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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.
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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

11

1.2

1.3

1.4

1.5
1.6

1.6.1

The many faces of

the enemy within. . 5
Clonal evolution —
survival of the fittest
and beyond
Genomic instability . 9
Cancer stemcells . 10
Cell plasticty . . .. N
The TME and its
contribution to the
hallmarks of cancer 11
Cancer-associated

fibroblasts . . . .. 12
1.6.2 Infiltrating immune

cells . .. ... ... 13
1.6.3 Vasculature . . . . . 14

1.6.4 Extracellular matrix 15

1.7

Breast cancer: an
example of a highly
diverse malignancy 16



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).
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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%
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(BRCA2) chance of developing breast cancer by the age of 80 (120,
128).

Despite affecting the same anatomic region, the causes of breast
cancer are diverse and result in many subtypes with different
pathologic features and clinical outcomes (129). Breast cancers
typically arise in the mammary epithelium and are classified as
adenocarcinomas. If the breast carcinoma exhibits distinct cyto-
logical and architectural characteristics consistently associated
with certain clinical presentations and outcomes, the cancer be-
longs to the group of “histological special types”, which represent
up to 25% of all invasive breast cancers and include multiple
breast cancer types, including invasive lobular carcinoma (ILC),
mucinous or tubular mamma carcinomas. (130)

However, most breast cancers belong to the group of “invasive
ductal carcinoma of no special type” (IDC-NST), as their histolog-
ical features do not justify their classification as one of the special
tumors (129).

Furthermore, breast cancers can be classified as carcinoma in
situ or invasive carcinoma. Carcinoma in situ is an early stage of
cancer and is considered non-invasive or pre-invasive because
the abnormal cells have not (yet) invaded the surrounding breast
tissue. If left untreated, carcinoma in situ may (but does not
necessarily) develop into invasive cancer. Carcinoma in situ can be
further divided into DCIS, which is confined to the milk ducts, and
lobular carcinoma in situ (LCIS), which is confined to the lobules
(the milk-producing glands). The invasive counterparts of these
conditions are the IDC-NST and the ILC. Invasive carcinomas are
characterized by their ability to invade the surrounding tissue,
which is a crucial step in the development of metastatic processes
through the blood or lymphatic systems (Figure 1.3A). (129, 130)

Although the histologic type provides important information, its
clinical relevance is limited. On the contrary, the molecular pattern
of the breast tumor is crucial for making treatment decisions in a
clinical setting (Figure 1.3B). In addition, in order to assess the
potential response to chemotherapy, genetic information about a
tumor is of great value. Genetic tests, such as MammaPrint and
Oncotype DX®, play a crucial role in determining the suitability
of chemotherapy for individual patients (133) .

Luminal A-like tumors are identified by strong estrogen receptor
(ER) and/or progesterone receptor (PgR) expression, lack human
epidermal growth factor receptor 2 (HER2) expression, show low
proliferation rates (Ki-67 low), are associated with a favorable

6: MammaPrint is a commercially
available microarray-based multi-
gene profiling test designed for per-
sonalized treatment of both ER*
and ER™ breast cancer patients.
MammaPrint evaluates the activity
of 70 genes in early-stage breast can-
cer and calculates a tumor recurrence
score to predict whether a patient
will benefit from chemotherapy. In-
formation about the tumor’s gene
signature helps distinguish the sub-
set of patients with a low risk of
distant metastasis from those who
will be affected by metastasis in
the first 5 years after surgery. The
MammaPrint gene expression sig-
nature includes proteins associated
with key cancer hallmarks, broadly
covering proliferation, resistance to
apoptosis, invasion and dissemina-
tion. Another example of a success-
ful genomic test is Oncotype DX,
which is used to predict the risk of re-
lapse in patients diagnosed with ER*
breast cancer. It measures 16 mark-
ers and 5 control genes and uses the
data to classify patients into differ-
ent risk groups. High-risk patients
are more likely to profit from adju-
vant chemotherapy, while low-risk
patients are recommended to avoid
chemotherapeutic intervention. (131-
133).
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Figure 1.3: Subtypes and anatomy
of breast cancer. A. Left: Schematic
view of female breast anatomy de-
picting the collecting ducts and lob-
ules. Right: Schematic cross-sections
of a normal mammary duct, DCIS
(accumulation of abnormal cells in
the lumen of the duct without inva-
sion of the epithelial basement mem-
brane into the adjacent stroma), and
IDC (invasion into the surrounding
stroma and metastasis). B. Schematic
representation of the breast cancer
molecular subtypes based on the ex-
pression of HR, the receptor tyro-
sine kinase HER2 and the prolifera-
tion marker Ki-67. The following sub-
types are listed in descending order
of prognosis: Luminal A, Luminal B,
HER2-enriched, TNBC.

prognosis, and often respond to hormone therapy. Luminal B-like
tumors show ER expression but are not (or at least to a lower
extent) positive for PgR, while HER2 may be present (luminal
B-like HER2") or absent (luminal B-like HER2™). This type shows
high proliferation rates (Ki-67 high).

HER?2-enriched, non-luminal tumors are HER2-positive, are char-
acterized by low or absent ER and PgR expression and have a
high Ki-67 score. This tumor type is aggressive but generally
responsive to targeted therapies.

A rather poor prognosis is associated with the highly aggressive
TNBC, which lacks HR expression (ER, PgR, HER2) and has a
high proliferation index. (130, 134-136)
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Normal breast Ductal carcinoma in

Luminal A (40-50%)
HR+ (ER+ and/or PgR+),
HER2- Ki-67 low

Luminal B (~20%)
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Receptors
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ER: Estrogen

PgR: Progesterone Triple Negative
HER2

(~15-20%)
HR- (ER-, PgR-), HER2-
Ki-67 high Worst

prognosis



The power of pluripotency

2.1 From the zygote to the living
organism

The human body is made up of trillions of cells that are spatially
organized and exert a plethora of functional states (137).

With advancements in bulk sequencing and single-cell analysis,
researchers have been able to identify cellular genomic expression
patterns and genetic features with high precision, providing in-
sights into the cellular distribution and developmental trajectories
across our organs (138). Although it is estimated that the human
body consist of over 200 highly specialized cell types, all cells
can be traced back to a unicellular, diploid progenitor: the zygote
(139).

The zygote is formed at the earliest stage of human development
when a sperm successfully enters an ovum. This event is followed
by a turbulent period of rapid cell division known as cleavage,
during which the zygote divides several times without significant
overall growth. (141) Once the resulting cell sphere has reached a
stage of 16 totipotent cells, the cell mass is referred to as morula.
Totipotent cells harbor the capacity to give rise to all embryonic
- and extra-embryonic cells and therefore display the greatest
differentiation potential. (142, 143)

Through the process of compaction, the outer cell layer of the
morula is tightly bound together by the formation of gap junctions
and desmosomes, giving rise to the trophoblast. The trophoblast
actively transports sodium ions and water, leading to the formation
of a cavity within the morula, which eventually gives rise to
a hollow ball of cells called the blastocyst. The outer cells of
the blastocyst develop into the first extraembryonic tissue, the
trophectoderm, which plays an important role in implantation
by attaching to the uterine epithelium and invading into the
endometrium. (143, 144)

The cells trapped inside the blastocyst represent the pluripotent
inner cell mass (ICM). The ICM begins to differentiate into the
epiblast and the hypoblast. While the hypoblast develops into
the yolk-sac and later the chorion, the epiblast gives rise to all
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Figure 2.1: From the zygote to the

blastocyst. During eary human de-
velopment, the zygote undergoes

several cleavage divisions within
the first 5 days (D) after fertiliza-
tion. Around day 5, the blastocyst
is formed and contains the both the
ICM (giving rise to all embryonic tis-
sues) and the trophectoderm (that
develops into extra-embryonic tis-
sues). Figure partially adapted from
Popovic et al. (140).
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Figure 2.2: (Induced) pluripotent
stem cells have the potential to dif-
ferentiate into various cell types
of all the three germ layers. A.
Pluripotent stem cells can self-renew
and differentiate into all embryonic
tissues and cell types (146) B. iP-
SCs can be generated from donor-
derived somatic cells (such as CD34*
hematopoietic stem and progenitor
cells or fibroblasts) and further differ-
entiated into various organoid types
representing all three germ layers.

the three germ layers, the ectoderm, the mesoderm and the
endoderm during gastrulation (143). Gastrulation is followed by
organogenesis, in which the three germ layers give rise to the
entire organ system of the new individual (145) (Figure 2.1).
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2.2 Pluripotency in research

In the late 1990s, Dr. James Thomson and colleagues at the Uni-
versity of Wisconsin-Madison, successfully isolated embryonic
stem cells (ESCs) from a human blastocyst (147). Due to their
pluripotent nature, ESCs have the ability to proliferate indefi-
nitely and give rise to all cell types and thus, opened promising
research applications (148) (Figure 2.2A). However, the use of
ESCs has triggered a multifaceted ethical debate, encompassing
a range of moral, cultural and societal issues (149). In 2006, a
powerful alternative was provided by a team of scientists led by
Shin'ya Yamanaka, who made the groundbreaking discovery that
terminally differentiated murine cells can be converted back into
a pluripotent state by overexpressing a quartet of reprogramming
factors: Oct4, Sox2, KIf4 and c-Myc (OSKM / Yamanaka-factors)
(150). They called these new candidates “induced pluripotent stem
cells” or “iPSCs”. Only one year later, the successful generation of
iPSCs from adult human fibroblasts was demonstrated by several
groups, including Yamanaka’s (151, 152) (Figure 2.2B).

Albeit iPSCs are artificially generated cells and do not naturally
exist in the human body, they show remarkable molecular and
functional resemblance to ESCs, including cellular morphology,
expression of pluripotency markers, similar gene expression pro-
files, the ability to differentiate into the three germ layers and the
capacity to self-renew (153, 154). This advance set off a race of
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breathtaking pace: Numerous studies have applied iPSC technol-
ogy to developmental biology, in vitro disease modeling, drug
screening or toxicity studies and have shown great promise in
cell and gene therapy to substitute damaged, non-functional, de-
generated, or lost tissues (155). A very valuable aspect of iPSC
technology is the possibility of autologous transplantation, which
avoids the risks and complications associated with immune rejec-
tion (156, 157). Combined with rapid advances in precision DNA
editing, iPSCs offer the possibility of individualized cell-based
autologous therapies for a wide range of diseases (158). In this
scenario, disease-causing mutations could be accurately corrected
in a patient’s own iPSC line resulting in a tailored, specific clinical
treatment. One of the first clinical trials was undertaken in Japan
in 2014, where iPSC-derived retinal pigment epithelium sheets
were used for the treatment of neovascular age-related macular
degeneration. (159)

However, the main difficulty associated with autologous trans-
plantation is the fact that the entire labor-intensive and costly
process of clinical-grade iPSC generation, characterization and
any subsequent necessary interventions must be carried out for
each patient individually (156). To overcome these obstacles, an
alternative approach was in demand. Scientists at the Center for
iPS Cell Research and Application (CiRA) at Kyoto University
and the CiRA Foundation in Japan therefore set out to generate
a clinical-grade iPSC haplobank from donors homozygous for
human leukocyte antigen (HLA)-A, HLA-B and HLA-DR alleles —
the major determinants of transplant rejection — to match as many
people in Japan as possible. To date, the haplobank covers 40% of
the Japanese population with a low risk of immune rejection and
already found application in more than 10 clinical trials. (160)

2.3 Generation of iPSCs

2.3.1 Donor material collection

Skin dermal fibroblasts are still the most widely used source
for iPSC generation, given their commercial availability, simple
handling, and inexpensive cell culture media (154). However,
isolation of these cells requires a skin biopsy, which is an invasive
surgical procedure. (161) It takes weeks to expand the fibroblasts
to the appropriate cell count and the reprogramming efficiency
is generally low in older donors. Fibroblast isolation may not be
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appropriate in children or patients with abnormal wound healing,
skin diseases or coagulation disorders. Furthermore, permanent
exposure to stressors such as UV radiation puts them at risk of
accumulating point mutations that are perpetuated in the iPSCs.
(154) As a result of these drawbacks, much research effort has
been invested to find alternative cell sources, and this has proven
fruitful: Numerous publications describe the successful generation
of iPSCs from various cell types including keratinocytes (162),
T- and B-lymphocytes (163, 164), mesenchymal stem cells from
adipose tissue (165), mesenchymal-like stem/progenitor cells
from dental tissue (166), renal epithelial cells from urine (167, 168),
hepatocytes (169), amniotic fluid stem cells (170) or hematopoietic
stem/progenitor cells (1-3, 136, 154). Indeed, most — if not all —
somatic cells have the potential to be dedifferentiated into iPSCs,
albeit with variable reprogramming efficiencies and kinetics (154,
171). For this reason, it is desirable to find types of cells that fulfil
the following requirements:

. isolation through minimal invasive procedures,

. rapidly expandable,

. widespread presence in the tissue,

. minimized risk of chromosomal aberrations or point muta-

tions due to the lack of exposure to environmental mutagens,

high reprogramming efficiency and fast kinetics and

. ability to be sourced from donors of all genders, ages and
health conditions (154).
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Mononuclear cells derived from peripheral blood (PB) are a pop-
ular source for reprogramming, as they match more closely the
epigenetic profiles and gene expression patterns of ECSs and
iPSCs than age-matched fibroblasts (172). Blood itself is a hetero-
geneous composition of different cell types, with an abundance
of erythrocytes and platelets — enucleated cells not suitable for
reprogramming. Therefore, these non-reprogrammable cells must
first be separated from the total cell fraction. This can be achieved
by density gradient centrifugation, which retains peripheral blood
mononuclear cells (PBMCs) (173).

Lymphocytes represent a large fraction of the PBMC population
and the successful reprogramming of terminally differentiated
T- and B-cells has been demonstrated (164, 174). However, they
are subject to somatic V(D)] DNA rearrangements of the T-cell
receptor and immunoglobulin loci, respectively, and the impact
of these rearrangements on iPSCs and their downstream cell
lineages remains unresolved (161, 172). There is also evidence that
reprogrammed T-cells have the potential to spontaneously induce
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T-cell lymphomas in mice, limiting their therapeutic potential
(175). An alternative, attractive but relatively rare (<0.1%) cell
source is CD34* hematopoietic stem and progenitor cells (HSPCs)
as they are amenable to reprogramming and lack detectable gene
rearrangements (161). In addition, less than 10 mL of whole blood
is already sufficient for the generation of multiple iPSC colonies
(161, 176). In the present work, this cell type was used to generate
iPSCs form a healthy donor and breast-cancer patients.

2.3.2 Reprogramming strategies

Multiple dedifferentiation strategies have been established to
generate iPSCs which meet (dependent on the application) the
desired safety and quality criteria. These methods can be divided
into four subcategories: genome integrative or non-integrative
vehicles delivered by either viral or non-viral techniques (177,
178). Integrative techniques have raised concerns about oncogenic
transformation or disruption of host suppressor gene expression,
particularly if the insertion happens in an open reading frame
or alters the expression of nearby oncogenes (179). Therefore,
non-integrating methods for the generation of exogenous DNA-
free iPSCs have been developed and comprise various delivery
vehicles such as mRNAs (180), miRNAs (181), transposons (182,
183), proteins (184), minicircles (185), antibodies (186), Sendai virus
(187) and Adenovirus (188) or episomal vectors (189).

Episomal vector-based reprogramming

Compared to other DNA-based reprogramming methods, such as
conventional plasmids or minicircle vectors, which require mul-
tiple transfections because of their inability to replicate in mam-
malian cells, episomal vectors offer several advantages. These in-
clude long-term stable expression with a single transfection, safety,
cost-effectiveness, and the ability to remain extra-chromosomal,
thus avoiding regulatory constraints and disruptions of important
genomic regions of the host cell. Moreover, episomes are lost at
a rate of approximately 5% per cell cycle, which facilitates the
removal of exogenously introduced vectors from the generated
iPSCs without any external manipulation. Unlike chromosome-
integrating plasmids, episomal vectors often achieve higher trans-
fection efficiencies. (179, 190)
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Episomal vectors based on elements of Eppstein-Barr virus (EBV),
a human gamma herpesvirus, have become very popular for
iPSC generation. These plasmids carry the origin of plasmid
replication (oriP) and the EBV nuclear antigen-1 (EBNA-1). EBNA-
1 encodes a protein that gets expressed from its viral promoter
after transduction into somatic cells. (190, 191) Subsequently, the
C-terminal domain of EBNA-1 binds to oriP, while the N-terminal
domain of EBNA-1 tethers the episomal DNA to the chromosome,
allowing the vectors to replicate extra-chromosomally during
each cell cycle (190, 191).

2.4 QOrganoids — self-organizing tissue
replicas in a dish

During tissue development, cells undergo a meticulously orches-
trated series of movements that are directed by gradients of
far-reaching signaling molecules and physical forces from neigh-
boring cells. In fact, close attachment to neighboring cells results
in push-pull interactions that initiate internal biochemical rear-
rangements. As a result, cells can asymmetrically apply further
forces on their neighboring cells, creating a positive feedback loop
that ensures that cells throughout the organ achieve the proper
shape and size. (192)

Recapitulation of these complex physical and biochemical inter-
actions in vitro is rather limited compared to their in vivo coun-
terparts. However, organoid technology is a rapidly advancing
field that holds great promise for expanding our understanding
of human (developmental) biology and disease in a more physi-
ologically relevant context than traditional 2D cell culture (193).
These “mini-organs” are typically generated by culturing stem
cells under well-defined conditions that mimic the microenviron-
ment of the tissue of interest at the micrometer to millimeter scale.
(194) Within this environment, stem cells can differentiate into
multiple cell types and self-organize without external guidance
into a complex structure that resembles the native tissue or organ
(195).

The term “organoid” originally stemmed from classical develop-
mental biology, where organogenesis was studied by cell disso-
ciation and reaggregation experiments (196). However, as with
any term that embraces a popular concept or idea, the meaning
of “organoids” began to blur and became an umbrella word for a
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wide range of in vitro and in vivo cellular models (14). Thus, a
clear definition of “organoids” was required. Madeline Lancaster
and Jiirgen Knoblich provided a widely accepted definition, de-
scribing an organoid as “a collection of organ-specific cell types that
develops from stem cells or organ progenitors and self-organizes through
cell sorting and spatially restricted lineage commitment in a manner
similar to in vivo” (197).

Therefore, an organoid must resemble the native tissue or organ
by fulfilling the following criteria:

1. it must encompass more than one cell type of the corre-
sponding organ,

2. recapitulate some organ-specific functions (e.g., contraction,
filtration, excretion) and

3. exhibit cellular organization similar to the natural counter-
part (197).

Self-organization, or in other words the ability of cells to organize
themselves into higher order, is a fundamental process in biology
but deciphering the underlying mechanisms of self-organizing
systems’ inherent non-linearity is a challenging task (198).

One key mechanism that drives self-organization is cell sorting,
a process, in which different cell types with distinct adhesive
properties segregate and move into different regions and thus,
achieve the most thermodynamically stable arrangement (197).
The physical interactions between different cells are mediated by
the differential expression of variable cell adhesion molecules,
cortical tension and/or cell motility and contractility (195, 197).

The process of tissue morphogenesis is further mediated by
spatially restricted cell-fate decisions. As the progenitor cells dif-
ferentiate into more mature cells, they are pushed into a more
superficial position due to the spatial limitations of the tissue or
the orientation of division, which further supports their differenti-
ation. The progeny may continue to undergo cell division, further
differentiation and dislocation (197) (Figure 2.3).

Of note, the exogenous signals in the culture medium determine
the specific developmental trajectories (driving them into “brain”,
“kidney” or “intestine”), but differentiation into organ-specific
cell types in a defined spatial arrangement is a consequence
of self-organization (198). While in vivo development is highly
reproducible, each in vitro made organoid represents a unique
and heterogeneous collection of cells, and no two organoids
are exactly alike. Organoids vary considerably in terms of their
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Figure 2.3: Key mechanisms of self-
organization. A. Cell sorting out, a
process in which cells migrate to
different domains based on varying
adhesion properties. B. Spatially re-
stricted lineage commitment, where
progenitor cells (blue) give rise to
more differentiated cells (red) that
are displaced into a more superficial
position due to spatial constraints or
division orientation. The new posi-
tion fosters their differentiation, and
they give rise to even more differen-
tiated cells (yellow) that are further
dislocated. Figure adapted from Lan-
caster and Knoblich (197).

relative position of certain tissue domains, which can be attributed
to the fact that, unlike the developing in vivo organ, organoids
lack dorsal-ventral and anterior-posterior axis formation. (197,
198) This fact needs to be considered when organoids are used in
specific experimental setups.
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2.5 Organoid culture and application

The innovative methodology of growing miniature three-dimen-
sional organotypic structures from stem and progenitor cells in a
laboratory setting paved the way for groundbreaking discoveries.
Under well-chosen conditions, adult stem cells can be induced in
vitro to reconstitute a scaled-down version of the organ in which
they once inhabited (199). The group led by Hans Clevers made
the observation that Lgr5* stem cells can be used to grow into
crypt-villus intestinal organoids that contain all cell types of the
intestinal epithelium (200). These findings have been extended to
other tissues including liver (201), pancreas (202), fallopian tube
(203), prostate (204) or stomach (205). However, adult stem cell
tissue derived organoids require tissue and biopsies, which comes
along with invasive surgical procedures (199). Their potential for
genome editing is restricted and their differentiation potential is
limited but the protocols for the organoid generation are relatively
simple (206).

To circumvent these obstacles, protocols have been established
that describe the generation of organoids from iPSCs. While
they harbor a high potential for genome editing and can be
obtained via a minimal procedure, the protocols for iPSC-derived
organoid generation require multiple steps and are rather complex.
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Furthermore, in contrast to adult stem cell-derived organoids,
iPSC-based systems harbor the potential to direct the iPSCs to
any organ-specific differentiation, allowing e.g., for a co-culture
of two organoid types from one donor. (206)

One of the best-known types of iPSC-derived organoids are cere-
bral organoids, colloquially known as “mini-brains”, developed by
M. Lancaster and ]. Knoblich in 2013 (207). The cerebral organoids
self-organize in a manner reminiscent of the early stages of the
developing human brain, encompassing several discrete but in-
terdependent brain regions, including a cerebral cortex with
progenitor populations that organize and produce mature cortical
neuron subtypes. In addition, the organoids showed a progenitor
zone organization with abundant outer radial glia stem cells, a
feature also seen in human cortical development (208). Finally,
the patient iPSC-derived brain organoids were used to model
CDK5RAP2-dependent microencephaly and observed premature
neuronal differentiation in patient organoids (207).

After this breakthrough observation, the past decades of intense
organoid research witnessed the appearance of protocols describ-
ing the generation of numerous organoid types including but not
limited to brain (209-211), retina (212-214), gut (215-218), kidney
(219-221), liver (218, 222-225), stomach (226, 227), pancreas (228,
229) or mammary gland (11, 230, 231).

Undoubtedly, tremendous progress has been made in the field of
organoids, and yet organoid research is still in its infancy, striving
to reveal the full potential of organoids to decipher a wide range
of biological mechanisms.
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Objectives

The primary objective of the present thesis is the establishment of
a 3D co-culture model system, which allows to investigate tumor-
TME interactions and the influence of tumor-adjacent mammary
epithelium on breast tumor growth and invasiveness in both
autologous and allogeneic settings.

To achieve this, the first step will involve the generation of iPSCs
from PB of two breast cancer patients, followed by a compre-
hensive characterization of the iPSC clones to ensure their high
quality. In a next step, we will differentiate the patient-derived
iPSCs into mammary-like organoids (MLOs) and demonstrate
their functionality by proving expression of luminal and basal
epithelial markers, as well as milk protein ([3-casein) expression
upon hormonal stimulation.

We will combine the MLOS (that function as model for tumor-
adjacent mammary epithelial tissue) with patient-derived mi-
crotumors (PDMs) in a 3D flaoting co-culture setup. The PDMs
will be isolated from fresh primary tumor tissues from cancer
treatment-naive breast cancer patients, including but not lim-
ited to the patients who donated blood for the iPSC generation.
Subsequently, the microtumors will be embedded in 3D Matrigel-
collagen droplets to investigate the influence of ECM on PDM
invasiveness.

Ultimately, we will co-culture the tumor models with MLOs to
investigate the effect of tumor-adjacent mammary epithelial tissue
on tumor growth and invasiveness for 10 days. To compare the
in vitro behavior of established breast cancer models, co-culture
experiments will also be conducted using spheroids from the
highly invasive breast cancer cell line MDA-MB-231 and the poorly
invasive breast cancer cell line MCF-7.

Using bead-based immunoassay, we aim at the identification of
markers that may be associated with increased tumor growth
and invasiveness in the co-culture system. Furthermore, we will
perform an in-depth characterization of a broad set of breast
microtumors. The histological and molecular composition and
characteristics of the microtumors will be assessed using his-
tological and protein-based approaches to confirm the positive
correlation between microtumors and their corresponding native
tumor.
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This thesis aims to not only emphasize the importance of tumor-
adjacent tissue in cancer progression but also highlights the
significant variability within tumors of the same anatomical
region. Our model system has the potential to serve as new
platform for investigating tumor invasion-related processes and
studying treatment approaches targeting these processes.
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Background

Following the revolutionary discovery that adult somatic cells
can be reprogrammed into a pluripotent state, there has been
increasing interest in exploiting the full potential of iPSCs. In
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Figure 4.1: Schematic workflow for
the generation of iPSCs. PBMCs
wereisolated from fresh whole blood.
CD34" HSPCs were purified by posi-
tive selection and cultured for 7 days.
Electroporation was used to intro-
duce episomal vectors. Arising iPSC
colonies were individually selected
and expanded.

vitro, iPSCs have the remarkable ability to both self-renew and
differentiate into any cell type from the three germ layers (146).
This versatility makes iPSCs invaluable for organoid development
and promising for many research applications. Despite recent ad-
vances in iPSC reprogramming protocols, the quality of iPSC lines
can vary widely, affecting their differentiation potential (233, 234).
Therefore, conducting a comprehensive characterization is essen-
tial to ensure the reliability and reproducibility of downstream
iPSC-based applications.

