge-
neous composition of numerous (ma-
ligant) cell populations and molec-
ular entities that undergo dynamic
spatiotemporal changes. Major de-
terminants of cancer heterogeneity
include epigenetic alterations, molec-
ularly and phenotypically diverse
cancer clones (cancer evolution), cell
plasticity (e.g., EMT involved in in-
vasion and metastasis), genomic in-
stability (e.g., defects in DNA re-
pair mechanisms), therapy (artifi-
cial selection pressure can lead to
more resistant clones), CSC and
the complex TME (including IICs,
ECM and its bound growth factors,
CAFs, TAMs or the induction of neo-
angiogenesis).

1.7 Breast cancer: an example of a highly
diverse malignancy

Breast cancer represents a highly heterogeneous collection of
malignancies and accounts for a significant proportion of cancer-
related morbidity and mortality worldwide (118, 119). Promoting
a healthy lifestyle holds great promise for reducing the risk
of breast cancer, as approximately 20% of breast cancers are
due to modifiable factors such as physical inactivity, alcohol
consumption, smoking or obesity (120, 121). In addition, lack of
breastfeeding and early onset of menarche are associated with
an increased risk of breast cancer, whereas full-term pregnancy
at a younger age and an increased number of births correlate
with a decreased likelihood of (hormone receptor (HR)-positive)
developing mammary carcinoma(120, 122-125), the latter possibly
due to a persistent decreased number of breast epithelial stem or
multipotent progenitor cells (providing fewer targets for oncogenic
transformation) (120, 126).

Another risk factor for breast cancer is the genetic predisposition.
It is estimated that approximately 10% of breast cancers are
associated with a family history, which can be determined with
models such as the “family history score” (120, 127). For example,
mutations in the BRCA1 and BRCA2 tumor suppressor genes,
whose proteins are involved in DNA repair, are inherited in
an autosomal dominant manner, with a 72% (BRCA1) and 69%