One significant concern associated with iPSC generation is the
maintenance of genomic integrity. In addition, the characteri-
zation process typically includes several key assessments, such
as evaluating normal morphology, examining the expression of
endogenous stem cell markers, verifying the loss of exogenously
introduced reprogramming vectors, evaluating their potential to
differentiate into the three germ layers, performing single tandem
repeat (STR) analysis, and detecting the absence of mycoplasma
contamination (235). This chapter outlines the successful gen-
eration of iPSCs from CD34" HSPCs, followed by an in-depth
characterization of the iPSC clones.

The first step towards this goal was the establishment of a repro-
gramming protocol (Figure 4.1). Our initial success was demon-
strated using CD34" HSPCs obtained from PB of a healthy male
donor (Appendix D). However, the protocol was based on a home-
brewed media and lacked an initial CD34* HSPC enrichment
step, which could have contributed to the poor reprogramming
efficiency we observed. Therefore, we continued subsequent repro-
grammings using pre-prepared media, which are less susceptible
to batch-to-batch variability and included a CD34* HSPC enrich-
ment step prior to PBMC isolation. These modifications resulted
in a significant improvement in reprogramming efficiency. While
the initial protocol required 50 mL PB and resulted in three
high-quality iPSC clones, the modified protocol required only 5-9
mL PB and produced up to 12 high-quality clones. We used the
modified protocol to reprogram CD34* HSPCs obtained from
two breast cancer patients (Appendix B, Appendix C).
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4.3 Generation of the iPSC line
NMIiO10-A based on the initial
reprogramming protocol

50 mL of PBwas collected from a healthy male donor (Appendix D)
and immediately processed for PBMC isolation by density gradi-
ent centrifugation using Lymphoprep™ density gradient medium
and SepMate™-50 tubes. After mononuclear cell isolation, CD34*
HSPCs were positively selected and expanded in a CD34" ex-
pansion medium based on StemPro™-34 SFM medium, supple-
mented with GlutaMAX™, SCF, IL-3, GM-CSEF. This step was
necessary to increase the number of CD34" cells to be sufficient
for reprogramming (approximately 10° cells), due to their natu-
rally low abundance in PB (161). After 7 days, the composition of
the expanded cells was determined by flow cytometry. The data
indicated, that a total of 99.8% of the cell fraction was positive
for CD45, which is expressed on the plasma membrane of all
hematopoietic cells except erythrocytes and platelets (236), while
99.7% of the total cell population were CD34 positive. Only a
small fraction of 12.3% was composed of T-cells, (activated) mono-
cytes/macrophages, neutrophils and eosinophils, natural killer
(NK) cells and B-cells, as indicated by the expression of CD3,
CD14, CD16, CD19, CD20 and CD56, respectively (Figure 4.2).

Upon reaching the desired cell count, the cells were transfected
with episomal vectors. In the present study, we used an optimized
set of five episomal vectors, designed by Dr. Okita at CiRA, Kyoto.
The vector set consisted of pCE-hOCT3/4 encoding Oct4, pCE-
hSK encoding both Sox2 and Klf4, pCE-hUL encoding c-Myc
and Lin28, pCE-mP53DD encoding mp53DD, and pCXB-EBNA1
encoding EBNA-1 (Epi5™ episomal vectors). The transfected
cells were then plated on a hESC-qualified Matrigel-coated well
plate in complete StemPro™-34 SFM medium. On day 1 post-
electroporation, the medium was changed to N2B27 medium,
based on DMEM/F-12 with HEPES, and supplemented with
N2, B27, MEM non-essential amino acid solution, GlutaMAX™,
[-mercaptoethanol, and FGF-f3. On day 9, the medium was
switched to mTeSR™ Plus iPSC medium. Cells were monitored
until first iPSC colonies appear (around day 21 post-transfection)
(Figure 4.3). Individual iPSC clones were manually picked and
transferred to a fresh Matrigel-coated plate. The iPSCs were then
cultured in mTeSR™ Plus iPSC medium.
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Figure 4.2: Expression of cell sur-
face markers in the expanded
cell fraction on day 7. Top: 99.8%
of the examined cell population
displayed positive expression of
CD45, a cell surface marker present
on all hematopoietic cells except
erythrocytes and platelets. Mid-
dle: CD34" expression, the mark-
ers for HSPCs, was detected in
99.7% of the cell population. Bot-
tom: A subset of cells comprising
12.3% showed positive expression
for CD3 (T-cells), CD14 (monocytes /-
macrophages, with lower levels on
neutrophils and eosinophils), CD16
(NK-cells, activated monocytes/-
macrophages, and neutrophils),
CD19 and CD20 (B-cells), and CD56
(NK-cells). Flow cytometry data
were acquired using the BD LSR-
Fortessa™ Cell Analyzer (BD Bio-
sciences) and analyzed using FlowJo
v10 software (FlowJo LLC).
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Figure 4.3: Putative iPSC colonies
emerge from the monolayer of non-
reprogrammed cells. At approxi-
mately day 21 post-electroporation,
putative iPSC colonies (red arrow)
emerge and are clearly distinguish-
able from the surrounding cells.
Scale bars: 200 pm

4.4 Generation of iPSCs from HSPCs
obtained from PB of two breast
cancer patients

5-9mL of PBwas collected from two treatment-naive breast cancer
patients diagnosed with ILC at the University Hospital of Tiibin-
gen, Germany (Appendix B,Appendix C). Upon sample receipt,
a human hematopoietic progenitor cell enrichment cocktail was
added to the blood sample. The cocktail was designed to target
non-progenitor cell populations via tetrameric antibody com-
plexes recognizing CD2, CD3, CD14, CD16, CD19, CD24, CD56,
CDe61, CD66b and glycophorin A on red blood cells (RBC) for
depletion. Following the enrichment step, the lineage-committed
cells and RBCs were separated from the pre-enriched progenitors
via density gradient centrifugation. The CD34* HSPCs were then
purified through positive selection. Subsequently, the cells were
transferred to a CD34" expansion medium supplemented with a
defined set of cytokines and growth factors, including FIt3L, SCF,
IL-3, IL-6 and TPO. Cells were cultured for up to 7 days. For the
transfection step, the cells were combined with the Epi5™ epi-
somal vector mixture, as described above. After electroporation,
the cells were resuspended in CD34" expansion medium and
transferred to a well plate coated with hESC-qualified Matrigel.
The cells were initially cultured in CD34* expansion medium
until day 3 post-electroporation and then switched to ReprolesR™
until the first iPSC colonies appeared.

4.5 iPSC characterization

Stringent functional and molecular assays are essential to evaluate
the pluripotency potential of a newly generated iPSC line. Dur-
ing reprogramming, putative iPSC colonies appeared between
a densely packed monolayer of non-reprogrammed cells and
exhibited a characteristic cell and colony morphology that distin-
guishes them from other cells in the same culture (Figure 4.3).
iPSC colonies were compact and grew large with defined borders
and a cobblestone-like appearance. The cells within the colonies
were small, exhibiting a prominent nucleus and a small cytoplasm
(Appendix B Fig. 1D, Appendix C Fig. 1B, Appendix D Fig. 1A).
Monitoring the morphology of iPSC cultures provides important
information about the culture status, such as the homogeneity of
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their undifferentiation status and the number of spontaneously
differentiated cells (233).

Since iPSCs tend to acquire chromosomal aberrations not only
during the reprogramming process, but also after prolonged cell
culture, we examined the iPSC clones for their genomic integrity,
which can severely affect the differentiation potential and lead
to reduced reliability and reproducibility of experiments (237).
It was described that chromosomal aberrations predominantly
occur with higher frequency in the chromosomes 1q, 4p, 8q, 10p,
12p, 18q, 10q, and Xp (237). Array-based comparative genomic
hybridization (aCGH) is a cytogenetic technique that allows for
the analysis of copy number variations in the sample of interest
compared to a reference sample. Its high-resolution, genome-
wide detection of numerical chromosomal abnormalities and
unbalanced structural alterations and the fact that it has a fast
turn-around time as no fresh sample (dividing cells) is needed,
makes it an attractive alternative to karyotyping. Of note, aCGH is
limited by the fact that it cannot detect balanced rearrangements
like translocations and inversions, and small mosaicism. (237,
238)

In the present work, aCGH was carried out at the Institute for
Clinical Genetics, Klinikum Stuttgart, Germany. Sample DNA
(isolated and purified from iPSC pellets) and a reference genome
were labelled with different fluorescent dyes and hybridized on
the microarray. Each spot on the microarray indicated a certain
fluorescent signal intensity, which served as a relative measure
of the sample DNA bound to the DNA sequence on that certain
spot. The relative abundance of sample and reference DNA were
reflected by the ratio of the intensities of the fluorophores on each
spot (239). The aCGH data confirmed the genomic integrity of
all iPSC lines as no copy number variation was detected in any
of the iPSC clones (Appendix B Fig. 1C; Appendix C Fig. 1C;
Appendix D Fig. 1E).

Furthermore, the iPSCs were examined for endogenous expres-
sion of a defined set of undifferentiation markers by immunoflu-
orescence (IF) staining, reverse transcriptase (RT) polymerase
chain reaction (PCR) and flow cytometry, respectively. All iPSC
clones showed positive expressions of a set of undifferentiation
markers, including Oct4, Nanog, Sox2, DNMT3, c-Myc, TRA-1-81,
and TRA-1-60 (Appendix B Fig. 1A,B,E; Appendix C Fig. 1A,E,F;
Appendix D Fig. 1B,C,D; Figure 4.4). Additionally, we demon-
strated that exogenously introduced reprogramming vectors were
depleted before the iPSCs were used for further experiments.
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F-actin

Figure 4.4: iPSC colonies express
Sox2. Example of Sox2-expressing
iPSCs. Counterstaining: DAPI and
Phalloidin. Captured at a magnifica-
tion of 64x with a Zeiss CellObserver
Z1 (Carl Zeiss). Scale bars: 10 pm

For this purpose, total iPSC RNA was isolated and transcribed
into cDNA using MuLV reverse transcriptase. PCR confirmed
the loss of the reprogramming vectors (indicated by the absence
of the EBNA-1 gelband). The housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and a reprogramming
plasmid mixture were included as positive controls (Appendix B
Fig. 1B; Appendix C Fig. 1F; Appendix D Fig. 1D).

The remarkable potential of iPSCs to differentiate into cells from
any of the three germ layers is one of the major advantages of iP-
SCs and an important prerequisite for their successful generation
(233). A straightforward way to drive iPSCs into the germ layers is
offered by commercial differentiation kits, which allow for rapid,
parallel and reproducible differentiation. IF staining confirmed
the expression of certain transcription factors specific to the indi-
vidual germ layers. Ectodermal differentiation was shown by a
positive Pax6 expression, while mesodermal differentiation was
demonstrated by Brachyury expression. The successful differenti-
ation into the endoderm was confirmed by a positive expression
of Sox17 (Appendix B Fig. 1F; Appendix C Fig. 1D; Appendix D
Fig. 1F).

Short tandem repeats are repeated DNA-sequences that comprise
approximately 3% of the human genome, but the number of repeat
units varies greatly from one individual to the next. Therefore,
STR analysis provides a high degree of discrimination, making it
an invaluable tool for identification applications. (240) To exclude
a mix up between the iPSC samples, STR analysis was performed
at the Institute for Pathology, Klinikum Stuttgart. A 100% allele
match at different loci was confirmed between parental cells and
derived iPSCs, while the individual clones from different donors
were clearly distinguishable. Thus, the correct identity of the
iPSC clones was confirmed (data can be found in the journal’s
archive).

On a regular base, the cell culture was monitored for the absence
of a potential mycoplasma contamination. To this end, the cell
culture supernatant was collected and examined by conventional,
endpoint PCR. The PCR detects the highly conserved 165 rRNA
coding region in the mycoplasma genome (241). Internal am-
plification controls were added (supplemental information of
Appendix B, Appendix C and Appendix D).

It is worth mentioning that additional data related to the char-
acterization of iPSCs, such as the expression of additional ecto-,
meso- and endodermal markers, were experimentally confirmed.



However, these data were not included in the corresponding
publications due to space limitations. If readers are interested
in accessing these data, they are kindly directed to the 1PSCreg
database, a global registry for human iPSC lines, by scanning the
OR codes or by opening the weblinks provided in Appendix A.
Characterization data can be found under the respective “Charac-
terization” category. The database also contains information on
culture conditions, derivation and ethics.

4.6 Conclusion

We described the successful generation and comprehensive char-
acterization of 8 iPSC lines to ensure the use of high quality iPSCs
as the basis for subsequent organoid generation. The genomic
integrity of all clones was confirmed by aCGH, and the expression
of endogenous undifferentiation markers was demonstrated by
flow cytometry, IF staining and RT-PCR. Loss of exogenously
introduced episomal reprogramming vectors was confirmed and
successful in vitro differentiation into all three germ layers was
demonstrated. Furthermore, all iPSC clones showed normal iPSC
morphology and no mycoplasma contamination was detected.
Finally, STR analysis confirmed the correct identity of the iPSC
clones.

Itis worth noting that the characterization methods were primarily
established using iPSCs generated from the CD34" cells HSPCs of
the healthy donor (Appendix D). However, these iPSCs will not
be used in the co-culture system involving microtumors or breast
cancer cell line-derived spheroids. Instead, they were utilized to
further establish the differentiation protocols for the generation
of kidney and colon organoids (see Outlook).

4.6 Conclusion
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5.2 Background

The female breast consists of a highly branched ductal-lobular
network and is surrounded by subcutaneous adipose tissue and
collagenous interstitial stroma. The ductal system converges cylin-
drically from the mammary papilla and terminates in the lobules,
collectively referred to as the terminal duct lobular unit (TDLU)
(Figure 1.3A). (242)

These units contain clusters of acini where milk is produced
and stored in response to hormonal signals (242). The collecting
ducts and lobules are composed of two epithelial cell layers: the
inner part is formed by a polarized luminal epithelium, while the
outer layer is defined by the myoepithelium (243). In addition, a
laminin-rich basement membrane surrounds the myoepithelial
cells and separates the stroma from the ducts (242). In its role
as a natural paracrine tumor suppressor, the myoepithelium is
known to act as a guardian of tissue integrity (244). It functions
as a “fence”, preventing pre-invasive in situ carcinomas that arise
and accumulate in the luminal epithelium from spreading (245).
However, as the disease progresses, malignant cells may become
invasive and break through their “natural fence” to conquer the
surrounding tissue, an absolute prerequisite for breast tumor
invasion and metastasis (246).

Indeed, breast cancer is a complex disease involving intricate
interactions between malignant cells, normal and non-neoplastic
cells, and the various components of the surrounding stroma. In
order to identify the mechanisms that drive cancer progression,
a comprehensive understanding of these interactions is critical.
For instance, the interaction between breast cancer cells and
adipocytes has been shown to promote tumor progression through
the secretion of various inflammatory factors, MMPs, cytokines,
and growth factors that stimulate programs for EMT. (247-249)

While the interplay between cancer cells and stromal components
has been extensively studied, less attention has been paid to tumor-
adjacent mammary epithelial cells, which are likely the first point
of interaction during tumorigenesis and are in direct physical
contact with the growing tumor. Direct cellular contact can deter-
mine whether a cell undergoes cell death, becomes quiescent or
develops into a clinically-relevant tumor, and is therefore a critical
factor for the course of the disease (250). Indeed, previous work
has demonstrated that cancer-adjacent normal and/or benign
mammary epithelial cells can promote breast cancer proliferation
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and progression (250-252). However, these studies have predom-
inantly been performed in two-dimensional culture conditions
and/or with cancer cell lines that do not recapitulate the complex
architecture and composition of tumors.

In the present work, we aimed to investigate the influence of
tumor-adjacent mammary epithelial cells on breast tumor growth
and invasion. To achieve this, we developed a 3D co-culture
system using autologous and allogeneic interactions. This system
involved iPSC-derived MLOs representing the tumor-adjacent
mammary epithelium, along with either PDMs isolated from
fresh primary breast cancer tissue or 3D spheroids derived from
breast cancer cell lines.

First, we differentiated iPSCs into MLOs, expressing both lu-
minal and basal mammary markers. The functionality of these
organoids was confirmed by inducing milk protein expression
upon hormonal stimulation. Next, we isolated PDMs from three
different breast cancer patients and studied their behavior in a 3D
ECM. Finally, we combined the MLOs with either the PDMs or
3D spheroids derived from highly metastatic and non-metastatic
breast cancer cell lines and observed changes in the growth and
invasiveness of the respective cancer models in the presence or
absence of MLOs. Using bead-based immunoassays, we identified
two markers associated with invasion and metastasis, MMP2
(253) and EN (254), that were upregulated in the co-cultures (253,
254). Our findings emphasize the potential significance of the
tumor-adjacent mammary epithelium in relation to tumor growth,
invasion, and processes associated with metastatic progression
(11) .

5.3 Generation of iPSC-derived MLOs

Our first goal was the generation of functional MLOs. To achieve
this, we followed a two-step protocol originally established by
Ying Qu and colleagues (230) (Figure 5.1; Appendix E Fig.1A).

First, we induced mammary differentiation in vitro by generating
3D cell aggregates called embryoid bodies (EBs). To form EBs,
we dissociated the iPSCs from their neighboring cells and from
their underlying matrix (Matrigel) and plated a defined number
of single cell iPSCs on anti-adhesive substrates pretreated with
a surfactant solution to reduce surface tension and prevent cell
adhesion. However, the dissociation of the iPSC colonies could

Non-neural
ectoderm
commitment

Branch and
alveolar
induction

3D floating
matrix l

Milk protein =%
expression

Figure 5.1: Schematic workflow
for the generation of iPSC-derived
mammary-like organoids (MLOs).
Single-cell iPSCs are formed into
MammoCult™ medium-cultured
embryoid bodies (mEBs) and main-
tained in complete MammoCult™
medium for 10 days. At day 10,
the mEBs are transferred into a 3D
Matrigel-collagen mixed gel floating
matrix suspended in EpiCult™-B hu-
man medium supplemented with
pTHrP for 5 days. From day 15 to
day 35, the medium is supplemented
with hydrocortisone, insulin, FGF10
and HGF to induce branching and
alveolar induction. Milk protein ex-
pression is induced by prolactogenic
medium for additional 5 days.
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cause the cells to undergo anoikis due to the lack of cell-cell
interactions and ECM (255). To prevent cell death, a RHO/ROCK
signaling inhibitor was added to the single cell suspension (256).
The EBs were cultured in complete MammoCult™ medium,
which enriches mammary epithelial progenitor cells within the
cell aggregates. The resulting EBs are referred to as MammoCult™
medium cultured embryoid bodies (mEBs) to highlight their active
differentiation into the non-neural ectodermal lineage (11).

Studies have indicated that the neural lineage is the "default" dif-
ferentiation pathway for iPSCs (257). Therefore, we first validated
the successful enrichment of cells associated with the non-neural
ectoderm. We cultured both mEBs and control EBs (the latter
incubated in regular iPSC maintenance medium) in their respec-
tive media for 10 days. The cell aggregates were then analyzed
by whole-mount IF staining to examine the expression of the
non-neural markers AP2y and cytokeratin (CK) 18, as well as the
stem cell marker Sox2 (Figure 5.2) The analysis revealed a signifi-
cant increase in AP2y and CK18 expression in mEBs compared to
EBs, indicating the upregulation of markers linked to mammary
differentiation. In contrast, EBs exhibited significantly higher
Sox2 expression compared to mEBs, indicating the downregula-
tion of undifferentiation markers in the lineage committed mEBs
(Appendix E Fig.1B). These results demonstrate the successful
differentiation of iPSCs toward the non-neural lineage.

Figure 5.2: Whole mount im-
munofluorescnce staining of day
10 mEBs and EBs. On day 10, EBs
(cultured in stem cell maintenance . o .
medium) and mEBs (cultured in dif- 2 eroe x Kare
ferentiation medium) were prepared
for whole mount IF staining with
AP2vy, CK18 and Sox2. Nuclear coun-
terstaining: DAPI. Scale bars: 50 pm.

On day 10, the mEBs were placed at the center of a liquid Matrigel-
collagen droplet, which resembles the approximate stiffness asin a
normal mammary gland (~170Pa) (230, 258). After solidification,
the matrix droplet was transferred to complete EpiCult™-B hu-
man medium supplemented with parathyroid hormone (pTHrP),
resulting in a 3D floating matrix system (11).
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After 5 days, media conditions were changed to complete EpiCult™-
B human medium supplemented with hydrocortisone, insulin,
HGF and FGF10 until day 35 for mammary cell specification and
branch and alveolar induction. To demonstrate functionality, day
35 MLOs were incubated in prolactogenic medium for 5 days to
induce milk protein expression (11). 3-casein is the predominant
protein contributing to the peptidome of human milk (259). We
observed 3-casein in the lumen of the potential acinar structures
of the MLOs via whole mount IF staining (Appendix E Fig.1C).
Furthermore, MLOs were stained positive for the luminal epithe-
lial markers CK8, CK18 and EpCAM, as well as for the expression
of the basal epithelial markers CK14 and p63 (Appendix E Fig.1C).
At day 35, the overall viability of the organoids was assessed. Data
analysis revealed an overall mean viability of approximately 88%
(Appendix E Fig.1E).

In summary, we successfully differentiated breast cancer patient-
derived iPSCs into functional MLOs for subsequent co-culture
with autologous and allogeneic PDMs or breast cancer cell line
derived spheroids.

5.4 l|solation of breast cancer PDMS

We previously described the isolation of ovarian and glioma mi-
crotumors from fresh primary tumor tissue (FPTT) (5-7), and
confirmed that the histopathologic features of the PDMs were
comparable to those of the primary tumor tissue (5). Building on
this knowledge, we isolated PDMs from primary breast cancer
lesions. In scope of the present study, we obtained FPTTs from 3
cancer treatment-naive breast cancer patients (BCPs) after comple-
tion of histopathological examination at the University Hospital
Tiibingen. Upon tissue receipt, the tumors were mechanically
dissected into small fractions (1-2mm) and enzymatically digested
overnight with gentle shaking. Between 200 and 4500 PDMs were
retained after filtration, depending on the size and composition
of the FPTT (Figure 5.3; Appendix E Fig.A2).

BCP1 had been diagnosed with IDC-NST, BCP2 with ILC, and
BCP3 with mucinous ductal carcinoma (Table 5.1, Appendix E
Tablel). All tumors were of the luminal type, as indicated by HR
expression and absence of HER2. It was found that BCP1 exhibited
the highest tumor proliferation rate (Ki-67 = 21%), while BCP2 and
BCP3 showed Ki-67 scores of 10% and 5-10%, respectively. The
TNM classification, which describes tumor size (T), involvement

43



44 Chapter 5 Investigation of the influence of tumor-adjacent tissue on cancer behavior

Figure 5.3: Workflow for the iso-
lation of PDMs from FPTT. Upon Mechanical )
sample arrival, the FPTT is mechan- dissection
ically dissected into 1-2 mm pieces / w \ i

and subsequently enzymatically di- 1. L. .
gested overnight using Liberase™, o @ @ —> | g .{.:,

an enzyme mixture consisting of col- '
lagenase I+II and dispase. PDMs are

8o @

. . . . Fresh primary Enzymatic digestion Filtration PDMs
retained by filtration. Figure adapted tumor tissue (collagenase I+11,
and modified from Anderle et al. (5) dispase)

of regional lymph nodes (N), and presence of distant metastases,
revealed that both BCP1 and BCP2 had developed T3 breast
tumors, indicating a tumor size over 5 cm. BCP3’s tumor was
classified as T2, indicating a size of 2-5 cm. BCP1 showed the
highest regional lymph node involvement, with 7+ invaded lymph
nodes (N3). BCP2 had 1-3 invaded lymph nodes (N1), while BCP3
had no detected spread to regional lymph nodes (NO). Lymphatic
pathway invasion (L), perineural tissue invasion (Pn), and venous
structure invasion were also examined. Metastases and venous
structure invasion were not detected. BCP1 showed invasion to the
lymphatic pathways, whereas BCP2 exhibited perineural invasion.
Overall, BCP1 represents the most advanced tumor tested.

Table 5.1: Overview of the anonymized patient cohort. Breast cancer patient (BCP1) was diagnosed with IDC-NST, BCP2
with ILC and BCP3 with a mucinous (Muc) ductal carcinoma. H.=histological type, T.=tumor size, N.=involvement of
regional lymph nodes, L.=lymphatic pathway invasion, Pn.=perineural tissue invasion. Metastases and venous structure
invasion were not detected in any of the patients.

Patient PDMs iPSCs H ER PgR HER2 T N L Pn g/l_)w
BCP1 yes no IDC-NST + + - 3 3a 1 0 21
BCP2  yes yes ILC + + - 3 la 0 1 10
BCP3  yes no Duc;Muc + + - 2 0 0 0 5-10

Notably, we also received a blood sample from BCP2, which we
used to isolate CD34* HSPCs for the subsequent iPSC generation
(Appendix C). Consequently, BCP2 PDMs were co-cultured with
BCP2-iPSC-derived MLOs, creating an autologous co-culture
system. The other co-culture systems remained allogeneic.

To compare the PDMs’ performance and in vitro behavior with
widely used breast cancer model systems, we generated spheroids
from the highly invasive MDA-MB-231 and the poorly invasive
MCE-7 breast cancer cell lines (260). These spheroids derived from
both cell lines, together with the PDMs, are hereafter collectively
referred to as “breast cancer spheres”. After their generation, the
breast cancer spheres were cultured in suspension without the
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presence of ECM (Appendix E Fig. 3A). However, solid tumors
in patients are subject to continuous dynamic influences from the
surrounding connective tissue and ECM. Therefore, we aimed to
explore the effect of ECM on the morphology and behavior of
breast cancer spheres by embedding them in Matrigel-collagen
droplets using the same Matrigel:collagen concentrations and ra-
tios as for MLO generation (Appendix E Fig. 3C). By following the
same protocol used for MLOs, we ensured a consistent approach
to studying the behavior of breast cancer spheres and subsequent
co-cultures.

All breast cancer spheres retained a circular phenotype without
exhibiting protrusions or invasive morphologies in suspension
culture (Appendix E Fig. 3A). However, a notable observation
was that BCP-1 PDMs acquired a highly invasive phenotype as
early as 3 days in floating ECM. Of note, MDA-MB-231 spheroids
also showed a similar tendency towards an invasive phenotype,
although less pronounced. PDMs from BCP2 and BCP3, as well as
MCE-7 spheroids maintained a circular, non-invasive phenotype
throughout the 10 days (Appendix E Fig. 3B,C). We also assessed
the viability of the breast cancer spheres after 10 days of culture
to ensure that the observed differences in behavior were not due
to a toxic effect of the matrix. However, no significant difference
was observed between the tested models, with an overall high
cell viability (Appendix E Fig. 3E).

The data indicate that PDMs derived from BCP1 exhibit signifi-
cantly increased invasiveness when cultured in ECM compared
to PDMs from the other two patients. Notably, BCP1 had been de-
rived from the FPTT with the most advanced cancer stage among
the three patients. The influence of ECM on invasive behavior was
also observed, albeit to a lesser extent, in MDA-MB-231-derived
spheroids, which are known for their invasive characteristics. In
contrast, the poorly invasive MCF-7 spheroids exhibited a beha-
vior similar to that of BCP2 and BCP3. These findings underline
the critical role of the ECM in in vitro systems, particularly in
influencing the invasiveness of breast cancer cells.

5.5 Co-culture of breast cancer spheres
and early MLOs

To study the potential influence of tumor-adjacent mammary
epithelial tissue on tumor growth and invasiveness, we performed
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co-culture experiments using a single organoid and a single
breast cancer sphere placed in close proximity within a matrix
droplet. Over a period of 10 days, we monitored the growth and
invasiveness of each cancer model. In particular, we observed that
the organoid and the corresponding breast cancer sphere migrated
towards each other, eventually forming a compact two-component
structure. In particular, BCP1 PDMs showed spindle-like growth
towards the MLOs as early as day 3 of co-culture (Appendix E
Fig. 4C, d3-20x, blue arrow).

Next, we evaluated the growth (measured by size increase) and the
invasiveness (determined by circularity reduction) of the breast
cancer spheres cultured alone or in co-culture with MLOs. In the
case of BCP1PDMs, co-culture with MLOs resulted in a significant
increase in both size (area fold change) and invasiveness compared
to monoculture conditions without MLOs (Appendix E Fig. 4A,B).
Similarly, MDA-MB-231 spheroids co-cultured with MLOs showed
a trend toward increased invasiveness and size compared to the
corresponding MDA-MB-231 spheroid monoculture, although to
a lesser extent than BCP1. The breast cancer spheroids, which
previously maintained a circular, non-invasive phenotype, also
appeared to be unaffected by the presence of MLOs. They did
not demonstrate significant size increase or adopt an invasive
phenotype upon co-culture. These observations suggest that the
presence of tumor-adjacent mammary epithelium may promote
tumor growth and invasiveness, but probably only in tumors that
have reached a certain progression threshold and/or exhibit an
activated pro-invasive/pro-metastatic gene expression profile.

Our next objective was to investigate the potential upregulation
of invasion- and metastasis-associated markers in the respective
co-cultures using bead-based immunoassays. We found that FN
and MMP2, both known as breast cancer markers associated with
tumor aggressiveness, invasion and metastasis (253, 2564), were
significantly upregulated in all co-cultures involving BCP1, BCP2,
BCP3, and MDA-MB-231, but not in the case of MCF-7, by day
10 compared to monocultured MLOs and breast cancer spheres
Appendix E Fig. 4D,E). Notably, the co-culture of BCP1 PDMs
and MLOs exhibited the highest level of soluble FN among all
co-cultures. Additionally, MMP2 levels were significantly higher
in the BCP1 + MLO co-culture compared to other co-cultures,
except for the highly invasive MDA-MB-231 co-culture.

Taken together, these findings demonstrate that tumor-adjacent
mammary epithelium plays a supportive role in promoting tumor
growth. This supportive effect is likely attributed, at least in part,



to the activation of invasion and metastasis-related markers such
as MMP2 and FN in breast cancer. Importantly, this mechanism
is most likely not limited to MMP2 and FN but encompasses
additional factors that remain to be elucidated.

5.6 Conclusion

In the present study, we have introduced a novel 3D co-culture plat-
form incorporating breast cancer spheres and MLOs, representing
tumor-adjacent mammary epithelial tissue. These breast cancer
spheres consisted of either primary tumor-derived microtumors,
encompassing the heterogeneous histologic and molecular char-
acteristics of breast carcinomas (see Appendix F), or spheroids
derived from well-established breast cancer cell lines.

Our results highlight the importance of incorporating the ECM in
in vitro studies, as it can potentially enhance tumor invasiveness,
likely influenced by the tumor composition and stage. Further-
more, the presence of tumor-adjacent mammary epithelial tissue
amplifies this effect, as we demonstrated its ability to potentiate tu-
mor growth and invasiveness. We identified well-known markers,
FN and MMP2, asssociated with breast cancer invasion, metasta-
sis and poor clinical outcome (253, 254), which were upregulated
especially in the co-cultures of MLOs and the highly invasive
breast cancer spheres compared to respective monocultures.

In our setup, the autologous conditions (BCP2 PDMS with MLOs)
did not significantly affect tumor size, invasiveness, or marker
upregulation when compared to the allogeneic setups. However,
this optionally autologous experimental setup provides a valuable
platform for future studies focusing on the addition of tumor-
infiltrating lymphocytes (TILs), where HLA matching would be
advantageous.

5.6 Conclusion
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PDMs resemble tumor heterogeneity and enable
individualized drug treatment

The contents of this chapter are based on
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Highlights

» Patient-derived microtumors were isolated from fresh pri-
mary tumor tissue with high cell viability.

» The microtumors closely resemble features of the corre-
sponding primary tumor tissue, including histotypes, extra-
cellular matrix components, protein expression or signaling
pathway activity.

» Triple negative breast cancer microtumors show remarkable
features in oncogenic pathways, associated with disease
relaspe.

» Identification of defined protein panels associated with
treatment response or resistance.

Background

As any other biological system, cancer is robust and reacts on
external selection pressures with intrinsic error corrections or by
rewiring certain signals to restore homeostasis, which renders
therapeutic intervention not as effective as hoped (20). It must be
acknowledged that cancer progression and therapy resistance is
the result of a complex interplay between heterogenous neoplastic
cell populations and their “soldiers”, namely those components
of the TME that help cancer cells to survive (17). A reliable cancer
model must therefore incorporate key features of the native tumor
and, simultaneously, must bridge the gap between experimental
tractability and physiological relevance.
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While data from genomic, transcriptomic, and proteomic studies
have expanded our knowledge of cancer, they cannot be directly
translated into better treatments (261). Although the molecular
advances of the past few decades have given us a tremendous
boost in understanding the mechanisms underlying cancer de-
velopment, we are still at the beginning of unraveling the full
potential of the interactions between tumor cells and their mi-
croenvironment (10). However, it is precisely these individual
cellular interactions that lead to the highly heterogeneous disease
manifestations and the failure of systematic treatments(83). An
essential element for the development of tailored therapies and
personalized approaches is the establishment of reliable preclini-
cal models that accurately resemble the characteristics of a real
tumor. In fact, the wrong experimental model can disrupt the
phenomenon being investigated. (261)

A major burden in the management of oncological conditions is
resistance to therapy and disease recurrence, which is mainly due
to the immense heterogeneities that characterize breast cancers
(262). While predictive models such as MammaPrint or Oncotype
DX canbe used to estimate response to chemotherapy in individual
cases (133), there is still a lack of reliable tumor models that
reflect the primary tumor as accurately as possible. Such tumor
models could be used to estimate which patients will benefit most
from which treatment, while also providing a robust framework
for studying tumor-TME interactions or invasive and metastatic
processes.

To bring us one step further towards precision medicine, and thus,
highly personalized care, we generated PDMs consisting not only
of tumor cells but also of TME components of the corresponding
primary breast tumor with different histopathological features.
The PDMs can be used for various subsequent investigations as
early as 2 days after sample receipt and can find various appli-
cations, including their use in co-culture models (as described
in Appendix E) or drug response tests (5). We performed an
in-depth comparison of a broad repertoire of PDMs and their
corresponding native breast tumor tissues and confirmed the
physiological relevance of the PDMs.

Of note, as a co-author of the present manuscript, I mainly con-
tributed to the PDM isolation, hematoxylin and eosin (H&E) stain-
ing, Movat’s staining and immunohistochemistry (IHC) staining
(Appendix F Fig. 1, Fig. 2, Fig. 3). Therefore, this chapter will
primarily focus on these contributions, while only a brief overview
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will be given for the protein profiling data, pathway signaling
data, and treatment response data.

6.3 Isolation of PDMs from a cohort of
patients

In the scope of the present work, we obtained n = 102 residual
fresh breast tumor tissue specimens from debulking surgeries
conducted at the University Hospital Tiibingen. Out of the 102
mammary carcinoma tissue samples, PDMs were successfully
isolated in 77 cases (Appendix F Fig. 1D). Using image-based
analysis, we confirmed the overall high cell viabilities of the PDMs
(Appendix F Fig. 1A,B). We observed considerable variation in
the sizes of the isolated PDMs (Appendix F Fig. 1C). However, we
found no correlation between the success rate of PDM isolation
and specific clinical features of the corresponding primary tumor
tissue. PDMs were successfully recovered independently of the
HR status, histological subtype, or tumor grade (Appendix F
Fig. 1E). PDM size and isolation success may be attributed to
the inherent biological composition of the primary tumor tissue.
Additionally, PDM size may be affected by the composition of the
digestion medium. An adapted protocol based on the biological
properties of the tumor could be established to produce PDMs
with more consistent sizes.

6.4 Histotype-specific pathologic
features

Next, we aimed to investigate the resemblance of PDMs to the
histopathology of their corresponding primary tumors. Breast
cancer, being a highly heterogeneous group of tumors, exhibits
significant histologic variability. Factors such as mitotic activity,
stromal extent, cellular atypia', and pleomorphism? contribute
to this heterogeneity (264). Distinct histologic types of breast
cancer possess unique morphologic characteristics, including the
formation of nests, clusters, cords, trabeculae, or single file lines
by malignant cells (10, 265). To address this, the samples were
classified into different histologic types: IDC-NST, DCIS, ILC and
LCIS. Subsequently, we performed H&E staining to assess the

1: Cellular atypia describes struc-
tural abnormalities in cells.

2: Pleomorphism describes irregu-
larities in both cellular and/or nu-
clear shape and size and correlates
with tumor aggressiveness and clini-
cal outcomes. It is a fundamental mi-
croscopic criterion for the cytologic
diagnosis of cancer (263).
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morphologic features and connective tissue compartments of both
PDMs and PTT (Appendix F Fig. 2A,B).

A certified pathologist from the University Hospital in Tiibingen,
conducted a comparative analysis of the PDMs and their cor-
responding primary tumors. The pathologic evaluation demon-
strated that the vast majority of PDMs exhibited histological
similarities to breast cancer tissue and their specific histologic sub-
type. Stromal compartments were identified in more than half of
the PDMs. Furthermore, there was concurrence in cellular atypia
between PDMs and their corresponding primary tumor tissue. In
20.5% of cases, PDMs and their corresponding primary tumors
displayed a similar nuclear grade, while 59% of PDMs exhibited a
decrease in nuclear grade by 1. Overall, PDMs showed significant
similarity to the histopathologic features of their corresponding
primary tumors. (Appendix F Fig. 1C)

6.5 PDM’'s comprise ECM components

The ECM is a sophisticated meshwork of various macromolecules
that serves as a structural framework and a reservoir for growth
factors. Alterations in the expression of ECM components may
result in deregulated matrix remodeling and can contribute to
disease progression, including breast cancer. Tumorigenesis and
metastasis in mammary carcinomas are often accompanied by an
increased ECM-stiffness, e.g., through excessive collagen deposi-
tion. (266)

Thus, tumor models that comprise the ECM structures of native
tumors are highly desired test systems for studying disease and
therapy resistance.

To this end, we aimed to visualize connective tissue components
in PDMs and the respective primary tumor tissue (PTT) using
3: Movat’s stain is a pentachrome ~ Movat’s staining®. Large areas of green staining were observed
staining method that uses a combi-  jp PTT, indicating the presence of proteoglycans (PGs) and gly-
nation of 5 dyes to selectively detect . . .
various components of connective tis- cosaminoglycans (GAGs) (stained in cyan blue) as well as collagen
sue, including collagen and proteo-  fibers (yellow) (Appendix F Fig. 2D). Dense collagen networks
glycans, depending on the chemical ~ were predominantly detected near the tumor masses, contribut-
properties of the dyes on histologic  jng to tissue stiffening. PDMs, isolated from tumor masses of
slides (267) PTT via mechanical disruption and collagenase I+II digestion,
lacked the framing collagen fibers but retained the inner tumor
cell mass and its ECM components. PGs/GAGs were found in
BC-PDMs when their expression within tumor masses in the PTT



was high. While elastic fibers were more abundant in ILCs than
in IDC-NSTs, no significant differences in the amount of collagen
were found between ILCs and IDC-NSTs. However, ILC PDMs
tended to have slightly higher amounts of collagen than IDC-NST
PDMs (Appendix F Fig. 2E), consistent with the observations in
Appendix E Fig. 2D,E and with the literature (268).

Taken together, Movat’s staining allowed the visualization of
distinct ECM components in both PDMs and PTT. We identified
the presence of the most abundant breast cancer-related ECM
proteins in PDMs.

6.6 IHC staining

We then focused on investigating the expression of CKs, CAF
markers, immune cell markers, and the potential presence of HRs
using IHC staining. Remarkably, our PDM repertoire resembled
both HR-positive and TNBC PDMs (Appendix F Fig. 3A,B). Since
different treatment strategies are required for HR-positive breast
cancers and TNBCs, the accurate identification and in vitro main-
tenance of HR presence or absence is crucial for the development
of personalized treatment plans (130).

CK expression is an important differentiation marker in pre-
cancerous breast lesions. Mammary carcinomas exhibit distinct
patterns of CK expression, with luminal subtypes characterized
by luminal CKs (CK8/CK18/CK19) as basal subtypes showing
basal CKs (CK5/CK6/CK7/CK14). However, some breast tumors
display a combination of both CK types. (269)

Here, we investigated the expression of CK5, CK6 and CK18 in
HR-positive PDMs as well as TNBC PDMs. We observed a highly
heterogeneous pattern of CK expression (Appendix F Fig. 3C,D).
This heterogeneity allowed us to classify HR* PDMs into four
distinct groups:

1. CK57/CK18" (luminal, differential glandular type)
2. CK5"* (basal type)

3. CK5/6" (basal, stem cell phenotype)

4. CK5/6/18" (intermediate glandular phenotype)

We found significantly higher expression of CK18, a marker for
luminal breast cancers, in HR-positive PDMs compared to TNBC
PDMs. Consistent with previous findings, TNBC PDMs lacked
CK18 expression but exhibited a moderate CK5/6 expression.

6.6 IHC staining
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The absence of CK18 expression, a hallmark of EMT, has been
associated with tumor progression and increased cancer cell
migration (270).

FAP«, a marker for CAFs, was detected in all PDMs to varying
degrees, with a significant increase in ILC PDMs, congruent
with existing literature (271). Furthermore, the presence of M2
macrophages was indicated by the TAM marker CD163 in a small
subset of the examined tissues. CD8, a marker for cytotoxic T-cells
and PD-L1, an T-cell inhibitory checkpoint marker, were mostly
negative with few exceptions. Of note, there was no considerable
correlation between the presence of IICs and hormone receptor
status (Appendix F Fig. 3E,F).

In summary, the PDMs mirrored the HR receptor status of the
corresponding PTT and exhibited heterogenous expression of CKs
and FAPo. Immune cell markers were sporadically identified.

6.7 Protein profiling analyses

Our next aim was to expand the histological and immunohisto-
chemical PDM characterization by comprehensive protein profil-
ing analyses. To this end, protein expression and the activity of
key signal transduction pathways was investigated in PDM and

4: The DigiWest® technology isa  corresponding PTT using the DigiWest® technology*.
multiplex protein profiling method
for the in-depth analysis of the ac-  The profiling panel encompassed cell cycle proteins, from JAK/-

tivity of signaling pathways in drug STAT, MAPK, RTK, PI3K/AKT, EMT/Cytoskeleton and Wnt
development and biomarker discov- gio1 71ing pathways. Our data revealed an overall high positive
ery. It enables the analysis of 800 to- . L . .
tal and phosphorylated proteins per  COTTelation of averaged protein signals in PDMs and their matched
sample in a single run by combining ~ PTTs (Appendix F Fig. 4A). Additionally, no significant differences
standardized protein separationand - were observed in signal pathway activity and the expression of
western blotting techniques witha =, 5t cancer-related proteins (Appendix F Fig. 4B). However,
multiplexed, bead-based immunoas- . K
say platform (272). some proteins showed varying abundance between PDMs and
PTTs. For instance, PDMs showed elevated CK5 and CK6 pro-
tein levels, possibly due to estrogen deprivation in the culture
conditions (273, 274). Furthermore, we identified a reduction in
the presence of a specific set of immune cells in PDMs compared
to PTTs, regardless of the breast tumor type (Appendix F Fig.
4C,D). However, correlation analysis showed a general positive
correlation between protein signals in matched PDMs and PTTs

(Appendix F Fig. 4E,F).

Protein profiling data of PDMs revealed a significant upregulation
of oncogenic signaling pathways, particularly PI3K/AKT and
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MAPK/RTK, in TNBC PDMs compared to HR-positive PDMs
(Appendix F Fig. 5E), which is in accordance with the literature
(275). Notably, increased MAPK pathway activity is associated
with high disease relapse in patients diagnosed with TNBC
(276).

Additionally, we detected an upregulation of proteins associated
with cell cycle and metabolism in TNBC PDMs (Appendix F
Fig. 5F). The observed upregulation of signaling pathways in the
TNBC PDMs significantly impacts various key processes in cancer
cells, such as proliferation, differentiation, migration, cell growth
and survival. Our findings are consistent with previous research
in TNBC and highlight that PDMs capture the protein pathway
activation characteristics of their corresponding primary tissue.

Furthermore, we sought to investigate the PDM response to four
anti-cancer drugs over time: the selective estrogen receptor modu-
lator tamoxifen (TAM), the chemotherapeutics docetaxel (DTX)
and paclitaxel (PTX) and the CDK4/6 inhibitor palbociclib (PAB).
By assessing the treatment’s impact on cell viability, we catego-
rized the PDMs as either “responders” or “non-responders”. Of
note, among the tested drugs, the highest response was obtained
with DTX treatment, with 9 out of 29 PDM models demonstrating a
positive response, while TAM displayed the lowest response, with
4 out of 29 PDM models showing increased cell death (Appendix F
Fig. 6A). Utilizing DigiWest® analysis to explore the proteomic
profiles of the “responders” and “non-responders”, allowed us to
identify defined protein panels that were significantly elevated
or decreased in the “responder” vs. the “non-responder” group
in response to the respective drug treatment (Appendix F Fig.
6B-0). These proteins were clustered into distinct "sensitivity" and
"resistance" panels, providing important information about why
breast cancers may or may not respond to certain treatments.

Overall, we confirmed that the protein pathway profiles of PDMs
are similar to those of the corresponding native tumor and that
PDMs mirror the protein expression of PTTs with positive cor-
relation. In line with the literature, an upregulation of specific
oncogenic pathways in TNBCs was observed. Furthermore, our
data revealed heterogeneous responses of PDMs to different anti-
cancer drugs and allowed the identification of defined, previously
described and novel protein panels associated with treatment
response or resistance.
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6.8 Conclusion

We isolated breast cancer PDMs from FPTT of different histologic
and molecular subtypes, and by using different histopathological
and molecular approaches, we demonstrated that PDMs capture
the remarkable heterogeneity observed in breast cancer. The PDMs
hold great promise as valuable tools for predicting treatment
response, thereby enhancing our ability to tailor therapies to
individual patients.



General discussion and
conclusion

Tumors are complex ecosystems that reside within their compliant
tissues. Research over the past decades has provided a massive
amount of information about the interactions between malignant
cells and the surrounding stromal components, some of which
play an ambivalent role in cancer progression. While they can
exert tumor-repressive functions in the early stages of cancer,
the surrounding cells can be hijacked and rewired during tumor
evolution to become “accomplices” rather than “gendarmes”.
Co-opted by the malignant cells, stromal components secrete
multiple factors including cytokines, ILs, proteases, growth factors
or (lymph-)angiogenic factors in a way beneficial for the tumor,
ultimately promoting cancer cell proliferation and invasion. (17)

As the tumor emerges in the lumen of the ducts or lobules, ma-
lignant cells come into direct cellular contact with the mammary
epithelium, which is considered to play a dual role in the dis-
ease course (250). Here, we aimed to fill a gap in our current
understanding of how breast tumor-adjacent mammary epithe-
lial tissue influences breast cancer growth. To closely mirror the
patient’s situation, we conducted the experiments using micro-
tumors isolated from fresh primary breast cancer tissues with
different molecular and histological properties. We validated the
physiological relevance of the PDMs by performing an in-depth
comparison with the corresponding primary tumor tissue, us-
ing histopathological and protein-based analyses. Our results
confirmed that the PDMs closely resemble their native tumor
counterparts, thus establishing their relevance in drug testing. We
identified altered expression patterns in a defined set of proteins
associated with therapy sensitivity and resistance.

To investigate whether tumor-adjacent mammary epithelial tis-
sue (reflected by iPSC-derived MLOs) potentially exerts effects
on tumor (PDMs and breast cancer cell line-derived spheroids)
progression, we established a 3D floating matrix that allowed for
the co-culture of both components in close proximity. The MLOs
expressed both, luminal and basal markers while the organoid’s
functionality was confirmed by milk protein expression in acinar-
like structures upon hormonal stimulation. Over a period of 10
days, we observed significant differences in size and invasiveness
of PDMs from BCP1 when co-cultured with MLOs compared
to the PDMs cultured alone, without the presence of MLOs. A
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similar trend was observed in the case of MDA-MB-231 spheroids,
a cell line known to be highly invasive (260). Furthermore, we
detected elevated levels of soluble FN and MMP2, two markers
associated with invasion and metastasis in all co-culture setups
compared to the respective monocultures of breast cancer spheres
or MLOs. The present work substantiates the importance of inter-
and intratumoral heterogeneities observed in different breast
cancers for tumor growth and invasiveness. We presented a phy-
siologically relevant in vitro system that allows the study of cancer
progression and interaction with the TME. Importantly, our re-
sults indicate that the tumor-adjacent mammary epithelium has
the potential to enhance the progression of advanced human
breast tumors.

7.1 iIPSCs can be generated from CD34*
HSPCs derived from PBMCs of
healthy and diseased donors

A first step towards the establishment of the co-culture system
was the generation of high quality iPSCs from HSPCs, multipotent
cells associated with the expression of the surface marker CD34.
This cell type represents an attractive source for iPSC reprogram-
ming, as it maintains greater genomic stability than terminally
differentiated cells (176).

The variability between iPSC lines has been widely recognized,
which underscores the importance of accurate reporting and
standardized quality control procedures. These practices help to
reduce variability and ensures the sharing of reproducible results
(277). Here, we followed the guidelines of iPSC characterization
recommended by the European Bank for induced Pluripotent Stem
Cells (EBiSC) and examined the iPSC lines for: vector clearance,
pluripotency (differentiation potential), expression of markers for
human pluripotent stem cells and self-renewal, morphology, cell
line identity, mycoplasma contamination and genomic integrity
(235).

In fact, the emerging putative iPSC colonies must be carefully
examined, as previous studies showed that only rare cell clusters
were identified as fully reprogrammed iPSCs, while the vast
majority of cells remained partially reprogrammed intermediates
(278). These partially reprogrammed cells are challenging to
distinguish from bona fide iPSCs, as they also give rise to densely
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packed colonies. However, they appear to have missed certain
“milestones” during reprogramming, such as the upregulation of
TRA-1-60 or SSEA-4, leaving the intermediates trapped in their
incompletely reprogrammed state (278). While no single marker
alone is sufficient to identify a fully reprogrammed state, studies
revealed that expression of TRA-1-60 and DNMT3-f3 may be an
indicator of fully reprogrammed iPSCs (278). Using RT-PCR and
flow cytometry, we confirmed the expression of DNMT3-{3 and
TRA-1-60 in all of our iPSC lines.

Indeed, reprogramming is a highly organized process involving
specific molecular events in a precise sequence within a limited
time frame (278). Although iPSCs can be generated in a repro-
ducible manner, only a small fraction of transfected /transduced
cells attain a fully pluripotent state. This phenomenon may be
a consequence of certain “roadblocks” that prevent efficient re-
programming (279). Of note, coaxing a mature cell back into a
pluripotent state is an exciting paradigm in biology as normal
development seems to follow a unidirectional path, which is char-
acterized by a stepwise decrease in cellular pluripotency (280).
Thus, reprogramming suffers from low efficiencies (0.1%-10% for
most somatic cell types (281)) and delayed kinetics (282). These
hallmarks are a significant hindrance to the generation of high
quality iPSCs and can be attributed to several cell intrinsic factors
(279).

One of these roadblocks is senescence, a permanent cell cycle
arrest that can be induced e.g., by telomere shortening, oxida-
tive stress, DNA damage or oncogenic signaling (279). Cells
with longer telomeres (such as those found in young donors)
exhibit lower expression levels of senescence-related genes and
are therefore easier to reprogram (283). A critical transcription
factor involved in the DNA damage response is p53. When acti-
vated by stress factors, such as transfection/transduction during
reprogramming, the tumor suppressor protein p53 is activated
and can induce apoptosis or senescence to prevent further damage
to the system (284). In fact, KIf4, one of the OSKM-factors, can
either activate or antagonize p53, depending on the cell type
and expression level, potentially leading to oncogene-mediated
activation of the p53 pathway (285). Deletion or depletion of p53
can improve the reprogramming efficiency of human somatic cells
(283, 285, 286). Considering that HSPCs are affected by age-related
cellular senescence (287) and that the age of our donors ranged
from 48 to 86 years, we attempted to overcome the barrier of
senescence by introducing mp53DD into the CD34" cells during
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the reprogramming process. mp53DD is a dominant negative
mutant of p53 and its transient expression will interfere with
the normal activity of the wildtype p53 protein, allowing cells
to adopt a pluripotent identity without entering a senescent or
apoptotic state (288). In contrast to permanent deletion or strong
long-term inhibition, mp53DD is diluted out during normal iPSC
passaging, making the cells less prone to genomic instability and
malignant transformation (279).

Another major roadblock to pluripotency is mediated by an un-
favorable stoichiometry of key reprogramming factors (279).
In the context of Yamanaka factor-based reprogramming, a bal-
anced, equimolar stoichiometry of OSKM transcription factors
was shown to be highly effective in initiating and maintaining
pluripotency, and influences the biological and molecular charac-
teristics as well as the epigenetic status of iPSCs (289).

Early mechanistic studies have been carried out using viral vectors
that express monocistronic reprogramming factors, but mono-
cistronic reprogramming can cause copy number and integration
site variation, resulting in inconsistent cell-to-cell stoichiometries.
The solution to this problem has been the development of poly-
cistronic expression cassettes, which are capable of the production
of multiple proteins from a single transcript. (290) However, larger
plasmids may hinder successful entry into the cell during transfec-
tion due to their higher molecular weight and physical size (291).
In our studies, we achieved pluripotency with the introduction
of 5 episomal vectors with equimolar stoichiometries of repro-
gramming factors, originally designed in the laboratory of Shin’ya
Yamanaka (286, 292). Two of the plasmids contained bicistronic
expression cassettes encoding for Sox2 /KIf5 and L-Myc/Lin28, re-
spectively. These sequences were linked through a “self-cleaving”
F2A peptide, which triggers ribosomal skipping of the linker’s
C-terminal proline and glycine resulting in a separation between
the end of the 2A sequence and the downstream peptide (293).
To ensure maintenance of high-level transgene expression, all
reprogramming factors were under the control CAG promoters.

Transfection efficiency was further enhanced in our system due to
oriP/EBNA-1 mediated nuclear import, while retention of the vec-
tor DNA allows iPSC generation through one single transfection
(294). Furthermore, we used non-transforming L-Myc instead of
c-Myec since this factor is known to be more specific and potent
during iPSC reprogramming (286).

In summary, although there are obstacles to the efficient ge-
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neration of iPSCs, we have successfully overcome some of them
(mp53DD expression / established OSKM stoichiometry). As
a result, we obtained a collection of high-quality iPSC clones
from three donors, which served as the basis for the subsequent
differentiation into different types of organoids. It is worth noting
that other factors, including the modulation of specific signaling
pathways or the epigenetic state of the source cells, are also
barriers to reprogramming (discussed in detail in excellent reviews
such as Haridhasapavalan et al., 2020 (279)). Thus, additional
interventions to address these factors could further improve
reprogramming efficiency.

7.2 iPSCs-derived generation of MLOs

While the past few years witnessed the publication of numer-
ous protocols describing the differentiation of iPSC into various
types of organoids with a particular focus on brain (207, 209-
211), intestine (295) or kidney (219-221), less attention has been
paid to the development of functional organoids representing
mammary tissue. To the best of our knowledge, there is only one
peer-reviewed protocol, published by Ying Qu and colleagues,
describing the differentiation of iPSCs into MLOs (230). In the
present work, our goal was to follow the previously published
protocol to generate MLOs that could serve as tumor-adjacent
mammary epithelial tissue for studying its role in cancer growth
and invasiveness. Through a stepwise approach, we successfully
developed MLOs that express breast-specific, luminal and basal
markers. Of note, we have made a few minor adjustments to
our protocol: To increase the efficiency and convenience of mEB
generation, we used microwell culture plates, which allow the
formation of up to 300 mEBs in a single well, as opposed to the
384-well plates used in the original publication. In addition, we
used organoid embedding sheets as a substrate for embedding
organoids and breast cancer spheres in Matrigel-collagen droplets,
ensuring consistent and reproducible results.

Throughout life, the mammary gland undergoes several steps of
growth, morphogenesis, cell diversification or full phenotypic
differentiation. Numerous factors contribute to these processes,
some of which are also co-opted by breast cancers to remodel the
tissue to their own advantage. For instance, pTHrP is essential for
the formation of the embryonic mammary gland, as its depletion
prevents the embryonic mammary bud to form the neonatal
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duct system. During lactation, pTHrP regulates maternal calcium
homeostasis through its osteolytic activity. On the other hand,
pTHrP also contributes to the pathophysiology of breast cancer.
When secreted by metastatic breast cancer cells in the bone, pTHrP
contributes to osteolytic bone destruction and further promotes
metastasis (296). (297)

It is therefore not surprising that pTHrP is an essential cell
culture supplement for the correct differentiation into MLOs.
In the absence of pTHrP, the organoids fail to develop alveolar
structures and express mammary-related markers (230). While
previous studies demonstrated that MCF-7 breast cancer cells
can express pTHrP and proliferate in the presence of pTHrP
in vitro, indicating a potential autocrine response (298), we can
exclude the possibility that the increased growth and invasiveness
effects, as well as the elevated FN and MMP2 levels we observed,
are solely a consequence of the culture media supplemented
with the respective growth factors or hormones such as pTHrP.
Since the monocultures of MLOs and the respective breast cancer
spheres, respectively, had the same media as the co-culture, the
effects are likely due to either factors secreted by the MLO or
direct cell-to-cell contact between the MLO and the breast cancer
sphere.

7.3 Tumor-adjacent mammary epithelial
tissue reinforces processes
associated with growth and invasion

Our data indicated a significant increase in tumor size and inva-
siveness of BCP1 PDMs in presence of MLOs compared to the
BCP1 PDMs cultured alone. A similar trend was observed when
MLOs were co-cultured with MDA-MB-231 spheroids. However,
PDMs derived from BCP2, BCP3 as well as the poorly invasive
MCE-7 cell-derived spheroids maintained a circular, non-invasive
phenotype when cultured alone and remained phenotypically
unaffected by the presence of the MLOs.

Interestingly, the proliferative and invasive capacities of the PDMs
alone in ECM or in co-culture with MLOs seem to mirror the
tumor progression state observed in the native breast tumor tissue.
While all BCPs were diagnosed with invasive carcinomas, BCP1
exhibited the highest proliferative capacity, with a tumor size of
at least 5 cm and invasion into a minimum of 7 regional lymph
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nodes. Thus, among the 3 patient-derived breast cancer tissues
analyzed, the tumor from BCP1 was most advanced (Table 5.1).
PDMs derived from this primary tumor displayed the most
aggressive behavior in terms of tumor growth and invasiveness in
monoculture, while tumor-adjacent mammary epithelium (MLOs)
seemed to push this phenotype even further. The findings are
further supported by signal transduction analysis, which revealed
elevated levels of proteins associated with cell cycle, MAPK/RTK
signaling, and PI3K/AKT/Wnt signaling in BCP1 PDMs (=BC96)
(Appendix F Fig. 5D). These pathways are closely associated with
several critical features of cancer, such as cancer cell survival,
angiogenesis, and metastasis (299, 300). However, no conclusions
can be drawn with respect to BCP2 and BCP3 as they were not
included in the study described in Appendix F.

Furthermore, the upregulation of soluble FN and MMPs in pre-
sence of the MLOs was most pronounced for BCP1 PDMs. A
similar pattern regarding invasiveness, cancer cell growth, and
FN and MMP2 levels was observed in co-cultures of MDA-MB-
231 spheroids. This TNBC cell line was originally isolated from
a metastatic breast adenocarcinoma and is known for its high
invasiveness. In contrast, the poorly invasive MCF-7 spheroids
did not show that phenotype. (260)

Consistent with our observations, previous in vitro and in vivo
studies have demonstrated a tumor-promoting effect of normal
and/or benign mammary epithelial cells (250, 252). For instance,
breast cancer cells co-injected with benign mammary epithelial
cells into nude mice exhibited up to a three-fold size increase
compared to the tumor cells injected without benign epithelial
cells. Surprisingly, even metabolically inert benign mammary
epithelial cells were able to promote tumor growth, suggesting
that the benign cells engage with tumor cells through direct cell-
to-cell contacts, leading to the secretion of auto-stimulatory factors
by the cancer cells. Specifically, IL-6 and GM-CSF were found
to be significantly elevated in co-cultures with direct physical
contact. (250) Furthermore, the medium supernatant of benign
mammary epithelial cells was found to enhance the clonogenic
behavior of breast cancer cells. The investigators detected a subset
of cytokines, in particular MCP-1, specific to the conditioned
medium (250). Whether MCP1, IL6 and GM-CSF are also elevated
in our culture setups will be examined in future studies.

Another group cultured MDA-MB-231 cells in conditioned medium
derived from normal mammary epithelial cells and observed a
significantly increased invasive phenotype in the cancer cells
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(252). The investigators identified CXCL12/SDF-1 as the major
driving force behind this effect. SDF-1is a chemokine involved
in the migration, invasion and metastasis of cancer cells (301).
SDF-1 was secreted by the normal mammary epithelial cells and
bound to its receptor, CXCR4, expressed on the surface of the
MDA-MB-231 cancer cells. This, in turn, led to overexpression of
uPAR on the surface of the cancer cells, which is known to drive
breast cancer cells from a dormant to an aggressive phenotype.
(252) In fact, SDF-1-CXCR4 interaction leads to the activation
of numerous intracellular signaling pathways and downstream
effects, associated with cell survival, proliferation, chemotaxis,
migration and adhesion (302).

Bright field images of our co-cultures suggest direct physical con-
tact between the MLOs and the respective breast cancer spheres,
although further analysis is required to confirm this observation
(Appendix E, Fig. 4C). Thus, the growth and invasion effects
mediated by the presence of MLOs could be attributed to both
direct cell-to-cell contacts and/or secretion of soluble factors such
as SDF-1. It is possible that PDMs from BCP1 and MDA-MB-231
spheroids, but not PDMs from BCP2, BCP3 and MCF-7 spheroids,
express CXCR4 on their surface and thus activate the SDF-1-
CXCR4 axis in co-culture. In fact, studies have reported negligible
expression of CXCR4 on the surface of MCF-7 cells, while MDA-
MB-231 cells have been shown to highly express this receptor (303).
To investigate this further, our next step will involve assessing the
SDEF-1 levels in the supernatants. Furthermore, it will be crucial
to examine the expression of the CXCR4 receptor in the PDMs.
It is conceivable that the SDF-1/CXCR4 contributes, at least in
part, to the observed increased growth and invasiveness effects
in the co-cultures of MLOs and BCP1 PDMs or MDA-MB-231
spheroids.

In summary, previous studies have shown that both normal and
benign adjacent breast epithelial cells can exert a tumor-promoting
effect. However, it remains to be elucidated whether our MLOs
can be considered “normal” or whether they have undergone
prelesional alterations. The latter possibility is supported by
evidence revealing morphological and phenotypic differences
between regions immediately surrounding breast tumors and non-
tumor bearing healthy breast tissue. In particular, transcriptome
analysis has identified an intermediate state between “healthy”
and “tumor” in tissue adjacent to the tumor (304). It should be
noted that this transformation may take more time and may not
be fully established within a 10-day period. To test this, future
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experiments could include transcriptome profiling of organoids
co-cultured with breast cancer spheres and organoids cultured
alone.

The observation that PDMs derived from BCP2 and BCP3, as
well as MCF-7 spheroids did not show these pro-invasive effects
can be attributed to several aspects: first, BCP3 was diagnosed
with a mucinous carcinoma, which is a rare type of mamma
carcinoma but associated with low invasion and good clinical
outcomes (305). Furthermore, among the received tissues, this
tissue had the lowest proliferation rate. MCF-7 cells are also
known to be less aggressive than MDA-MB-231 cells and are
poorly invasive (260). BCP2 PDMs were expected to be more
invasive, but these PDMs generally contained large parts of ECM
within the microtumors (Appendix E, Fig. 2E, black arrow, Fig.
2D). This finding is consistent with existing literature reporting
that ILC has the highest levels of intratumoral collagen (268).
Furthermore, it has been reported that downregulation of CK18
is associated with tumor progression and significantly correlates
with advanced tumor stages and is more frequently observed in
ductal than in lobular breast carcinomas (306). We observed the
lowest CK18 expression in the IDC-NST PDMs from BCP1 and in
MDA-MB-231 spheroids - the breast cancer spheres with the most
aggressive behavior in our in vitro experiments.

Based on our cumulative observations, it can be concluded that
PDMs mimic the characteristics of their corresponding primary
tumor with regard to in vitro/ex vivo functionality and behavior.
Furthermore, it appears that MLOs have the ability to enhance the
progression of tumors with a pre-existing proliferative and/or
advanced phenotype.

7.4 Increased secretion of FN and MMP2
from invasive breast cancer spheres
in the presence of tumor-adjacent
mammary epithelial cells

We sought to examine whether the interaction between tumor-
adjacent mammary epithelial tissue and breast cancer spheres
could result in an upregulation of factors associated with cancer
growth and invasion. Indeed, we identified two soluble factors, FN
and MMP2, that were significantly upregulated in all co-cultures,
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except of the MCF-7 co-culture. MMP2 plays a key role in ECM
degradation, thereby promoting tumor invasion and metastasis
(253), while FN expression correlates with tumor aggressiveness
and poor clinical outcome in patients with invasive breast cancers
(254).

Consistent with our previous findings, we observed that PDMs
derived from BCP1 showed the strongest response to the pre-
sence of MLOs. This was evident from two aspects: (i) within
the studied cohort, the co-culture of BCP1 PDMs and MLOs
showed the most substantial differences in FN and MMP2 con-
centrations compared to the respective controls (monocultures of
BCP1 PDMs and MLOs), and (ii) the levels of FN and MMP2 in
the co-culture of BCP1 PDMs and MLOs were higher than those
observed in the co-culture involving other breast cancer spheres.
Similar to our invasion and growth results, the co-culture with
MDA-MB-231 spheroids showed a strong upregulation of FN
and MMP2 compared to the levels measured in the respective
monocultures. Notably, BCP1 PDMs and MDA-MB-231 cultured
alone secreted higher levels of both factors compared to the other
samples, supporting our hypothesis that the presence of tumor-
adjacent mammary epithelium further accelerates the progression
of already advanced, highly aggressive tumors.

Interestingly, PDMs derived from BCP2 and BCP3 seemed to
respond to the presence in MLOs in terms of FN and MMP
secretion, but no significant changes in invasion were observed
in the previous experiments. Although slightly increased, no
significant effects were observed in the co-cultures with MCE-7
spheroids. It is conceivable that the effects are initially observed
at the molecular level, paving the way for subsequent invasion
into the surrounding tissue.

Fibronectin expression in primary breast tumors is of particular
interest as it is an indicator of breast cancer progression and
strongly correlates with decreased patient survival, regardless
of the breast cancer subtype (307, 308). As a tumor expands, it
can deposit FN and collagen fibrils, causing an increased tissue
stiffness. In early tumor stages, the fibrils are typically aligned par-
allel to the primary tumor boundary. However, as the tumor mass
expands, it exerts physical pressure on the fibrils, causing them to
reorient perpendicular to the tumor margin. This rearrangement
provides a “pathway” for tumor cell migration. (307)

When FN is upregulated under pathological conditions, it acti-
vates numerous signaling cascades, including MAPK/ERK and
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PI3K/AKT, which promote EMT and invasion, metastasis or re-
sistance to therapy (309). Interestingly, fibronectin secretion can
also be a consequence of hypoxic conditions, but hypoxia is also a
significant driver of EMT (310, 311).

What we identified in our co-culture media supernatants is soluble
FN. Soluble FN exhibits a globular conformation and lacks the
ability to spontaneously assemble into fibrils without exogenous
cues. The compact form of soluble FN needs to be stretched to
uncover its hidden FN-FN binding site and allow the assembly of
a fibrillar matrix. Stretching can occur by cell-mediated processes
involving integrin binding to FN’s tripeptide recognition sequence
Arg-Gly-Asp (RGD). (312)

Notably, since FN assembly is a stepwise process, breast cancer
cells may secrete higher levels of soluble FN or contribute to
increased FN matrix production through interactions with non-
malignant cells. The increased FN content may promote metastatic
initiation after extravasation. Indeed, recent studies have shown
that breast cancer cells undergoing EMT were able to secrete large
amounts of globular FN. (307)

It is intriguing to note that both FN and MMP2 are upregulated in
the co-cultures, as these two components appear to be intertwined
in their roles.

Matrix degradation is a crucial process in the establishment of
metastasis, and this process is primarily driven by the activity
of proteases, particularly MMPs (116). In their function as zinc-
dependent endopeptidases, they are able to degrade almost all
macromolecules within the ECM (313, 314). The resulting spaces
created by the MMP-mediated proteolysis further facilitates cancer
cell migration (116). Among this family of peptidases, MMP2
plays a prominent role: its increased activity, observed in many
oncological conditions, including breast cancer, enables malignant
cells to invade their vicinity and spread to distant organs (315).
MMP?2, also referred to as gelatinase A or type IV collagenase,
contains three FN type II repeats in its catalytic site (316) and
can degrade not only type IV collagen, a major component of
the basement membrane (315, 317) but also multiple other ECM
proteins, including fibronectin (117). It was observed that FN is
capable of promoting the expression of MMP2 in MCF-7 breast
cancer cells (315, 318). Furthermore, various studies have shown
that FN can induce MMP2 expression in different types of cancers,
including breast cancer (315), cervical cancer (319) or prostate
cancer (320). In this context, it was shown that FN changes the
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global methylation profile of the MMP2 gene promoter in breast
cancer cells (315).

Furthermore, a previous study examined the interaction between
fibroblasts and head and neck cancer cells and found, that a direct
contact between the tumor cells and the fibroblasts was mandatory
to especially activate MMP2 secretion. SDF-1 appeard to enhance
cancer cell invasion though paracrine-activated CXCR4, which
triggered MMP-dependent cell invasion. The authors concluded,
that both cell-matrix and cell-cell interactions including autocrine
and paracrine signaling play crucial roles in the invasive behavior
of cancer cells via MMP2 and MMP9 (321).

Although the authors demonstrated this using CAFs, we speculate
based on our and previous observations, that the tumor-adjacent
mammary epithelium can promote tumor progression via in-
ducing MMP2 and EN upregulation. Another potential player
in this scenario might be TGF-{31, which is known to promote
tumorigenesis and increase metastasis in a number of different
cancers and can promote both MMP2 and FN expression and
regulates MMPs activity by regulating the synthesis of TIMPs
(322, 323).

Further analysis has to be performed to elucidate whether the
upregulated FN and MMP2 levels are a consequence of (i) mu-
tual influence, e.g., upregulation of MMP2 through FN (315) or
increased EN levels as a result of the MMP2 catalytic activity, (ii)
of hypoxic conditions in the co-cultures that promote FN and
MMP2 upregulation (310), or (iii) upregulation of MMP2 and
FN as a result of paracrine signaling, e.g., via SDF-1 or TGF-f3
secretion from the MLOs (321, 322). Furthermore, it remains to be
clarified why all co-culture models show increased FN and MMP2
expression levels in co-culture, but not all show an enhanced effect
on growth and invasion.

In general, the establishment of a co-culture system between tumor-
adjacent mammary tissue and breast cancer offers opportunities
for various further investigations. For example, valuable insights
into potentially altered protein expression profiles at the contact
site between breast cancer sphere and organoid could be obtained
by performing multiplex IF staining on cross-sectioned co-cultures.
Markers known to play a critical role in tumor invasion and
progression, such as N-cadherin, f-catenin or vimentin, could
provide information on activated EMT programs (324). In addition,
fluorescent labeling of tumor cells prior to co-culture could be
used to enhance the discrimination between cancer cells and
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organoids, thereby facilitating the tracking of their respective
cellular trajectories (325). Another approach worth considering is
the implementation of DigiWest® analysis, which would allow the
examination of potentially altered signaling pathways in tumor-
adjacent mammary epithelial tissue and breast cancer spheres
cultured alone versus in co-culture (10).

7.5 Limitations and future challenges of
the organoid technology

Organoids provide many opportunities in various research appli-
cations, but as any other model, they face limitations and come
across with challenges or drawbacks that need to be addressed in
the future. One aspect of organoids that challenges our co-culture
system is their heterogeneity (326, 327). As organoid differenti-
ation relies on self-organization and lack embryonic axes, they
highly vary in composition, shape and size (197, 231). It was not
possible to guide the MLO differentiation in a way that every
organoid is consistent in the number and spatial localization of
the distinct cell types. Therefore, we could not control whether
the tumor was in contact with the part of the organoid expressing
either luminal or basal markers. For future experiments, whole
mount IF staining could be performed to identify the contact side
retrospectively, although it may not be possible to control this
aspect in advance.

Furthermore, our floating co-culture system was composed of a de-
fined ratio of mouse sarcoma-derived Matrigel and rat-tail derived
collagen. This combination enabled us to generate an ECM that
approximates the stiffness of mammary gland tissue (230). While
Matrigel allows for an efficient cell growth and differentiation, its
major drawback is its batch-to-batch variability, its non-human
rodent origin and its complex composition, which might affect the
reproducibility (195). Despite the fact that we used growth-factor
reduced (GFR)-Matrigel as alternative to the regular Matrigel, a
chemically defined, xenogenic-free synthetic material should be
considered in future studies for improved reproducibility and
customization according to specific experimental setups (328).

Another general, well-known limitation of organoid culture is their
maturity. While expression profiles of iPSC-derived organoids
resemble in most cases that of fetal tissue, the generation of
organoids with a more mature identity would be desirable (231,
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326). Despite their impressive number of cell types, organoids
generally lack an microenvironment and supporting tissue such as
an immune component, vascularization or a microbiome (231).

Vascularization, for instance, can improve organoid maturation,
as it can facilitate epithelial maturation in vivo. The group around
Ryuji Morizane recently reported an in vitro method using milliflu-
idic chips, allowing for the expansion of endothelial progenitor
cells and generating vascular networks with perfusable lumens
surrounded by mural cells. Those organoids contained more ma-
ture podocytes and tubular compartments with enhanced cellular
polarity and adult gene expression in comparison to the static
kidney organoid controls. (329)

Another study showed that MLO generation can be facilitated by
adding fibroblasts to the culture (231). Furthermore, microfluidic
organ-on-a-chip approaches can aid to enhance reproducibil-
ity (e.g., through geometric control of contact sides or nutrient
supply), allow higher throughout readouts and may allow for
increased maturity, for instance through electrical (330) or me-
chanical (331) stimulation (326).

Taken together, iPSC-derived organoids offer a variety of possi-
bilities, especially in the context of autologous systems. While
they approximate their native counterparts by expressing tissue-
specific markers and functionalities, further research is needed
to improve their ability to mimic critical aspects such as the
maturation state of the native tissue. Nevertheless, organoids
are a powerful tool for the study of cellular processes, striking a
balance between avoiding oversimplification (as observed in cell-
line based experiments) and irrelevant complexity with limited
clinical translation (as seen in animal models).

/.6 PDMs as physiologically relevant
cancer models

Conventional cancer models, like cell lines grown in a 2D mono-
layer, have contributed tremendously to our current knowledge of
cancer. However, they exhibit remarkable differences from native
tumors and are therefore of very limited use for translational
research. The high clonal selection, the lack of a TME, altered cell
morphologies and deregulated cell cycles caused by monolayer
growth, the lack of 3D cell-cell and cell-ECM communications
and the failure to address nutrient, oxygen, or anticancer drug
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gradients are only some of many factors that leave therapeutics
promising in vitro but turned out to be less effective in vivo. (261,
332)

Cell line-derived spheroids or patient-derived organoids (PDOs)
allow for 3D cell-cell and cell-ECM communications. Similar to
the in vivo tumor, in which O, and nutrient gradients decrease
with the distance from a blood vessel, these gradients decrease in
in vitro models from the outer cell layer to the inner core of the
model (332).

While 3D spheroids derived from immortalized cancer cell line are
very homogenous in their composition, PDOs are derived form
stem cells and therefore provide structural, functional, and molec-
ular similarities to the tissue of origin. They can be expanded and
passaged in vitro for long periods of time due to the self-renewal
capacity of adult/cancer stem cells, do not suffer from strong
selection, and allow for in-depth genetic and phenotypic tumor
characterization. Although studies report the combination of
PDOs with components of the TME, such as fibroblasts, endothe-
lial cells and immune cells, PDOs do not fully recapitulate the
original composition of the primary tumor tissue in terms of ECM,
TAMs, TILs, CAFs or tumor endothelial cells. Another limiting
factor of current PDO models is the applicability of individualized
drug response testing due to the required establishment time of
1-3 months, which impacts the timeframe for obtaining drug test
results . (5, 333)

By contrast, animal models overcome some of these limitations
but come across with different drawbacks. While patient-derived
xenograft (PDX) models recapitulate the human disease better
than cell line-derived xenograft models, copy number alterna-
tions diverge substantially from their parental tumors during
passaging and undergo mouse-specific tumor evolution (334).
Furthermore, many mouse models are immunocompromised,
preventing immune responses. Syngeneic mouse models have an
intact immune system, but the experimental outcome can differ
dependent on the chosen inbred model background (335). Hu-
manized mouse models allow the transplantation of human cells,
tissues or immune components, enabling the mouse to acquire e.g.
a functional human immune system. However, depending on the
specific type of humanized mouse model, a shortened lifespan
of the mice due to graft-versus-host disease, an increased risk of
EBV-related B-cell lymphoma when injected with large numbers
of human-derived cells, or a limited lifespan of human-derived
T-cells represent major challenges (336).
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To address the limitations of the existing tumor models, we iso-
lated PDMs from different types of primary breast tumor tissue
and compared the PDMs to the respective primary tumor. We
found that the PDMs closely resemble general histological features
and tumor-type specific features of IDC-NST and ILC-like growth
patterns, cellular pleomorphism and atypia of corresponding
primary tumor tissue sections (10). Using Movat'’s staining, we
found that the collagen and PGs/GAGs — abundant breast-cancer
related ECM proteins — were preserved in the PDMs. This is an
important aspect, since increased collagen deposition, as well as
fiber orientation, lead to increased ECM stiffness and correlates
with a limited treatment response and poor clinical outcomes
(337). In fact, extensive collagen deposition is the major patholog-
ical feature of certain cancers, and tumors with higher invasive
potential develop stiffer ECMs (337-339). Malignant cells inter-
act with their neighboring components by inducing alterations
in the ECM, similar to those detected in never-healing wounds
(337). Furthermore, collagen can enhance exosome (extracellular
vesicles of endosomal origin) secretion, which play a critical role
in cancer cell survival, growth, invasion and metastasis (340). The
power of ECM stiffening is further illustrated by the fact that
ECM stiffening alone can induce malignant transformation of
mammary epithelial cells (341, 342). Thus, while neoplastic cells
can influence peri-tumoral collagen formation, the mechanical
characteristics of collagen and its microenvironment have a huge
impact on cancer cell behavior, too (337).

Other important mediators in oncological conditions are PGs
and GAGs, ubiquitous structural and functional components of
the ECM. PGs transduce signals by binding various molecules
such as growth factors, adhesion factors or cytokines to modulate
cancer progression. Several studies reported that PGs/GAGs are
associated with metabolic reprogramming, angiogenesis, immune
surveillance, cell proliferation, distant metastases, and treatment
resistance. (343)

For instance, lung cancer cells expressing high levels of CD44
have been shown to be stimulated by hyaluronan (a major GAG
commonly found around tumor cells in vivo), allowing them to
evade cytotoxic T-lymphocyte-mediated killing (344). In another
study, it was observed that hyaluronan fragments originating from
cancer cells can induce dendritic cells to acquire a semi-mature
phenotype, which in turn promotes the immune escape of the
tumor by triggering T-cell deletion (345).

In addition, PGs/GAGs have emerged as regulators of CSC func-
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tion and therapy resistance (346). For example, the heparan sul-
fate proteoglycan syndecan-1 (CD138) is known to modulate the
growth and differentiation of the mammary progenitor popu-
lation. Knockdown experiments targeting syndecan-1in MCF-7
and MDA-MB-231 cells revealed a significant decrease in several
stemness-associated features, including ALDH-1 activity and
CD44" /CD24~ phenotype (in MDA-MB-231 cells) (347). Thus,
ECM components can modulate various biological processes asso-
ciated with tumorigenesis, cancer progression, therapy resistance
and clinical outcomes and are therefore an important feature for
reliable cancer models. In conclusion, compared to other cell-
based cancer models, our PDMs largely retained key players of
the ECM, namely collagen and PGs/GAGs, which are essential
modulators of tumor progression and therefore indispensable in
cancer modeling.

We furthermore examined the PDMs for expression of CKs, im-
mune cell and CAF-associated markers as well as hormonal
receptors. In fact, the expression levels of CKs, essential compo-
nents of the intermediate filament, provides information about the
epithelial cell type, tissue functional state, or tissue growth and
differentiation (269). TNBC PDMs exhibited a significant down-
regulation of CK18, which was found to be associated with tumor
progression and metastasis in breast cancer (270, 306). Studies
revealed that down-regulation of CK18 occurs more frequently in
ductal than in lobular carcinomas, which aligns with our previous
findings (BCP1, BCP2 and BCP3, Appendix E) and with literature
(306). However, in the cohort described in Appendix F, we found
lower CK18 expressions in ILC than in IDC-NST PDMs. Due to
the fact that we included a greater number of IDC-NST PDMs
compared to ILC PDMs, we speculate that a larger total number
of PDMs, and specifically more ILC PDMs, should be considered
in our study.

We detected the expression of FAP«x, a marker for CAFs, in both
ILC and IDC-NST PDMs. The expression was more pronounced
in ILCs, which is consistent with the literature (271). CAFs are
important regulators of disease progression because they are
in constant contact with malignant cells and have the ability
to remodel the ECM by synthesizing and secreting substantial
amounts of collagens (I, I, IV and V), HA and laminin. Simultane-
ously, they can degrade the ECM by secreting MMPs (348). Unlike
normal fibroblasts and the myofibroblasts involved in wound
healing, CAFs cannot return to a normal phenotype or undergo
apoptosis (349). The presence of CAFs within PDMs underscores
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their heterogeneous, in vivo-like composition.

Of note, the distinction between HR-positive and TNBC is of great
importance for the treatment strategy. For example, endocrine
therapies such as TAM or aromatase inhibitors, which block the
estrogen signaling pathway and inhibit the growth-promoting
effects of estrogen on cancer cells, are commonly prescribed to
patients diagnosed with early-stage ER-positive breast cancer
(350). In contrast, the treatment of TNBC is more challenging as it
is resistant to many effective therapeutic approaches (276). As a
result, conventional cytotoxic chemotherapy remains the primary
treatment approach for TNBC (351).

Using protein based analyses, we identified upregulated PI3K/-
AKT and MAPK/RTK signaling profiles in TNBC PDMs, with a
broad set of overexpressed proteins that have been linked to tumor
progression (276, 352). For example, we detected GSK3[3 overex-
pression, which is known to regulate EMT and CSC properties in
TNBCs (353). Increased eIF4E expression can upregulate proteins,
such as cyclin D, angiogenesis factors or fibroblast growth factors,
important in the regulation of cell growth and differentiation.
Overexpressed elF4E in TBNC is therefore predicts a worse clini-
cal outcome. (354). Another protein overexpressed in our TNBC
PDMs is Glutl, which was shown to promote cell proliferation,
migration and invasion by regulating EGFR and integrin signa-
ling in TNBCs (355). We furthermore challenged the PDMs in
drug testing experiments and were able to categorize the PDMs
according to a killing response induced by the respective drug
and identified protein panels associated with treatment resistance
and sensitivity.

Taken together, we confirmed the high correlation between PDM
and their corresponding PTT in terms of histo-pathological fea-
tures, the presence of important stromal components and protein
and signaling pathway signatures. We furthermore confirmed
that several proteins associated with the PI3K/AKT and MAP-
K/RTK signaling profiles were significantly upregulated in PDMs
from TNBC patients compared to HR-positive PDMs. Cytotoxicity
assays with widely used breast cancer drugs allowed us to identify
protein panels associated with treatment response and sensitivity.
Our data emphasize the value of PDMs as an in vivo-like cancer
model that reflects the heterogeneities observed among patient-
individual breast cancers and may find application in predicting
treatment responses, thus, bringing research one step closer to
personalized treatment strategies.



7.7 Conclusion

Much like the unique and ever-changing patterns seen in a kaleido-
scope, cancer is a highly diverse spectrum of diseases that evolve
and alter their characteristics and interactions as the disease pro-
gresses. This inherent complexity makes advanced cancers with
high recurrence rates particularly challenging to cure. While the 5-
year survival rate for local (non-metastatic) invasive breast cancer
is 99%, the survival chances declines drastically to 27% for cases
in which the cancer has spread to other parts of the body (356).
Metastatic relapse can occur over a period of months to decades
and involves a multi-step process beginning with dissemination
from the primary tumor, intravasation, survival in the circula-
tion, extravasation, and finally metastatic seeding (357). Despite
tremendous efforts, many drugs fail in clinical trials due to low
efficacy or severe side effects. Metastatic tumors are stubbornly
resistant to therapy and thus remain the primary concern in
achieving a cure for these advanced cases (357). Therefore, there
is an urgent need for reliable cancer models that allow to study
processes associated with invasion and metastasis and to facilitate
testing of pre-clinical therapies in an patient-individualized man-
ner. To address this need, we have introduced patient-derived
microtumors that retain important characteristics of the primary
lesion, which can significantly contribute to a better understand-
ing of cancer physiology and prediction of treatment responses.
PDMs hold great promise as a model system for personalized
treatment, particularly for patients with aggressive or metastatic
breast cancers, where overall survival is poorer. Of note, tumor
progression is influenced by many factors, including components
of the surrounding stroma and tumor-adjacent cells, which are in
direct contact with the growing tumor and potentially play a role
in driving tumor progression. In our pursuit of investigating the
interactions between breast tumors and the tumor-adjacent mam-
mary epithelium, we have developed a physiologically relevant
floating co-culture system that allows us to more precisely study
processes associated with tumor growth and invasion. In this way,
we hope to contribute to the identification of further mechanisms
underlying tumor progression induced by interaction with the
TME and to shed more light on the “enemy within”.

7.7 Conclusion
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Outlook

8.1 Expanding the co-culture capabilities:
towards other organoid types

Our co-culture setup has the potential to be extended to other
cancer types, such as CRC or kidney cancer. Progress has already
been made in this direction in the course of this thesis with
the successful differentiation of iPSCs into colon and kidney
organoids. Notably, we used healthy donor iPSCs (Appendix D)
to establish the differentiation protocol, but as described in the
previous chapters, blood from CRC and renal cancer patients
could be reprogrammed into iPSCs as a basis for autologous
systems.

Differentiation into kidney organoids involved guiding the iPSCs
through several stages, the late primitive streak, the intermediate
mesoderm and the metanephric mesoderm, resulting in the for-
mation of pretubular aggregates and renal vesicles, until kidney
organoids arose in culture by day 20 (358). To initiate this process,
single iPSCs were seeded between two layers of GFR-Matrigel to
form cavitated iPSC spheroids (Figure 8.1 A, B left). The cavitated
spheroids were further differentiated into tubular organoids by
inhibiting glycogen synthase kinase 3-3 (GSK3(3) for precisely
36 hours and subsequently self-organized into kidney organoids
(Figure 8.1 B, right). The organoids showed expression of E-
cadherin (E-Cad), a distal tubule marker, as well as capsule-like
structures expressing nephrin (NPHS1) and podocalyxin (PODXL)
in podocyte-like cells, while Pax8 indicated the presence of the
intermediate mesoderm/metanephric mesenchyme (Figure 8.1
C, E). Pax8 expression peaked around day 10.

The kidney organoids were then gently detached from their
supporting cell layer and embedded in a 3D floating GFR-Matrigel
matrix, where their high viability was confirmed (Figure 8.1 D). In
parallel, spheroids were generated from the 786-O kidney cancer
cell line and stained with LuminiCell Tracker™ (Merck Millipore)
to distinguish them from the organoid. Over a period of 3 days,
we observed the growth of the two components towards each
other, with the cancer cells attaching to the organoid (Figure 8.1
E, black arrow).
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For the differentiation into colon organoids, we followed the pro-
tocol of Miguel Crespo and colleagues, which includes a stepwise
process leading to the differentiation into definite endoderm (DE),
posterior hindgut endoderm and finally into colon organoids
(295). Successful differentiation into DE was confirmed via flow
cytometry by the expression of the endodermal markers CXCR4,
c-Kit, Sox17 and FOXA2 at day 4. PDGFR-«, which should not be
expressed at this stage, was used as a negative control (Figure 8.2
A). The cells were then differentiated to the hindgut, confirmed by
positive CDX2 expression after 5 days, which is critical to exclude
misdirection to the small intestine (Figure 8.2 B, F). The cells
were then treated with colonic medium for an additional 12 days
to generate colonic epithelial cells. These cells were cultured in
GFR-Matrigel domes (Figure 8.2 C), resulting in the formation
of pseudostratified embryonic gut-like spheroids that progres-
sively self-organized into convoluted colon organoids expressing
markers specific to the large intestine (e.g. carbonic anhydrase II
(CAII), mucin 2 (MUC2) and mucin 5B (MUC5B)) around day 50
(Figure 8.2 D, E).

In particular, CRC PDMs and kidney PDMs can be derived from
their corresponding primary tumor tissues and combined with
colon and kidney organoids, similar to the MLO-PDM co-cultures.
While healthy donor iPSCs were used to establish differentiation
into colon and kidney organoids, autologous models could be
generated by generating iPSCs from the blood of CRC and kidney
cancer patients. These co-culture models have potential applica-
tions in several areas, such as studying the interaction of cancer
with its “native” tissue habitat, exploring microbiome interactions,
or conducting toxicity studies.
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Figure 8.1: iPSC-derived differentiation into kidney organoids A Schematic workflow for the generation of iPSC-derived
kidney organoids. Single-cell iPSCs were embedded between two layers of GFR-Matrigel (“Matrigel sandwich”) resulting
in the formation of cavitated spheroids and subsequently kidney organoids. B Bright field images of cavitated spheroids
(left) and a fully differentiated organoid (right). Scale bars: 100 pm. C IF stainings confirm the expression of podocalyxin
(PODXL), nephrin (NPSH1), E-Cadherin (E-CAD), and to a lower extent Pax8. Counterstaining: DAPI. Scale bars: 50 pm. D
Live-dead staining of kidney organoids after 3 days in floating GFR-Matrigel matrix. F Co-culture of kidney organoids
(unstained) and 786-O spheroids (stained with LuminiCell Tracker™) after 3 days. F Illustration of a human nephron.
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Figure 8.2: iPSC-derived differentiation into colon organoids. A Flow cytometry data confirm the expression of FOXA2,
c-Kit, SOX17, CXCR4 and the absence of PDGFR«. Flow cytometry data were acquired using the BD LSR-Fortessa™
Cell Analyzer (BD Biosciences) and analyzed using FlowJo v10 software (FlowJo LLC). B IF staining confirms hindgut
differentiation by positive CDX2 expression. Counterstaing: Phalloidin. Scale bars: 50 pm. C Bright field image of
pseudostratified embryonic gut-like spheroid. Scale bar: 50 pm. D IF stainings confirm the expression of markers of the large
intestine, carbonic anhydrase II (CAII), mucin 2 (MUC2), mucin 5B (MUC5B). Counterstaings: DAPI and Phalloidin. Scale

bars: 50 pm. E Bright field images of day 50 colon organoids. Scale bars: 200 pm. F Schematic overview of the differentiation
into the large intestine.
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Additonal information on
iPSC lines

To access additional information on iPSC lines, including characterization data, ethics or cell culture
details, QR codes can be scanned to access the hPSCreg database. As an alternative, the web links
listed in the table below can also be used.

QR codes:

NMIi010-A i NMIi012-B NMIi012-D

Weblinks:
iPSC clone identifier Weblink Reference
NMIi010-A https://hpscreg.eu/cell-line/NMIi010-A (Keller, Binner et al. 2021)
NMIi011-A https://hpscreg.eu/cell-line/NMIi011-A
NMIi011-B https://hpscreg.eu/cell-line/NMIi011-B
NMIi011-C https://hpscreg.eu/cell-line/NMIi011-C (Keller, Binner et al. 2022)
NMIi011-D https://hpscreg.eu/cell-line/NMI1i011-D
NMIi012-B https://hpscreg.eu/cell-line/NMI1i012-B
NMIi012-D https://hpscreg.eu/cell-line/NMI1i012-D (Keller, Greis et al. 2022)
NMIi012-E https://hpscreg.eu/cell-line/NMI1i012-E
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ABSTRACT

CD34+ cells were isolated from peripheral blood of a breast cancer patient. By the introduction of five integration-free episomal vectors, the CD34+ cells were
successfully reprogrammed and resulted in four iPSC clones. Flow Cytometry, reverse transcriptase PCR and immunocytochemistry confirm a robust expression of
pluripotency factors and the concomitant loss of exogenous reprogramming plasmids. The maintenance of genomic integrity was confirmed by array-based
comparative genomic hybridization and iPSCs harbored the capacity to differentiate into all three germ layers. Here, we present the generation and characteriza-
tion of four iPSC lines that will find application in the field of breast cancer research.
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Clonal

Episomal reprogramming
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Breast cancer (invasive lobular carcinoma)

No mutation or genetic variation detectable
11.03.2021 (date of generation)

NMIi011-A: https://hpscreg.eu/user/cellline/edit/
NMIi011-A

NMIi011-B: https://hpscreg.eu/user/cellline/edit/
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Ethics Committee at the Medical Faculty of the
Eberhard Karls University and at the University
Hospital Tiibingen

Chairmenship:

Prof. Dr. med. Karl Jaschonek (Chairman)

Prof. Dr. med. Dr. phil. Urban Wiesing (1st Vice
Chairman)

Prof. Dr. med. Dieter Luft (2nd Vice Chairman)
Members:

Prof. Dr. med. Berthold Drexler

Prof. Dr. med. Jiirgen Honegger

Prof. Dr. med. dent. Bernd Koos
Prof. Dr. phil. Dipl. Psych. Stefan Klingberg

Prof. Dr. med. Holger Lerche
Prof. Dr. rer. nat. Peter Martus

(continued on next page)



118

A.-L. Keller et al.

(continued)

Appendix B Publication 1

A

Alexa Flor 433-SSEA-4+

Aexa e 488-SSEA4e

NMIi011-B
w0’
'
0
o4
10’4
v
w0 W 0t 10°
Alexa Fhuce 647.TRA-1.600
NMIi011-D
'
0y
TRA-1.600
WA
LR
10’4

Aexa Fuor 647.TRA-1-600

NMIi011-A

NMIi011-B

NMIi011-C

)

NMIi011-D

Fig.

Stem Cell Research 64 (2022) 102902

B
NMIi011-D
1000 bp
700 bp
500bp
300 bp
200 bp
100 bp
C
<
o . [ > ] N c N - EN - KN v KN KN -0-0-0-
e i
s |
z
@
o . | ] N - N - KN - &N c KN - KN - @ - 0-0-E
g
s
=z
b
g_- Il « N NN EN - KN - KN - EN-0-0-0-E
=z
o
:‘_— == N - &N - KN - KN - BN KN - 0-0-0-EE
3
s
=z
E NMIi011-A NMIi011-B NMIi011-C NMIi011-D
c
< £
%
-
F NMIi011-A NMIi011-B NMIi011-C NMIi011-D
~ £
-
3 5
Al

Brachyury
F-actin

Pax6
F-actin

. 1. Characterization overview of the four iPSC lines.
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1. Resource utility

Besides being known to be one of the leading causes of death among
women worldwide, breast cancer is associated with early recurrence and
diagnosis at young age. The targeted differentiation of iPSCs into
mammary-like organoids will be used as a disease modelling tool and
might open new paths towards a better understanding of breast cancer.
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Table 1
Characterization and validation.
Classification Test Result Data
Morphology Bright field microscopy Normal iPSC morphology Fig. 1 panel D
Phenotype Qualitative analysis Expression of the pluripotency markers OCT4, SOX2, NANOG, SSEA4 and Fig. 1 panel E
(Immunofluorescence staining) TRA-1-81 shown by immunofluorescence staining
Quantitative analysis Double positive expression of the pluripotency surface markers SSEA4 and Fig. 1 panel A
TRA-1-60
(Flow cytometry) Supplementary Fig. 1
panel A
Genotype Array-based comparative genomic 46XX, Resolution: 5-10 Mb Fig. 1 panel C
hybridization (array-CGH)
Identity Short tandem repeat (STR) analysis DNA profiling performed Submitted in archive

Mutation analysis (IF
APPLICABLE)

Microbiology and virology

Sequencing
Southern Blot OR WGS

Mycoplasma

17 sites tested, 100 % match
n/a
n/a

Negative mycoplasma testing confirmed by PCR

with journal
n/a
n/a

Supplementary Fig. 1

panel C
Differentiation potential Directed differentiation Differentiation potential into all three germ layers confirmed by directed Fig. 1 panel F
differentiation and subsequent immunofluorescence staining.
Endoderm: SOX17, FOXA2
Mesoderm: Brachyury, Nestin
Ectoderm: PAX6, NCAM
Donor screening HIV 1 + 2 Hepatitis B, Hepatitis C n/a n/a
(OPTIONAL)
Genotype additional info Blood group genotyping n/a n/a
(OPTIONAL) HLA tissue typing n/a n/a

2. Resource details

Despite the growing knowledge in the field of oncology and
improved treatment options, breast cancer remains one of the most
frequently diagnosed neoplasms in women while the mortality rate
associated with this disease remains alarmingly high (Valdés-Mora et al.,
2021). For the treatment of this complex disease, the principle “one size
does not fit all” applies very well due to the wide heterogeneity in re-
ceptor statuses and the cellular composition of breast cancers (Naik
et al., 2020). Therefore, it is a pressing task to improve the under-
standing of underlying molecular features of breast cancer and its ability
to spread to other tissues. iPSCs harbour the capacity to differentiate
into organoid structures which hold great promises in clinical trans-
latability and disease modelling (Qu et al., 2017). We have previously
reported the generation of an iPSC line from peripheral blood of a
healthy individual (Keller et al., 2021 Jul). Here, we show the successful
generation and characterization of four iPSC lines derived from CD34+
cells isolated from PBMCs of a patient diagnosed with an invasive
lobular mammary carcinoma. After CD34+ cell isolation and further
expansion for 7 days, the progenitor cells were transfected via electro-
poration with 5 episomal plasmids encoding for Oct4, Sox2, Klf4, .-Myc,
mp53DD and EBNAI, respectively (Okita et al., 2011 May). The cells
were cultured for 18-21 days on Matrigel®-coated plates in Repro-
TeSR™ medium until first iPSC colonies arose which displayed a typical
round-shaped phenotype with densely packed colony cores and promi-
nent cell nuclei (Fig. 1 D). After iPSC expansion, a profound analysis of
multiple iPSC characteristics was performed. We first confirmed the
absence of potential mycoplasma contaminations by analysing the cell
culture supernatants of all four iPSC lines by PCR (Supplementary Fig. 1
C). Secondly, the iPSCs were investigated for single nucleotide poly-
morphism and genetic aberrations by array-CGH which revealed
genomic integrity in all four clones (Fig. 1 C). Array-CGH does not detect
balanced chromosome rearrangements. Next, short tandem repeat (STR)
analysis identified a 100 % allele match between the four different iPSC
clones (data submitted in archive with journal). Furthermore, expres-
sion of the pluripotency markers Oct4 (Fig. 1 E), Sox2, Nanog, SSEA4
and TRA-1-81 (data not shown) was confirmed by immunofluorescence

staining. For quantitative analysis of pluripotency marker expression,
the surface markers SSEA4 and TRA-1-60 were analysed by flow
cytometry and showed a robust co-expression in all iPSC lines (Fig. 1 A,
Supplementary Fig. 1 A). To prove silencing of exogenously introduced
plasmids together with endogenous expression of pluripotency markers,
reverse transcriptase PCR (RT-PCR) was performed (Fig. 1 B). To this
end, RNA was isolated and complementary DNA (cDNA) was synthe-
sized with reverse transcriptase. PCR confirmed the endogenous
expression of the pluripotency markers Oct4, Sox2, Nanog, DNMT3, c-
Myc and the house-keeping gene GAPDH. Exogenously introduced
plasmids were silenced as shown by the absence of EBNA1 expression.
Reprogramming vectors were used as a positive control. One major
characteristics of pluripotent stem cells is their capacity to differentiate
into all the three germ layers. The commitment to the three lineages
upon in vitro directed differentiation was confirmed by immunofluo-
rescence staining. Endodermal differentiation was proven by the
expression of the transcription factors SOX17 and FOXA2 while meso-
dermal commitment was shown by a positive Brachyury and Nestin
staining. Differentiation into the ectodermal lineage was visualized by
PAX6 and CD56/NCAM expression (Exemplary images for SOX17,
Brachyury and PAX6 are depicted in Fig. 1 F. Remaining stainings are
not shown). Taken together, we present four well-characterized iPSC
lines generated from CD34+ cells from a breast cancer patient that will
be used for tissue and disease modelling in the field of breast cancer
research.

3. Materials and methods
3.1. Reprogramming of CD34+ cells into iPSCs

For reprogramming of CD34+- cells into iPSCs, the CD34+ progenitor
kit (STEMCELL Technologies) was used according to the manufacturer’s
manual. In short, CD34+ cells were isolated from PBMCs by positive
selection and expanded for 7 days prior to electroporation with the P3
primary cell 4D-Nucleofector™ kit (Lonza). For transfection, Epi5
episomal reprogramming vectors (ThermoFisher Scientific) were intro-
duced into the cells. Cells were transferred to a Matrigel®(Corning)-
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Reagents details. RRID Requirement for antibodies: use http://antibodyregistry.org/ to retrieve RRID for antibodies and include ID in table as shown in examples.

Antibodies used for i

Y Ty

Antibody Dilution Company Cat # RRID
Pluripotency and cell surface markers anti-human OCT4 1: 200 Cell Signaling Technology, Cat# 2750 RRID: AB_823583

anti-human NANOG (D73G4) 1: 200 Cell Signaling Technology, Cat# 4903 RRID:

AB_10559205

anti-human SOX2 (D6D9) 1:400 Cell Signaling Technology, Cat# 3579 RRID: AB_2195767

anti-human SSEA4 (MC813) 1:500 Cell Signaling Technology, Cat# 4755 RRID:AB_126425

Alexa Fluor® 488 anti-human SSEA4 (MC-813- 1:30 BioLegend, Cat# 330,411 RRID: AB_1089199

70)

anti-human TRA-1-81 1:1000 Cell Signaling Technology, Cat# 4745 RRID: AB_2119060

Alexa Fluor® 647 anti-human TRA-1-60-R
anti-human SOX17 (D1T8M)
anti-human FOXA2 (ERP4466)

Differentiation markers

BioLegend, Cat# 330,605
Cell Signaling Technology, Cat# 81,778
Abcam, Cat# ab108422

RRID: AB_1227813
RRID: AB_2650582
RRID:
AB_11157157

anti-human Brachyury (ERP18113) 1:1000 Abcam, Cat# ab209665 RRID: AB_2750925
anti-human Nestin (10C2) 1:100 STEMCELL Technologies, Cat# 60091AD.1 RRID: AB_2650581
anti-human PAX6 (EPR15858) 1:350 Abcam, Cat# ab195045 RRID: AB_2750924
anti-human NCAM/CD56 (HCD56) 1:100 STEMCELL Technologies, Cat# 60021AD.1 RRID: AB_2891082
Nuclear marker Hoechst 33,258 1:250 ThermoFisher Scientific, Cat# H3569 RRID: AB_2651133
F-actin markers Phalloidin CruzFluor™ 594 conjugate 1:1000 Santa Cruz Biotechnnology, Cat# sc-363795
Phalloidin-tetramethylrhodamine conjugate 1:1000 Santa Cruz Biotechnnology, Cat# sc-362065
Secondary antibodies anti-rabbit Alexa Fluor® 488 1:1000 Abcam, Cat# ab150073 RRID:AB_2636877
Cy5-AffiniPure Goat anti-Rabbit 1:1000 Jackson ImmunoResearch Labs Cat# 111- RRID:AB_2338013
175-144
Cy5-AffiniPure Goat anti-Mouse 1:1000 Jackson ImmunoResearch Labs Cat# 115- RRID:AB_2338713
175-146
Primers
Target Size of Forward/Reverse primer (5'-3')
band
Episomal plasmids EBNA1 666 bp ATCGTCAAAGCTGCACACAG/CCCAGGAGTCCCAGTCA
(RT-PCR)
Pluripotency marker (endogenous) (RT- OCT4 144 bp GACAGGGGGAGGGGAGGAGCTAGG/
PCR) CTTCCCTCCAACCAGTTGCCCCAAAC
Pluripotency marker (endogenous) (RT- NANOG 391 bp CAGCCCCGATTCTTCCACCAGTCCC/
PCR) CGGAAGATTCCCAGTCGGGTTCACC
Pluripotency marker (endogenous) (RT- SOX2 151 bp GGGAAATGGGAGGGGTGCAAAAGAGG/
PCR) TTGCGTGAGTGTGGATGGGATTGGTG
Pluripotency marker (endogenous) (RT- DNMT3p 242 bp TGCTGCTCACAGGGCCCGATACTTC/
PCR) TCCTTTCGAGCTCAGTGCACCACAAAAC
Pluripotency marker (endogenous) (RT- c-Myc 328 bp GCGTCCTGGGAAGGGAGATCCGGAGC/
PCR) TTGAGGGGCATCGTCGCGGGAGGCTG
House-keeping gene (RT-PCR) GAPDH 572 bp TCACCATCTTCCAGGAGCG/CTGCTTCACCACCTTCTTGA

coated plate and cultivated in ReproTeSR™ medium until first iPSC
colonies arose. The colonies were manually picked and further expanded
by using mTeSR™ Plus. iPSCs were passaged with Gentle Cell Dissoci-
ation Reagent (STEMCELL Technologies) and cultured at 37 °C, 5 % CO2
and 20 % Oa. iPSC colonies were cryopreserved with CryoStor CS10®
freezing medium (STEMCELL Technologies) and kept in liquid Ny for
long time storage. iPSC characterization is summarized in Fig. 1 and
Table 1.

3.2. Directed differentiation

One major hallmark of PSCs is their capacity to give rise to the three
germ layers. To prove this ability, all four iPSC lines were differentiated
into the endoderm, the mesoderm and the ectoderm using the STEM-
DIFF™ Trilineage differentiation kit (STEMCELL Technologies) ac-
cording to the manufacturers’ instructions. In brief, single cell iPSCs
were plated on Matrigel®-coated cell culture plates and incubated with
mTeSR1™ overnight. The starting cell number varied among the germ
layers. Then, mTeSR1™ was replaced by the appropriate differentiation
media. For endodermal and the mesodermal differentiation, media were
replaced daily until day 5 while the ectoderm differentiation medium
was refreshed daily until day 7. After 5 and 7 days, respectively, cells
were ready for immunofluorescence staining (Table 2).

3.3. Immunocytochemistry

iPSCs at passage 8 were fixed with 4 % PFA in 1xPBS for 15 min at
room temperature (RT) and washed 3 times with 1xPBS. For blocking
and permeabilization, iPSCs were incubated for 2 h at RT with 0.1 %
Triton X-100 and 2 % BSA in 1xPBS. iPSCs were decorated with the
primary antibodies diluted in blocking and permeabilization solution
overnight at 4 °C. Secondary antibodies and counter staining were
applied to the cells for 45 min at RT.

3.4. Mycoplasma test

To test for potential mycoplasma contamination, 100 pL of cell cul-
ture supernatants at passage 4 were collected and analysed by PCR using
the Venor®GeM Classic Kit (Minerva Biolabs) according to the manu-
facturer’s protocol.

3.5. Chromosomal integrity

Array-CGH was performed at passage 11 at the Clinical Genetics,
Olgahospital Stuttgart, Germany to confirm genetic stability.
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3.6. RT-PCr

To confirm the endogenous expression of pluripotency markers and
the absence of episomal vectors, RT-PCR was performed at passage
3-13. Therefore, total RNA from 2 x 10° cells was isolated using the
RNeasy Mini Kit (Qiagen). DNA was degraded for 30 min at 37 °C with
the RQ1 Kit (Promega). cDNA synthesis was performed with MuLV
reverse transcriptase (New England Biolabs) for 60 min at 42 °C. The
PCR products were visualized on a 2 % agarose gel (Table 2).

3.7. Flow cytometry

iPSCs at passage 10 were dissociated into single cells by Accutase™
(STEMCELL Technologies) and stained with conjugated antibodies for
30 min at 4 °C in the dark (Table 2). Flow Cytometry data were acquired
at the FACSFortessa platform (BD Biosciences) and analysed with the
FlowJo V10 software (FlowJo, LCC).
3.8. STR analysis

Isolation of genomic DNA from all four iPSC lines and subsequent
STR analysis was performed by the Institute of Pathology at the Katha-
rinenhospital Stuttgart, Germany.
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ABSTRACT

Invasive lobular carcinoma (ILC) is a distinct type of breast cancer and is accounting up to 10-15 % of all mammary carcinomas showing a pronounced increase in
incidence rates over the last two decades. We generated three induced pluripotent stem cell (iPSC) lines from CD34+ progenitor cells isolated from a mammary
carcinoma patient diagnosed with ILC. Here, we describe the characterization of the iPSCs by array-based comparative genomic hybridization (array CGH),
immunocytochemistry, flow cytometry, reverse transcriptase polymerase chain reaction and directed in vitro differentiation. The iPSC lines will find application in
the field of breast cancer research.
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Table 1
Characterization and validation.
Classification Test Result Data
Morphology Bright field microscopy Normal iPSC morphology Fig. 1 panel B
Phenotype Qualitative analysis Expression of the pluripotency markers: Nanog, TRA-1-81 Fig. 1 panel A
(Immunofluorescence staining)
Quantitative analysis Double positive expression of the pluripotency surface markers SSEA4 & TRA-  Fig. 1 panel E
(Flow Cytometry) 1-60
Genotype Array-based comparative genomic 46XX, Resolution: 5 — 10 Mb Fig. 1 panel C
hybridization
Identity STR analysis DNA profiling performed; 17 sites tested, 100 % allele match Available with the
authors
Mutation analysis (IF Sequencing n/a n/a
APPLICABLE) Southern Blot OR WGS n/a n/a
Microbiology and virology Mycoplasma Absence of potential mycoplasma contamination confirmed by PCR Supplementary figure
panel B
Differentiation potential Directed differentiation Directed differentiation into all three germlayers confirmed by Fig. 1 panel D
immunofluorescence staining; Endoderm: Sox17, Foxa2
Mesoderm: Brachyury, NCAM
Ectoderm: Pax6, Nestin
Donor screening HIV 1 + 2 Hepatitis B, Hepatitis C n/a n/a
(OPTIONAL)
Genotype additional info Blood group genotyping n/a n/a
(OPTIONAL) HLA tissue typing n/a n/a
(continued) stem and progenitor cells were isolated from peripheral blood mono-

Prof. Dr. med. Holger Lerche

Prof. Dr. rer. nat. Peter Martus

Prof. Dr. med. Klaus Morike

Prof. Dr. med. Christian F. Poets

Ulrike Rollecke

Prof. Dr. iur. Dr. h. c. Georg Sandberger
Approval number:

888/2019B02

1. Resource utility

Breast cancer is the leading cause of death among women. After
metastasis, the 5-year survival rate declines to only 26 % and metasta-
sized mammary carcinoma are known to be less responsive to chemo-
therapies. Thus, it is a pressing task to better understand the early
features of breast cancer progression. The herein described iPSC lines
will be differentiated into organoids of the mammary gland and subse-
quently used as healthy tissue scaffold for patient-derived microtumors
in an autologous manner to study cancer invasion (see Table 1).

2. Resource details

The risk factors that contribute to the evolution of breast cancer are
manifold and range from the underlying genetic background, the
exposure of exogenous hormones and physical inactivity to an increased
alcohol consumption (Cheng et al., 2020). Despite years of intensive
laboratory and clinical research, the incidences for breast cancer
worldwide rise steadily. Moreover, drug resistance and cancer relapse
represent an enormous burden leaving breast cancer as one of the major
causes of death among women. Breast cancer can be classified into
different categories. ILC is a frequent type of mammary carcinoma and
holds a distinct clinical behaviour and morphology compared to the non-
specific type (NST) (McCart Reed et al., 2021). Since ILC is generally low
grade, this type of cancer is normally associated with a good prognosis.
However, ILCs are highly metastatic and thus, ILC is known to have a
worse overall long-term outcome compared to NST (Metzger-Filho et al.,
2019). Therefore, it remains a pressing task to better understand the
mechanisms that lead to metastasis and tumor progression. Here, we
describe the generation and characterization of three iPSC lines from a
blood sample of a breast cancer patient diagnosed with ILC that will find
application in the field of breast cancer research. CD34+ hematopoietic

nuclear cells (PBMCs) obtained from a female, treatment-naive breast
cancer patient (Mack et al., 2011). After initial isolation, CD34+ cells
were expanded for 7 days in StemSpan™ CD34-+ Expansion medium.
Electroporation was performed to transfect the cells with episomal
vectors that deliver five reprogramming factors: Oct4, Sox2, .-Myc, Klf4,
Lin28, mp53DD and EBNA1 (Okita et al., 2013). First iPSC colonies
appeared after 18 days. The colonies were manually picked and further
expanded in mTeSR™ Plus medium on Matrigel®-coated cell culture
plates. The iPSC colonies showed a typical iPSC-like structure exhibiting
a circular phenotype consisting of closely packed, small cells (Fig. 1B).
After a few passages, a profound characterization of the iPSC clones was
undertaken. First, supernatants were collected and analysed for poten-
tial mycoplasma contamination, the absence of which, however, was
confirmed by PCR (supplementary figure B). Next, we investigated the
iPSCs for their expression of pluripotency markers. We confirmed a
positive expression of Sox2 and TRA-1-81 (Fig. 1A) via immunofluo-
rescence (IF) staining as well as SSEA4 and TRA-1-60 by flow cytometry
(Fig. 1E). Reverse transcriptase PCR was performed to confirm that
iPSCs endogenously express the pluripotency markers Sox2, Oct4,
Nanog, DNMT3, c-Myc as well as the housekeeping gene GAPDH with
concomitant loss of exogenously introduced reprogramming vectors
shown by the absence of EBNA1. The episomal vector expressing EBNA1
served as a positive control (Fig. 1F; supplementary figure A). Array
CGH was performed to detect potential gains or losses in chromosomal
material. However, genomic integrity was confirmed in all three iPSC
clones (Fig. 1C). Notably, array CGH does not sense balanced chromo-
somal translocations or mosaicism. Moreover, iPSC identity was proven
by short-tandem repeat (STR) analysis, which confirmed a 100 % allele
match within the clones. Finally, the iPSCs were tested for their potential
to differentiate into all three germ layers via directed in vitro differen-
tiation. IF staining was used to detect Sox17 (endodermal marker),
Brachyury (mesodermal marker) and Pax6 (ectodermal marker)
(Fig. 1D). In summary, these three stem cell lines represent a well-
characterized tool and will find application in the field of breast can-
cer research.

3. Materials and methods
3.1. Reprogramming of CD34+ cells into iPSCs

For the reprogramming of CD34+ hematopoietic stem and progeni-
tor cells into iPSCs, the CD34+ Progenitor Reprogramming Kit
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Figure 1: Characterization overview of three iPSC clones generated from a breast cancer patient.
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Fig. 1. Characterization overview of three iPSC clones generated from a breast cancer patient.
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Antibodies used for immunocytochemistry/flow-cytometry

Antibody Dilution Company Cat # RRID

Pluripotency markers anti-human OCT4 1: 200 Cell Signaling Technology, Cat# 2750 RRID: AB_823583
anti-human NANOG (D73G4) 1: 200 Cell Signaling Technology, Cat# 4903 RRID:

AB_10559205

anti-human SOX2 1:400 Cell Signaling Technology, Cat# 3579 RRID: AB_2195767
(D6D9)
anti-human SSEA4 (MC813) 1:500 Cell Signaling Technology, Cat# 4755 RRID:AB_126425
Alexa Fluor® 488 anti-human SSEA4 (MC- 1:30 BioLegend, Cat# 330,411 RRID: AB_1089199
813-70)
anti-human TRA-1-81 1:1000 Cell Signaling Technology, Cat# 4745 RRID: AB_2119060

Alexa Fluor® 647 anti-human TRA-1-60-R

1:30 BioLegend, Cat# 330,605 RRID: AB_1227813

Differentiation markers anti-human SOX17 1:1000 Cell Signaling Technology, Cat# 81,778 RRID: AB_2650582
(D1T8M)
anti-human FOXA2 1:250 Abcam, Cat# ab108422 RRID:
(ERP4466) AB_11157157
anti-human Brachyury 1:1000 Abcam, Cat# ab209665 RRID: AB_2750925
(ERP18113)
anti-human NCAM/CD5 1:100 STEMCELL Technologies, Cat# 60021AD.1 RRID: AB_2891082
(HCD56)
anti-human PAX6 1:350 Abcam, Cat# ab195045 RRID: AB_2750924
(EPR15858)
anti-human Nestin 1:100 STEMCELL Technologies, Cat# 60091AD.1 RRID: AB_2650581
(10C2)
Nuclear marker Hoechst 33,258 1:250 ThermoFisher Scientific, Cat# H3569 RRID: AB_2651133
F-actin marker Phalloidin-tetramethylrhodamine conjugate 1:1000 Santa Cruz Biotechnnology, Cat# sc-362065
Secondary antibodies anti-rabbit Alexa Fluor® 488 1:1000 Abcam, Cat# ab150073 RRID:AB_2636877
Cy5-AffiniPure Goat anti-Rabbit 1:1000 Jackson ImmunoResearch Labs Cat# RRID:AB_2338013
111-175-144
Cy5-AffiniPure Goat anti-Mouse 1:1000 Jackson ImmunoResearch Labs Cat# RRID:AB_2338713
115-175-146
Primers
Target Size of Forward/Reverse primer (5'-3")
band
Episomal plasmids (RT-PCR) EBNA1 666 bp ATCGTCAAAGCTGCACACAG/CCCAGGAGTCCCAGTCA
Pluripotency marker (endogenous) (RT- OCT4 144 bp GACAGGGGGAGGGGAGGAGCTAGG/
PCR) CTTCCCTCCAACCAGTTGCCCCAAAC
Pluripotency marker (endogenous) (RT- NANOG 391 bp CAGCCCCGATTCTTCCACCAGTCCC/
PCR) CGGAAGATTCCCAGTCGGGTTCACC
Pluripotency marker (endogenous) (RT- SOX2 151 bp GGGAAATGGGAGGGGTGCAAAAGAGG/
PCR) TTGCGTGAGTGTGGATGGGATTGGTG
Pluripotency marker (endogenous) (RT- DNMT3p 242 bp TGCTGCTCACAGGGCCCGATACTTC/
PCR) TCCTTTCGAGCTCAGTGCACCACAAAAC
Pluripotency marker (endogenous) (RT- c-Myc 328 bp GCGTCCTGGGAAGGGAGATCCGGAGC/
PCR) TTGAGGGGCATCGTCGCGGGAGGCTG
House-keeping (RT-PCR) GAPDH 572 bp TCACCATCTTCCAGGAGCG/CTGCTTCACCACCTTCTTGA

(STEMCELL Technologies™) was carried out according to the provided
technical manual. In brief, CD34+ hematopoietic stem and progenitor
cells were isolated from PBMCs and were expanded for 7 days. On day 8,
Epi5™ reprogramming vectors (ThermoFisher Scientific) were intro-
duced into the CD34+ cells via electroporation using the P3 Primary Cell
4D-Nucleofector™ X Kit L (Lonza). The transfected cells were seeded on
a Matrigel®-coated (Corning®) cell culture plate and maintained for 2
days in CD34+ expansion medium. Then, the medium was changed to
ReproTeSR™ (STEMCELL Technologies™) medium until first iPSC col-
onies appeared. Single colonies were manually transferred to Matrigel®-
coated wells and expaneded in mTeSR™ Plus medium. The iPSCs were
passaged with Gentle Cell Dissociation Medium (STEMCELL Technolo-
gies™) and cryopreserved with CryoStor® CS10 (STEMCELL Technol-
ogies) in liquid nitrogen. Cells were kept at 37 °C, 5 % CO3, 20 % Oa.

3.2. Test for potential mycoplasma contamination

To monitor potential mycoplasma contaminations, 100 pL cell cul-
ture supernatant at were collected from each iPSC clone at passage 3 and
investigated via PCR by using the Venor®GeM Classic Kit (Minerva
Biolabs®) according to the manufacturer’s instructions.

3.3. Immunofluorescence staining

iPSCs at passage 6 were washed with PBS prior to fixation with 4 %
PFA in 1xPBS for 15 min at room temperature (RT). The fixation solution
was removed and cells were washed 3 times with 1xPBS. Next, cells were
incubated in blocking and permeabilization buffer composed of 2 % goat
serum and 0.1 % Triton X-100 (Carl Roth®) in 1x PBS for 2h at RT. Inan
overnight step at 4 °C, the cells were decorated with primary antibodies
in blocking and permeabilization solution. On the next day, iPSCs were
washed 3 times with 1xPBS and incubated with the secondary antibody
solution composed of secondary antibody, DAPI (nuclear stain) and
Phalloidin (F-actin stain) in blocking and permeabilization buffer for 45
min at RT. The images were taken with a Zeiss Spinning Disc Confocal
Microscope.

3.4. Flow cytometry

The iPSCs at passage 3-6 were dissociated with Accutase™ (STEM-
CELL Techologies™) and washed with staining buffer (10 % FCS in
1xPBS). The single-cell suspension was stained with conjugated anti-
bodies for 30 min at 4 °C in the dark. Data acquisition was performed
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with the FACSFortessa platform (BD Biosciences) and the collected data
were analysed with the FlowJo V10 software (FlowJo, LCC).

3.5. Directed differentiation into the three germ layers

To test iPSCs for their potential to differentiate into all three germ
layers, the STEMdiff™ Trilineage Differentiation Assay Kit (STEMCELL
Techonologies™) was used according to the provided technical manual.
Prior to iPSC-differentiation, iPSCs were cultured in mTeSR1™ medium
(STEMCELL Technologies™). iPSCs were dissociated with Accutase™
(STEMCELL Techonologies™) and single cells were seeded on Matri-
gel®-coated cell culture plates in defined cell numbers. The cells were
maintained in endodermal and mesodermal induction medium for 5
days and in ectodermal induction medium for 7 days. Medium exchange
was performed daily.

3.6. RT-PCr

RT-PCR from RNA for quantitative expression analysis was per-
formed at passage 3-13. Total RNA from 2 x 10° cells was isolated using
the RNeasy Mini Kit (Qiagen). DNA was degraded for 30 min at 37 °C
with the RQ1 Kit (Promega). cDNA synthesis was performed with MuLV
reverse transcriptase (New England Biolabs) for 60 min at 42 °C. The
PCR products were visualized on a 2 % agarose gel (Table 2).

3.7. Genomic stability

Genomic integrity at passages 10-14 was confirmed via array CGH at
the Clinical Genetics, Olgahospital, Stuttgart, Germany.

3.8. STR-analysis

STR-analysis was carried out at the Institute of Pathology at the
Katharinenhospital Stuttgart, Germany.
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2. Resource utility

A major hallmark of hiPSCs is their differentiation potential into
manifold cell types and tissues. Thus, hiPSCs hold great promise as in-
vitro model for disease modelling. Here, we present the generation of
a hiPSC line from a healthy donor, which functions as a control in future
investigations of disease modeling in tumor biology.

3. Resource details

The successful reversion of terminally differentiated cells back into a
pluripotent state was a profound scientific milestone of the recent years.
Since then, robust and efficient protocols have been established
describing the reprogramming of human somatic cells into hiPSCs by the
ectopic and transient expression of defined reprogramming factors
(Takahashi et al., 2007). The most frequently utilized source material for
reprogramming experiments are dermal fibroblasts due to their un-
complicated cultivation, expansion and cryopreservation characteristics
in respect of viability and nutrient conditions (Takahashi et al., 2007; Yu
et al., 2007). However, skin biopsies remain invasive surgical in-
terventions and the subsequent isolation of fibroblasts is relatively
labor-intense. Plus, skin fibroblasts suffer from exposure to environ-
mental risk factors such as ultraviolet radiation leading to the accumu-
lation of point mutations. Value can be found in alternative, more
accessible cell sources less prone to genetic alterations such as blood-
derived CD34" hematopoietic stem and progenitor cells (Zhang,
2013). These cells are constantly replenished in the bone marrow,
maintain genomic integrity, lack V(D)J recombination and can be ob-
tained by blood sampling, i.e. via a minimal invasive procedure.(Mack
et al.,, 2011; Chou et al., 2011) In this study, we isolated CD34" cells
from peripheral blood mononuclear cells (PBMCs) of a healthy male
individual. The cells were expanded prior to electroporation with five
non-integrative episomal plasmids overexpressing OCT4, SOX2, KLF4,
L-Myc, LIN28, mp53DD and EBNAL1. After 21 days in culture, first hiPSC-
like colonies were manually picked and expanded in mTesR + medium
on matrigel-coated cell culture plates. Medium exchange was performed
on a daily base. The cells were passaged by detachment using gentle cell
dissociation reagent (GCDR). The hiPSC colonies exhibited a typical
hiPSC-like morphology with tightly packed colonies and prominent
nuclei (Fig. 1A). After a few passages, a comprehensive characterization
of the hiPSC line was performed. First, absence of mycoplasma
contamination was proven by PCR at passage 3 (Supplementary
Fig. 1A). Secondly, we observed the consistent expression of the plu-
ripotency markers OCT4, SOX2, TRA-1-81 and Nanog via immunoflu-
orescence staining (Fig. 1C) and flow cytometry (Fig. 1B), respectively,
at passage 5. Thirdly, at passage 18, array CGH analysis confirmed the
integrity of the genome without aberrations (Fig. 1E). Alterations in
chromosome structure, mosaicism, polyploidy and translocations or
inversions cannot be detected by array CGH. Fourthly, short tandem
repeat (STR) analysis identified a 100% allele match between hiPSCs
and parental PBMCs. Fifthly, reverse transcriptase polymerase chain
reaction (RT-PCR) was performed at passage 4 to examine the endoge-
nous expression of pluripotency factors. The housekeeping gene GAPDH
served as PCR control. Exogenously introduced genes were silenced
shown by the absence of EBNA1 expression. Reprogramming vectors
were used as positive control (Fig. 1D). Finally, the differentiation po-
tential of NMIi010-A into all three germ layers was confirmed by
immunofluorescence staining. Endodermal differentiation was proven
by SOX17 and FOXA2 expression after five-day incubation with endo-
dermal medium. Brachyury and NCAM expression indicated a successful
mesodermal differentiation after a cultivation duration of five days with
mesodermal medium while ectodermal differentiation was shown by
PAX6 and Nestin expression after seven days in ectodermal differenti-
ation medium (Fig. 1F). Taken together, following successful reprog-
ramming of CD34 " cells from a healthy individual into hiPSCs, this cell
line represents a valid healthy control in upcoming studies in our lab

Stem Cell Research 54 (2021) 102427

Table 1
Characterization and validation.
Classification Test Result Data
Morphology Photography Normal iPSC Fig. 1A
morphology
Phenotype Qualitative Positive Fig. 1C
analysis immunofluorescence
staining of the
pluripotency markers:
0OCT4, SOX2, TRA-1-81
and Nanog.
Quantitative Percentage of TRA-1-60 Fig. 1B
analysis (Flow positive cells: 98.3%.
Cytometry) Percentage of SSEA-4
positive cells: 99.1%
Genotype Array 46XY, Resolution: 5-10 Fig. 1E
comparative Mb
genomic
hybridization
(array CGH)
Identity DNA profiling
performed
STR analysis 17 sites tested, 100% submitted in
match archive with
journal
Mutation Sequencing n/a n/a
analysis Southern Blot n/a n/a
OR WGS
Microbiology Mycoplasma Negative mycoplasma Supplementary
and virology testing confirmed by Fig. 1A
PCR.
Differentiation Directed Differentiation into all Fig. 1F
potential differentiation three germlayers shown
by immunofluorescence
staining.
Endoderm: FOXA,
SOX17. Mesoderm:
Brachyury, NCAM.
Ectoderm: PAX6,
Nestin.
Donor HIV1 + 2, n/a n/a
screening Hepatitis B,
Hepatitis C
Genotype Blood group n/a n/a
additional genotyping
info HLA tissue n/a n/a
typing

focused on disease modelling in tumor biology.
4. Materials and methods

4.1. Reprogramming of CD34" hematopoietic stem and progenitor cells
into hiPSCs

PBMCs were isolated from 50 mL donor blood using SepMate isola-
tion tubes (STEMCELL Technologies). Next, CD34™" cells were obtained
by positive selection with the CD34 MicroBead Kit (Miltenyi Biotec). The
cells were cultivated and expanded for 7 days in StemPro 34 SFM me-
dium (ThermoFisher Scientific) supplemented with GlutaMAX-I (Ther-
moFisher Scientific), 100 ng/mL recombinant human SCF, 50 ng/mL
recombinant human IL-3 and 25 ng/mL recombinant human GM-CSF
(all from PeproTech). 1 x 10° expanded CD34" cells were electro-
porated with Epi5 Episomal reprogramming vectors (ThermoFisher
Scientific) using the P2 Primary Cell Kit (Lonza) with the Nucleofector
4D system (Lonza). The electroporation settings indicated for human
CD34" cells was chosen. Transfected cells were cultured on matrigel
(1:50; Corning) and incubated overnight at 37 °C in complete StemPro
34 SFM medium. On the next day, N2B27 medium was prepared ac-
cording to the Epi5 Episomal iPSC reprogramming Kit user manual and
added to the cells. Medium was replenished daily until day 9 post-
electroporation. Cells were further cultivated in mTeSR + medium
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Table 2
Reagents details.

Stem Cell Research 54 (2021) 102427

Antibodies used for immunocytochemistry/flow-cytometry

Antibody Dilution Company Cat # RRID
Pluripotency and Cell Surface Alexa Fluor(R) 488 anti-human SSEA-4 antibody 1:30 BioLegend Cat# 330,411 RRID:
Markers AB_1089199
Alexa Fluor(R) 647 anti-human TRA-1-60-R antibody 1:30 BioLegend Cat# 330,605 RRID:
AB_1227813
0OCT4 Antibody 1:200 Cell Signaling Technology Cat# 2750 RRID:AB_823583
Nanog (D73G4) XP Rabbit Antibody 1:200 Cell Signaling Technology Cat# 4903 RRID:
AB_10559205
Mouse Anti-Human TRA-1-81 Monoclonal Antibody, 1:1000 Cell Signaling Technology Cat# 4745 RRID:
Unconjugated, Clone TRA-1-81 AB_2119060
SSEA-4 (MC813) Mouse Antibody 1:500 Cell Signaling Technology Cat# 4755 RRID:AB_126425
SOX2 (D6D9) XP Rabbit mAb antibody 1:400 Cell Signaling Technology Cat# 3579 RRID:
AB_2195767
Differentiation markers Anti-Human CD56 (NCAM) Antibody 1:100 Stemcell Technologies Cat#60021 RRID:
AB_2891082
Rabbit anti-SOX17 1:1000 Cell Signaling Technology Cat# 81778, RRID:
AB_2650582
FOXA2 antibody [EPR4466] 1:250 Abcam Cat# ab108422 RRID:
AB_11157157
anti-human Brachyury/bry 1:1000 Abcam Cat# ab209665 RRID:
AB_2750925
Nuclear Marker NucBlue™ Fixed Cell ReadyProbes™ Reagent (DAPI) 1drop in 500  Invitrogen Cat#R37606 RRID:
uL AB_2891083
Actin Markers Phalloidin CruzFluor 488 Conjugated antibody 1:2000 Santa Cruz Biotechnology Cat# sc- RRID:
363791 AB_2631056
Secondary antibodies Cy5-AffiniPure Goat Anti-Rabbit IgG 1:1000 Jackson ImmunoResearch Labs Cat# RRID:
111-175-144 AB_2338013
Cy5-AffiniPure Goat Anti-Mouse IgG 1:1000 Jackson ImmunoResearch Labs Cat# RRID:
115-175-146 AB_2338713

Primers

Target
Episomal Plasmids (RT-PCR) EBNA1
Pluripotency Marker (RT-PCR) OCT4
Pluripotency Marker (RT-PCR) NANOG
Pluripotency Marker (RT-PCR) ~ SOX2
Pluripotency Marker (RT-PCR) ~ DNMT3p
Pluripotency Marker (RT-PCR)  c-Myc
House-Keeping Gene (RT-PCR) GAPDH

Size of band Forward/Reverse primer (5'-3')

666 bp ATCGTCAAAGCTGCACACAG/CCCAGGAGTCCCAGTCA

144 bp GACAGGGGGAGGGGAGGAGCTAGG/
CTTCCCTCCAACCAGTTGCCCCAAAC

391 bp CAGCCCCGATTCTTCCACCAGTCCC/
CGGAAGATTCCCAGTCGGGTTCACC

151 bp GGGAAATGGGAGGGGTGCAAAAGAGG/
TTGCGTGAGTGTGGATGGGATTGGTG

242 bp TGCTGCTCACAGGGCCCGATACTTC/
TCCTTTCGAGCTCAGTGCACCACAAAAC

328 bp GCGTCCTGGGAAGGGAGATCCGGAGC/
TTGAGGGGCATCGTCGCGGGAGGCTG

572 bp TCACCATCTTCCAGGAGCG/CTGCTTCACCACCTTCTTGA

(STEMCELL Technologies). Upon appearance of hiPSC-like colonies, the
cells were manually picked and expanded in mTeSR + medium. Cells
were passaged by using GCDR (STEMCELL Technologies) every 4-6 days
and kept at 37 °C, 5%CO2, 20% O,. Characterization is summarized in
Fig. 1 and Table 1.

4.2. Chromosomal integrity

2 x 10° hiPSCs at passage 18 were examined for single nucleotide
polymorphism and chromosomal copy number variants by array CGH at
the Institute of Clincal Genetics at the Olgahospital Stuttgart, Germany.

4.3. Immunocytochemistry

HiPSCs were fixed in 4% paraformaldehyde (Sigma-Aldrich) for 15
min at room temperature (RT) and washed prior to blocking and per-
meabilization with 0.1% Triton X-100 and 2% BSA in 1X PBS for 2 h at
RT. Primary antibodies were incubated overnight at 4 °C (Table 2).
Secondary antibodies and Phalloidin were applied for 45 min at RT
(Table 2).

4.4. Flow cytometry

HiPSCs were dissociated using Accutase (STEMCELL Technologies)

and stained for 30 min at 4 °C with conjugated antibodies (Table 2).
Data were acquired at the FACSFortessa platform (BD Biosciences) and
analyzed using FlowJo V10 software (FlowJo, LCC).

4.5. RT-Pcr

Total RNA of 2 x 10° cells was extracted using RNeasy Mini Kit
(Qiagen). DNA was degraded at 37 °C for 30 min (RQ1 Kit, Promega).
Complementary DNA synthesis was performed at 42 °C for 60 min using
MuLV reverse transcriptase (New England Biolabs). RT-PCR products
were separated on a 2% agarose gel (Table 2).

4.6. STR analysis

Genomic DNA was isolated from PBMCs and hiPSCs (DNeasy Blood
& Tissue Kit, Qiagen). STR analysis was performed by the Institute of
Pathology at the Katharinenhospital Stuttgart, Germany.

4.7. Trilineage differentiation potential

Differentiation of iPSCs into endoderm, mesoderm and ectoderm was
carried out according to the STEMdiff™ Trilineage Differentiation Kit
protocol (STEMCELL Technologies). Cells were analyzed by immuno-
fluorescence staining of lineage specific markers (Table 2).
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4.8. Mycoplasma test

100 pL of cell culture supernatant were collected and analyzed for
potential mycoplasma contamination by PCR. Mycoplasma test was
performed using the Venor®GeM Classic Kit (Minerva Biolabs) accord-
ing to the manufacturer’s instruction.
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1. Abstract

Background

The tumor-adjacent mammary epithelium can play a pivotal role in tumor growth and progression.
We investigated the invasive behavior of patient-derived microtumors and breast cancer cell line-
derived spheroids in co-culture with induced pluripotent stem cell-derived mammary-like
organoids in an autologous and allogenic manner. This co-culture systems enables a better
understanding of the tumor-promoting function of the tumor-adjacent mammary epithelium in

different types of breast cancers.

Methods

Using three-dimensional co-culture settings of induced pluripotent stem cell-derived mammary-
like organoids and patient-derived microtumors or cancer cell line-derived spheroids, we
investigated tumor growth and invasiveness of the cancers by using imaging-based analysis.
Levels of Fibronectin and Metalloproteinase-2 in co-cultures and respective mono-cultures were

measured using multiplexed Luminex assay.

Results

We observed significant increases in growth and invasiveness of invasive ductal carcinoma of no
special type patient-derived microtumors in co-culture with induced pluripotent stem cell-derived
mammary-like organoids. We identified upregulations of the prognostic markers Fibronectin and
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Metalloproteinase-2 in all co-cultures compared to respective mono-cultures of mammary-like

organoids, patient-derived microtumors and cell line-derived spheroids.

Conclusions

These findings indicate a tumor-promoting role of the tumor-adjacent mammary epithelium
probably dependent on the tumor composition and tumor stage. Our results highlight the
importance of breast tumor models that closely resemble the heterogenous composition of primary

breast tumors.

2. Keywords

Breast cancer, patient-derived microtumors, induced pluripotent stem cells, epithelium, mammary-

like organoids, co-culture, extracellular matrix, Metalloproteinase-2, Fibronectin

3. Background

Despite decades of intensive laboratory and clinical research in the field of tumorbiology, the
mortality rate among women worldwide associated with breast cancer remains alarmingly high [1].
Although early detection correlates with a promising clinical outcome, the 5-year survival rate of
metastasized breast cancer declines to only 26% [2]. One major hurdle in finding suitable
treatment options is breast cancers’ exceptionally high inter- and intratumoral heterogeneity [3].
Not only variations in cell-intrinsic hallmarks such as the (epi-) genetic profile, the transcriptome
and proteome, cancer stemness or proliferation capacities but also the highly dynamic tumor
microenvironment (TME) define breast cancer as a spectrum of pathogenic entities that differ in
receptor stages and histological properties [3]. Furthermore, the TME is not just a silent bystander
but plays an active role in tumor progression. It consists of tissue resident and recruited cells such
as immune cells, blood vessels, fibroblasts as well as the extracellular matrix (ECM) and
reciprocally exchanges secreted vesicles and soluble factors with the malignant cells [4, 5].
Cancer cells need a constant adaptation to the stochastic and dynamic alterations of its near
surrounding and progressively remodel the TME in their own favor. The ECM plays a key role in
this process. It represents a pleiotropic scaffold of manifold proteins and serves as an orchestrated
regulator of tissue integrity and homeostasis [6]. Once hijacked by the neoplastic cells, the
balanced processes of ECM synthesis and degradation can be unhinged. Matrix
metalloproteinases (MMPs) can degrade ECM components such as collagen, proteoglycans,
fibronectin (FN) or laminin which, in turn, releases growth factors and cytokines bound within the
matrix [7]. These events, eventually, push cancer cells towards proliferation and invasion [8, 9].

Another fuel that drives cancer growth are tumor-neighboring cells. During oncogenic
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transformation, tumor-adjacent mammary epithelial cells stand in direct contact to the cancer cells
and are known to exert an ambivalent role in tumorigenesis: In early disease stages, they might
have a tumor suppressive function but during cancer progression, they might take over a tumor-
promoting role and reinforce tumorigenicity and invasion [10, 11]. Previous investigators
highlighted the important role of the mammary epithelium in tumorigenesis, but most of the
previous work was performed with immortalized cell lines or in two-dimensional culture setups,
which does not recapitulate tissue architecture and complexity [12-14]. In the present study, we
introduce a three-dimensional (3D) co-culture system of patient-derived breast microtumors or cell
line-derived spheroids (hereafter summarized as “breast cancer spheres”) and mammary-like
organoids (MLOs), which allows to investigate the influence of the mammary epithelium on tumor
growth, invasion, and metastasis-related processes in an autologous and allogenic manner. We
recently generated induced pluripotent stem cells (iPSCs) from peripheral blood of two breast
cancer patients (BCP) diagnosed with invasive lobular carcinomas [15, 16]. Here, we differentiated
those iPSCs into functional MLOs expressing luminal and basal markers of the mammary
epithelium. Additonally, we describe the isolation of breast cancer patient-derived microtumors
(PDMs) — small tumor fragments isolated from residual fresh primary breast tumor tissue that
reflect the heterogeneous nature of tumors [17-20]. The co-culture of breast cancer spheres and
MLOs led to a significant upregulation of two crucial prognostic markers, FN and
Metalloproteinase-2 (MMP2), known to be associated with invasive and metastatic tumor
phenotypes and a poor prognosis for breast cancer patients [21, 22]. Furthermore, we observed
a significant increase in tumor growth and invasion of invasive ductal carcinoma of the no special
type (IDC-NST) upon co-culture with MLOs. Our data emphasize the potential importance of the
tumor-adjacent mammary epithelium on tumor growth, invasion and processes associated with

metastatic progression.

4. Material and Methods

4.1 Human specimen

In the scope of the publicly funded PRIMO (personalized medicine for tailored cancer therapies)
project, residual primary breast tumor tissue specimens were obtained post-operatively and after
completion of histopathological examination from the Department for Women’s Health at the
University Hospital, Tuebingen. The research project was approved by the ethics committee of
the medical faculty of the University Hospital Tuebingen, Germany (project number 788/2018B02

and 888/2019B02). Written informed consent was obtained from all participants prior to surgery.
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4.2 Isolation and cultivation of PDMs

Isolation and cultivation of PDMs was performed as previously described [17-20]. In brief, primary
tumor tissue (PTT) was mechanically dissected with a scalpel and a forceps into 1-2 mm
fragments. Then, the tumor tissue was digested overnight at 37°C with a Liberase™ DH (Roche,
Switzerland) enzyme mixture while shaking at 100 rpm. The residual tissue contained the
microtumors. The PDMS were cultured for up to 3 weeks or cryopreserved in CryoStor® CS10
(STEMCELL Technologies, Canada) in liquid nitrogen for long-term storage.

4.3 Live and dead staining

To assess cell viability, samples were incubated for 30 — 60 min at 37°C with live-dead-staining
solution. Appropriate cell cultivation medium was supplemented with 2 uM Calcein-AM™ live cell
stain (Invitrogen™) and 5 yM SYTOX™ Orange Nucleic Acid Stain for dead cells (Invitrogen™).
1 pg/mL Hoechst 33258 (Invitrogen™, Thermo Fisher Scientific) was added to visualize Nuclei.
Fluorescence images were taken with a spinning disc confocal Cell Observer Z1 microscope (Carl
Zeiss GmBH) using FITC, TRITC and DAPI filter channels. 3D projections of confocal z-stacks
were generated using the ZEN software version 2.6 (Zeiss). Viability analysis was performed with
the Microscopy Image Analysis Software Imaris 9.0 (Oxford Instruments). 3D masks for the TRITC
and DAPI channels were created, thresholds were adjusted, and the intensity sum for each
channel was measured. The percentages of viable and dead cells were calculated form the total

cell count.

4.4 Whole mount immunofluorescence (IF) staining

The samples were fixed in 4% PFA (Carl Roth, Germany) for 30 minutes at ambient temperature
and subsequently washed 3 times with 1xDPBS (Gibco™, Thermo Fisher Scientific). The cells
were permeabilized and blocked with blocking solution consisting of 5% goat serum (MP
Biomedicals, USA) or donkey serum (Merck, Germany) and 0.1% Triton™ X-100 (Carl Roth,
Germany) in 1xDPBS overnight at 4°C. Primary antibodies were diluted in fresh blocking solution
and incubated with the samples at 4°C overnight while gentle shaking. Used primary antibodies:
CK18 (abcam, UK; #ab133263), CK14 (abcam; #ab7800), CK8 (abcam; #ab53280), B-casein
(abcam; #ab47972), p63 (abcam; #ab124762), EpCAM (Life Technologies, #14-9326-82), Ki67
(Cell Signaling Technology, USA; #9449) and AP2y (abcam; # ab218107). Secondary antibodies,
Hoechst 33258 (Invitrogen™, Thermo Fisher Scientific) and Phalloidin-tetramethylrhodamine
conjugate (Santa Cruz Biotechnology, USA) were diluted in fresh blocking solution and incubated
with the samples at 4°C overnight. Used secondary antibodies: anti-rabbit Cy5 (Jackson
ImmunoResearch, USA; #111-175-144), anti-mouse Cy5 (Jackson ImmunoResearch; #115-175-

4



130
131
132

133

134
135
136
137
138
139
140
141
142
143
144

145

146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

146), anti-rabbit 488 (abcam; #ab150073). Confocal fluorescence images were acquired using a
spinning disc microscope (Cell Observer SD, Carl Zeiss GmBH, Germany). Brightfield images
were recorded with an AxioVert A1 microscope (Carl Zeiss GmBH).

4.5 Histology

The samples were fixed with 4% ROTI® Histofix (Carl Roth, Germany) for 1 h, washed with
1xPDBS and dehydrated in ethanol series (2 x 15 min in 50% ethanol, 2 x 15 min in 70% ethanol).
All steps were performed at ambient temperature. The samples were embedded in Epredia™
Richard-Allan Scientific™ HistoGel™ (Fisher Scientific, USA). Paraffin infiltration was performed
with a HistoCore PEARL (Leica Biosystems, Germany) tissue processor overnight. The processed
tissue was sliced into 3 pym sections using a semi-automated microtome (Leica). The sections
were baked in a 55°C heat cabinet for 60 min and subsequently dehydrated in descending alcohol
series. Hematoxylin-eosin (H&E) staining was included to identify nucleic and cytoplasmic regions.
Immunohistochemistry (IHC) was performed with an Autostainer Link 48 (Agilent, USA). Finally,
the sections were mounted with CV Mount (Leica Biosystems) mounting medium. Slide images
were taken with a ZEISS Axioscan 7 microscope slide scanner (Carl Zeiss GmBH).

4.6 iPSC culture

CD34+ hematopoietic stem and progenitor cells were isolated from peripheral blood mononuclear
cells (PBMCs) from two patients diagnosed with an invasive lobular carcinoma and reprogrammed
into iPSCs with non-integrative episomal vectors (Thermo Fisher Scientific, USA). The iPSCs were
characterized comprehensively as recently described [15, 16]. For the co-culture with BCP 1
PDMs, BCP 3 PDMs and MDA-MB-231 spheroids, MLOs derived from the cell line NMIi011-A
were used (here referred to as “MLO 1”) [16]. NMIi012-B derived MLOs (here named “MLO 2”)
were used for the co-culture with BCP 2 PDMs and MCF-7 spheroids [15]. Notably, NMIi012-B
iPSCs were generated from PBMCs of BCP 2. Therefore, the co-cultures of MLO 2 and BCP 2
were autologous, while the other co-cultures were allogenic. For iPSC maintenance, cells were
feeder-independently cultured on 6-well cell culture plates coated with hESC-qualified Matrigel®
(Corning, USA) in chemically defined mTeSR™ Plus (STEMCELL Technologies, Canada). The
enzyme-free Gentle Cell Dissociation Reagent (STEMCELL Technologies) was used for
passaging. For long time storage, iPSCs were resuspended in CryoStor® CS10 (STEMCELL
Technologies) and kept at -150°C. The herein used iPSCs were obtained from BCP 4 (PDMs not
included in this study) as well as from BCP 2 (PDMs included in this study).
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4.7 MLO differentiation

Differentiation into MLOs was performed as described before [23, 24] with the following adaptions.
iPSC maintenance medium was switched to mTeSR™ 1 medium (STEMCELL Techologies) 2 —
3 days prior to differentiation start. iPSCs were lifted by Accuatse™ (STEMCELL Technologies),
resuspended in MammoCult™ human medium (STEMCELL Technologies), supplemented with 4
pg/mL  heparin  (STEMCELL Technologies), 0.48 pug/mL hydrocortisone (STEMCELL
Technologies) and 10 uM Y-27632 (STEMCELL Technologies). The cells were plated onto an
AggreWell™800 plate (STEMCELL Technologies) with 900,000 cells per microwell and
centrifuged for 3 min at 100 g. On the next day, medium exchange with complete MammoCult™
human medium was performed. From now on, the medium was changed every second day until
day 10. For the generation of control embryoid bodies (EB), iPSC spheroids were maintained in
mTeSR™ 1 for 10 days. Mammary embryoid bodies (mEBs) were embedded into a mixed
Matrigel® (2.5 mg/mL) / Collagen | (1 mg/mL) (Sigma-Aldrich, USA) gel on cold Organoid
Embedding Sheets (STEMCELL Technologies). After solidification at 37°C, 5% CO2 and 20% O2
for 30 min, gel-droplets were rinsed off the Organoid Embedding Sheets and cultured in complete
EpiCult™-B human medium (STEMCELL Technologies) supplemented with 100 ng/mL
parathyroid hormone-related protein (PTHrP) (PeproTech, USA) for 5 days. Medium exchange
was performed after 3 days. At day 5, medium was changed to branch and alveolar induction
medium composed of complete EpiCult™-B human medium supplemented with 1 pg/mL
hydrocortisone, 10 pg/mL insulin (Sigma-Aldrich), 50 ng/mL HGF (PeproTech) and 50 ng/mL FGF-
10 (PeproTech) for 20 days. To induce milk protein expression, the medium was replaced with
prolactogenic medium consisting of 10 ug/mL prolactin (PeproTech), 1 ug/mL hydrocortisone, 10
pg/mL insulin and 10% FCS (Gibco™, Thermo Fisher Scientific) in complete EpiCult™-B human

medium until day 40.

4.8 Cancer-spheroid generation

MDA-MB-231 (ATCC, USA) and MCF-7 (ATCC) cells were maintained in DMEM/F-12 medium
(Gibco™, Thermo Fisher Scientific) supplemented with 10% FBS (Gibco™, Thermo Fisher
Scientific), 1% Penicillin-Streptomycin (Gibco™, Thermo Fisher Scientific) and 1x L-Glutamine
(Gibco™, Thermo Fisher Scientific). For spheroid generation, cells were detached with Trypsin-
EDTA (0.25%) (Gibco™, Thermo Fisher Scientific) and counted. 500 cells per well were plated on
a U-bottom 96 well plate pre-coated with Anti-Adherence Rinsing Solution (STEMCELL
Technologies). The plate was spun for 3 min at 100 g and incubated at 37°C, 5% CO2 overnight.

After 3 days, spheroids were used for further investigations.
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4.9 Culturing of PDMs / spheroids in ECM droplets

For the co-culture of PDMs / cancer cell line-derived spheroids and MLOs, one single mEB (day-
10) and one single PDM or spheroid were injected together at the center of a liquid 25uL Matrigel®
(2.5 mg/mL) - collagen | (1 mg/mL) droplet on cold Organoid Embedding Sheets using a 10 uL
pipette. The gel droplets were solidified at 37°C, 5% CO2 and 20% O2 for 30 min and
subsequently incubated in complete EpiCult™-B human medium supplemented with 100 ng/mL
PTHrP for the first 5 days. Then, the medium was switched to EpiCult™-B human medium
supplemented with 1 pg/mL hydrocortisone, 10 pg/mL insulin, 50 ng/mL HGF and 50 ng/mL

FGF10 for another 5 days as described before (“Mammary-like organoid differentiation”).

4.10 Co-culture set-up

Organoid embedding sheets were placed on ice and 25 pL of the liquid Matrigel® (2.5 mg/mL) /
Collagen | (1 mg/mL) mixture was added to each mold. One single mEB and one single PDM or
cancer cell line spheroid were gently placed in close proximity to each other at the center of each
liquid droplet using a 10 pL pipette. The Organoid Embedding Sheets were placed at 37°C, 5%
CO2 and 20% O2 for 30 min until solidification. The droplets were rinsed off and further cultured
in complete EpiCult™-B human medium supplemented with 100 ng/mL PTHrP for 5 days and
subsequently in EpiCult™-B human medium supplemented with 1 pg/mL hydrocortisone, 10
pg/mL insulin, 50 ng/mL HGF and 50 ng/mL FGF10 for another 5 days as described before
(“Mammary-like organoid differentiation”).

4.11 Luminex assay

Levels of FN and MMP2 were determined as part of a custom-made 13-plex multiplexed Luminex
assay (order number LXSAHM-13, R&D Systems, Minneapolis, MN, USA). Samples were diluted
1:2 for analysis and were processed according to the kit manufacturer's instructions. All
measurements were done in singlets. The instrument settings specified in the kit instructions were
used for the analyses, and the analysis was performed on a FlexMap® 3D analysis system
(Luminex, Austin, TX, USA, operated under Luminex xPONENT® software version 4.2,). The data
was exported and the concentrations of the samples were back-calculated with the Bio-Plex®
Manager data analysis software (Version 6.2, Biorad, Hercules, CA, USA). FN and MMP2 values
were normalized to the blanks, which consisted only of medium and Matrigel®-collagen gel without
cells.
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4.12 Statistical Analysis

Statistical analysis was performed with the scientific 2D graphing and statistics software GraphPad
Prism version 9.3.1. Unless stated otherwise, 2way ANOVA using Tukey’s multiple comparison
test with **** p<0.0001, *** p<0.001, ** p<0.01 * p<0.05 was used for all statistical analyses.

4.13 Invasion assay

To investigate the degree of invasiveness, brightfield images of the different tumor types were
examined using the image-processing program ImagedJ. The maximum value of 1 represents an
ideal circle, while the minimum value of 0 describes that the object under investigation is not
circular at all. The reciprocal value (1/Circularity) was then formed from the measured circularity

values, which indicates the degree of invasiveness.
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5. Results

5.1 iPSC-derived mammary-like organoids harbor characteristics of the human
mammary gland
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Figure 1: iPSC-derived MLOs share common characteristics with the human mammary gland. A) Schematic
overview of the iPSC-derived differentiation into MLOs based on previously described protocols [23, 24]. For a period
of 10 days, solid iPSC spheres are cultured in low-attachment plates in either complete MammoCult™ human medium
for the differentiation into mEBs of the non-neural ectodermal lineage or in mTeSR™ iPSC maintenance medium for
the generation of control EBs. mEBs and EBs were further cultured in a Matrigel®-collagen matrix droplet in differently
supplemented media until day 35. At day 35, MLOs were incubated in prolactogenic medium for 5 days to induce milk
protein expression. Created with BioRender. B) AP2y (n=10), CK18 (n=10) and Sox2 (n=4, MammoCult™ and n=3,
mTeSR1™) expression of day-10 mEBs and EBs. **** p<0.0001, *** p<0.001, ** p<0.01 * p<0.05, One-way ANOVA
using Tukey’s multiple comparison test. C) Whole mount IF staining of day-20 MLOs indicate the expression of CK8,
p63, EpCAM, CK14 and CK18. At day 35, MLOs were incubated in prolactogenic medium resulting in the expression of
the milk protein B-casein in gland-like structures. D) Formation of acinar structures with hollow lumen (yellow arrow)
during differentiation into MLOs. E) Viability assay for day-10 mEBs (n=10) and day-35 MLOs (n=3) via parallel staining
of Calcein-AM™, SYTOX™ Orange and Hoechst. Data were acquired with the microscopy analysis software Imaris 9.0
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based on 2D projections of confocal images (representative image of day-35 MLO: lower panel). Error bars: standard
deviation (SD).

iPSC-derived organoids represent 3D, self-organizing cellular assemblies, which recapitulate
organ-like features and thus, find application in disease modeling and precision oncology [25]. For
the generation of a co-culture platform consisting of tumor-adjacent mammary gland tissue and
breast cancer spheres in an autologous and allogenic manner, we first aimed at differentiating
iPSC into MLOs expressing luminal and basal markers of the mammary epithelium. Our
differentiation protocol comprises two steps and is based on previously described protocols [23,
24]. In a first step, solid iPSC spheres were directed into the non-neural ectodermal lineage for a
period of 10 days by the incubation in serum-free culture medium optimized for culturing human
breast tissue, as schematically illustrated in Figure 1A. The non-neural ectodermal iPSC spheres
are referred to as “mammary embryoid bodies” (mMEBs). As a control for the up- or downregulation
of differentiation- and pluripotency markers, we concomitantly kept iPSC spheres in regular stem
cell maintenance medium resulting in normal embryoid bodies (EBs). We examined the mEBs and
EBs for their expression of CK18 and AP2y, crucial markers associated with the mammary
epithelium and mammary gland differentiation, and of the pluripotency transcription factor Sox2.
In line with a successful differentiation, our data revealed a significant upregulation of AP2y and
CK18 in mEBs compared to EBs. Contrary, Sox2 expression was maintained in EBs but
downregulated in mEBs (Figure 1B). The second stage of the protocol comprises the generation
of a 3D floating system, consisting of day-10 mEBs that are cultured in the center of floating
Matrigel®-collagen droplets. The matrix approximately recapitulated the stiffness of a normal
mammary gland of about 170 Pa [23, 26]. Since our overall aim comprises the co-culture of MLOs
and PDMs or cancer cell line-derived spheroids, we intended to combine our breast cancer
spheres with mEBs at the beginning of stage 2 of the differentiation protocol and to monitor the
co-culture for 10 days. Therefore, we sought to ensure that day-20 MLOs express markers
associated with the mammary epithelium. Whole mount IF staining revealed that day-20 MLOs
were positive for the luminal epithelial markers CK8, CK18 and EpCAM and for the basal epithelial
markers CK14 and p63 (Figure 1C). As a proof for functionality, day-35 MLOs were incubated for
another 5 days in prolactogenic medium and stained positive for the expression of the milk protein
B-casein in gland-like structures (Figure 1C, lower panel). Furthermore, day-20 MLOs formed
acinar-like structures with hollow lumen (yellow arrow) as shown by parallel staining of F-actin and
Nuclei (Figure 1D). To confirm that our organoids are viable prior to embedding in Matrigel®-
collagen matrices and during the downstream differentiation, we performed a viability test of day-
10 mEBs and day-35 MLOs via parallel staining with Calcein-AM™ (viable cells), SYTOX™
Orange (dead cells) and Hoechst nucleic acid stain. Both the mEBs and the MLOs exhibited a

10



286 mean viability of at least 88% * 6.9 (Figure 1E). Representative 2D projections of confocal 3D
287 images illustrated the high overall viability of day-35 MLOs (Figure 1E, lower panel). Taken
288  together, we demonstrated the successful iPSC-derived differentiation into MLOs, which express
289  markers of the mammary epithelium and harbor phenotypical and functional properties of the

290  human mammary gland such as the formation of acinar structures or 3-casein expression.

291 5.2 Generation of viable, heterogenous patient-derived microtumors from
292 histologically different types of primary breast cancers
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294  Figure 2: Vital, heterogenous PDMs can be isolated from PPT. A) Schematic overview of the isolation of PDMs from
295 PTT (created with BioRender). Residual fresh tumor tissue was collected after completion of pathological examination
296 in culture medium at the day of surgery and processed at the same day. Tumor specimens were mechanically minced
297 into 1-2 mm tissue pieces and subsequently enzymatically digested overnight. PDMs were retained by the filtration of
298 the digested tissue through a 40 um mesh and maintained in suspension culture for a maximum of 3 weeks or
299 cryopreserved in liquid nitrogen until further use. B) Viability data were semi-quantitatively acquired with the microscopy
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image analysis software Imaris 9.0 based on confocal image stacks of the live-dead cell stained PDMs and cell line-
derived spheroids, respectively. Mean viability in percent: BCP 1 (n=11): 69%, BCP 2 (n=7): 67%, BCP 3 (n=20): 96%,
MCF-7 (n=10): 95%, MDA-MB-231 (n=7): 73%. C) Representative 2D projections of 3D confocal images of the breast
cancer PDMs and cell line-derived spheres. D) Percentages of DAB+ cells stained for collagen, Ki67 and CK18
expression based on IHC stainings. Statistics: **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05, One-way ANOVA using
Tukey’s multiple comparison test. Error bars: SD. E) Representative images of 3 um slices of the breast cancer PDMs
and cell line-derived spheres stained with H&E (upper panel). Lower panel: Representative images of the IHC DAB+
staining for collagen, Ki67 and CK18. Black arrows indicate non-cellular, stromal regions within the BCP 2 PDMs.

Breast cancer is a heterogenous malignant lesion of viable origin and can be classified according
to molecular and morphological features. To better understand breast cancer’s invasive properties
and interaction with the TME, it is crucial to use cancer models that reflect this diverse nature of
breast carcinomas. We previously introduced the isolation of ovarian and brain microtumors from
primary tumor tissue (PTT) and described the heterogenous nature of PDMs and their functionality
in compound testing [17-19]. Here, we transferred this knowledge to breast cancer lesions and
isolated breast microtumors from primary breast tumor tissue. To this end, residual tumor
specimen from n = 3 treatment-naive patients diagnosed with histologically different breast
cancers were obtained after completion of histopathological examination. Anonymized
clinicopathological data including histopathological and clinical staging of respective tumors are
summarized in Table 1. The PTT was mechanically dissected into 1 — 2 mm fragments and
enzymatically digested overnight (Figure 2A). The residual cell aggregates represented the
PDMs, which typically showed an average diameter of 120 pm. The total number of isolated PDMs
from individual tumor specimens ranged from 200 to 4500, depending on the size and biological
composition of the PTT. To compare cellular composition and viability of PDMs with widely used
breast cancer model systems we generated cancer spheroids from MCF-7 and MDA-MB-231 cell
lines. Image-based analysis revealed a mean PDM viability from 82% (range: 68 - 95%), which
resembled the mean viability of cell line-derived spheroids of 84% (range: 73% - 95%) (Figure
2B). Representative images of the life-dead cell staining indicated the high overall viability of
PDMs and cell line spheroids (Figure 2C). To determine the proliferation activity of PDMs and cell
line-derived spheroids in suspension culture, we stained the cancer models for Ki67, a commonly
used proliferation marker. For the PDM models studied, low levels of Ki67 expression were
observed (range: 0% - 3%), while the spheroids derived from the cancer cell lines showed a higher
mean proliferative activity of 11% in suspension culture (Figure 2D). Furthermore, we assessed
the expression of primary tumor tissue resident ECM components such as collagen in isolated
PDM models compared to spheroids derived from cell lines. Our data revealed a significant
difference of the collagen amount in BCP 1 and BCP 2 compared to BCP 3 confirming the
heterogenous inter- and intratumoral heterogeneity of individual breast tumors. In contrast to cell
line-derived spheroids, PDMs contained substantial amounts of extracellular matrix (ECM)

components (Figure 2D,E, black arrows). CK18 acts as a breast cancer prognostic marker due to
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its frequent downregulation during epithelial-mesenchymal-transition (EMT) [27]. We observed
that CK18 expression was significantly reduced in PDMs from BCP 1 compared to BCP2. As
expected, spheroids derived from highly metastatic MDA-MB-231 cells expressed significantly
lower levels of CK18 compared to spheroids derived from non-metastatic MCF-7 cells (Figure
2D,E) [27]. Representative images of immunohistochemistry (IHC) stainings reflected the
distribution of the investigated markers. Hematoxylin and eosin (H&E) staining indicated the
heterogenous cellular morphology and cell density of the different breast cancer spheres (Figure
2E).

Table 1: Overview of the anonymized patient cohort.

Patient  Age Histology ER PR HER2 T N M L V Pn Ki67
BCP 1 48 IDC-NST + + - 3 3a 0 1 0 0 21%
BCP 2 86 ILC + + - 3 1a 0o 0 O 1 10%
BCP 3 71 Mucinous + + - 2 0 0 0 O 0 5-10%

BCP 1 was diagnosed with an invasive ductal carcinoma of the no special type (IDC-NST), BCP 2 developed an invasive
lobular carcinoma (ILC) and BCP 3 was diagnosed with a mucinous ductal carcinoma. All tumors were primary tumors
and derived from treatment-naive patients. TNM-classification identifies the size of the tumor (T), regional lymph node
involvement (N) and the presence of distant metastases (M). T2: 2-5 cm; T3: > 5cm. NO: no regional lymph node spread.
N1: invasion to 1-3 lymph nodes. N3: invasion to 7+ lymph nodes. L, V, and Pn indicate the invasion to the lymphatic
pathways (L), venous (V) and perineural (Pn) invasion, respectively. Ki67 values indicate the respective cancer
proliferation rate.

13



354
355

356

357
358
359

Appendix E Publication 4

5.3 Invasive behavior of breast cancer PDMs in the presence of extracellular

matrix
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Figure 3: IDC-NST PDMs show invasive phenotypes in a 3D floating ECM system. A) Representative brightfield
images of breast cancer spheres maintained in suspension culture in the absence of ECM. PDMs and cancer cell line-
derived spheroids display a non-invasive phenotype in suspension culture, in the absence of ECM. BCP 1: n=7, BCP
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2: n=3, BCP 3, MCF-7 and MDA-MB-231: n=4. B) Image-based invasiveness analysis of PDMs and cell line spheroids
at day 0, day 3, day 7 and day 10 in the 3D floating ECM system with BCP 1: n=7, BCP 2: n=3, BCP 3: n=12, MCF-7:
n=4, MDA-MB-231: n=5. C) Representative brightfield images of the breast cancer spheres in ECM display the formation
of different phenotypes with the following classifications: acinar (yellow arrow), spindle-like (purple arrow), intermediate
and circular (blue arrow). F-actin staining of one exemplary BCP 1 PDM with the acinar phenotype and of one exemplary
BCP 3 PDM with the circular phenotype describe the 3D structure of the breast cancer spheres (upper panel). D) Part-
of-whole diagrams indicate the percentages of breast cancer spheres exhibiting acinar, spindle-like, intermediate (acinar
and spindle-like) and circular phenotypes. BCP 1: n=25, BCP 2: n=3, BCP 3: n=16, MCF-7: n=5, MDA-MB-231: n=11.
E) Image based viability analysis of the breast cancer spheres after 10 days in ECM with BCP 1: n=4, BCP 2: n= 3,
BCP 3: n=6, MCF-7 & MDA-MB-231: n=3. Percentage of dead cells was calculated from the total cell number. Right
panel: Representative 2D projections of 3D confocal images of live-dead-stained PDMs in ECM after 10 days. Statistical
tests: 2way ANOVA using Tukey’s multiple comparison test. **** p<0.0001, *** p<0.001, ** p<0.01. *p <0.05. Error bars:
SD

In vivo, solid tumors are under the dynamic influence of connective tissue and the ECM, which
play a dual role in tissue homeostasis and pathogenesis. After the isolation of PDMs from primary
tumor tissue, we aimed at investigating the influence of the ECM on PDMs and cancer cell line
spheroids with respect to morphology and invasive behavior. First, the breast cancer spheres were
cultured in suspension in absence of ECM for at least 10 days. Representative brightfield images
displayed compact, circular, and thus, non-invasive phenotypes among all breast cancer models
(Figure 3A). Next, breast cancer sphere singlets were individually embedded in the center of liquid
Matrigel®-collagen matrix droplets recapitulating the normal mammary gland stiffness. We
monitored the phenotypes of the PDMs and spheroids in the floating 3D system over a period of
10 days. Our data revealed a >10-fold increase in the invasiveness of BCP 1 over this
experimental time (1.3 £ 0.12 at day 0, to 14.7 + 12.29 at day 10) (Figure 3B). As expected,
spheroids generated from the highly metastatic MDA-MB-231 cell line also showed an increase in
invasive behavior, although less pronounced compared to BCP-1 PDMs. In contrast, PDMs from
BCP 2 and BCP 3 as well as spheroids derived from non-metastatic MCF7 cells maintained a
circular, non-invasive phenotype in ECM. Based on their morphology, we classified the observed
phenotypes into four groups: acinar structures (yellow arrows), spindle-like protrusions (purple
arrows), intermediate structures showing both acinar and spindle-like properties as well as circular
morphologies (blue arrows) (Figure 3C). 65% of the highly invasive BCP 1 PDMs showed the
spindle-like phenotype, while 23% formed acinar protrusions. 8% of BCP 1 PDMs were in an
intermediate state at day 10. In contrast, MDA-MB-231 spheroids lacked the formation of
prominent acinar phenotypes, however, 9% showed the formation of intermediate structures, while
the majority of 91% developed a spindle-like morphology (Figure 3D). To exclude the possibility,
that the maintenance of circular phenotypes in the non-invasive breast cancer models is caused
by different extent of cell death among tested models, we assessed their viability after 10 days in
the 3D floating ECM system. Results confirmed a mean cell viability of at least 50% and no

significant difference between tested models (Figure 3E). Taken together, our results show that
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399 the presence of ECM can lead to a pronounced invasive phenotype in patient-derived IDC-NST
400  microtumors.
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151

401 5.4 Co-culture of invasive PDMs and early MLOs potentiates the development of a
402 metastatic tumor phenotype
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cultures for a period of 10 days. B) Measurement of the area of breast cancer spheres in presence or absence of MLOs
for a period of 10 days. For both assays: BCP 1: n=7, BCP 1 + MLO: n=5, BCP2: n=3, BCP 2 + MLO: n=4, BCP 3:
n=12, BCP 3 + MLO: n=8, MCF-7: n=4, MCF-7 + MLO: n=2, MDA-MB-231: n=5, MDA-MB-231 + MLO: n=2. C)
Representative bright field images of the co-cultures at day 0 (co-culture start), day 3, day 7 and day 10. Red arrows:
MLOs. Blue arrows: Breast cancer spheres. BCP 1 d3 — 20x: 20x magnification indicates the spindle-like phenotype of
a BCP 1 PDM growing towards the MLO. D), E) Measurement of soluble FN and MMP2 (in pg/mL) from supernatants
of the co-cultures and monocultures of breast cancer spheres and MLOs via Luminex assay. Supernatants were
collected at day 3 and day 10. For each condition, 3 replicates were measured. Statistics (day 10): **** p<0.0001, ***
p<0.001, ** p<0.01, * p<0.05 2way ANOVA using Sidak multiple comparison test. Displayed are median values.

Breast tumor-adjacent cell populations, such as mammary epithelial cells, might exert a tumor-
promoting function during the complex process of cancer progression. We attempted to extend
our current knowledge about the potential tumor-promoting function of mammary gland organoids
on breast cancer growth and invasion by generating a 3D co-culture system which closely
resembles the characteristics and heterogeneity of (cancerous) human breast tissue. To this end,
we combined MLOs with breast cancer spheres and monitored growth and invasiveness of the
respective cancer models over a period of 10 days. A single organoid and a single breast cancer
sphere were placed in close proximity to each other in the center of a liquid Matrigel® collagen
droplet, resulting in a 3D floating co-culture system. Representative brightfield images of the co-
cultures at different time points are shown (Figure 4C). Within the first 3 days, cancer spheres
(blue arrows) and MLOs (red arrows) moved towards each other and formed a compact two-
component structure. For BCP 1 PDMs, which showed the highest degree of invasiveness in
previous experiments with ECM (see above), we observed a directed invasion of the PDMs
towards the MLO at day 3 (Figure 4C, d3 - 20x). In fact, the presence of MLOs potentiated the
invasive properties of the BCP 1 PDMs in the co-culture setup (Figure 4A). In support of this
observation, a similar but less pronounced trend could be observed for MDA-MB-231 spheroids
in co-culture with MLOs. For BCP 2, BCP 3 and MCF-7, which did not show invasive behavior in
previous experiments, there was no significant difference in invasiveness between the breast
cancer spheres in co-culture with or in the absence of MLOs. Next, we investigated whether the
presence of MLOs influences the growth of breast cancer spheres in addition to its impact on
morphology and invasion. To this end, we examined the area fold change of PDMs and cell line
spheroids in co-culture or cultured alone. We detected a significant increase in size for both the
highly invasive BCP 1 PDMs as well as MDA-MB-231 spheroids co-cultured with MLOs but not
for the non-invasive BCP 2 and BCP 3 PDMs and MCF7 spheroids (Figure 4B). In a next step,
we analyzed differences in the secretion of previously described metastasis-related markers (FN
and MMP2) among the different cultures. We found that soluble FN and MMP2 were significantly
elevated in all co-cultures of BCP 1, 2, 3 and MDA-MB-231 but not MCF7 at day 10 compared to
mono-cultured MLOs and breast cancer spheres (Figure 4D, E). Within this cohort, the co-culture

of BCP 1 PDMs + MLOs expressed the highest levels of invasion-markers of which FN (mean:
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47.6 £ 12.9 pg/mL) differed significantly compared to BCP 2, 3, MCF-7 and MDA-MB-231 (Figure
4D). Taken together, our data show that tumor-adjacent breast tissue supports tumor growth and
invasiveness of invasive in ductal breast carcinoma microtumors and might play a crucial role in

activating the metastasis-related markers MMP2 and FN in breast cancer.

6. Discussion

The immediate environment of developing tumors is a critical determinant for the fate of the
neoplastic lesion, and thus disease progression in the patient. Within this framework, current
research has been focused in particular on the interaction between cancer cells and stromal
components such as fibroblasts, adipocytes or immune cells [28-30]. However, tumor-adjacent
epithelial cells are presumably the first point of interaction for mammary epithelial carcinomas
during tumorigenesis and thus, play a decisive role in cancer progression [14].

Here, we introduce a 3D co-culture system which allows for the investigation of breast tumor
growth, invasion, and metastasis-related processes under the dynamic influence of tumor-
adjacent mammary epithelium in an autologous and allogenic manner. Our model system reflects
the intra- and intertumoral heterogeneity of individual breast cancer lesions by using patient-
derived microtumors (PDMs) of different malignant stages and histological properties. Our
approach successfully distinguished invasive from non-invasive breast cancer phenotypes using
a combination of morphology and protein secretion analysis. Interestingly, secretion of both FN
and MMP, which are discussed as prognostic markers for breast cancer, was significantly up-
regulated following co-culture of invasive breast cancer spheres with iPSC-derived organoids of

the mammary epithelium.

The role of mammary epithelial and myoepithelial cells in tumorigenesis has been controversy
discussed. Previous studies have shown that both, the healthy mammary epithelium and the
myoepithelium take over a dual role in tumor progression: On the one hand, they can act as
"gendarmes" and keep the malignant cells in check. In vivo and in vitro studies reported inhibitory
effects of myoepithelial cells on tumor growth and invasion by acting as natural tumor suppressors
[31-33]. Furthermore, studies described a breast tumor growth-inhibiting effect of normal
mammary epithelial cells. This phenomenon was observed with immortalized breast cancer cell
lines and primary cancer cells from reduction mastectomy in combination with immortalized normal
epithelial mammary cell lines or primary cells obtained from reduction mammoplasty [34-36]. On
the other hand, non-tumorigenic (myo-) epithelial cells can become “accomplices” and support
tumor growth. Tumor-associated myoepithelial cells undergo alterations and overexpress

oncogenic chemokines such as SDF-1, which supports tumor growth and invasion [37].
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Furthermore, it was shown that the tumor-associated myoepithelium supports the invasive
progression of ductal carcinomas in situ (DCIS) to IDC via TGF-@ signaling [38]. Studies revealed
that conditioned medium from immortalized mammary epithelial cells increases MCF-7 motility
[13] and that the non-tumorigenic mammary epithelium can promote breast cancer cell
proliferation via MCP-1 secretion [14]. It was demonstrated that non-cancerous mammary
epithelial cells induce malignant cells to secrete cytokines such as IL-6 and GM-SCF via direct
cell-cell contacts [11]. Furthermore, co-injection of mammary benign epithelial cells and breast

cancer cells in nude mice xenograft assays led to a three-fold increase in tumor size [11].

Our results are partially in agreement with the tumor-supportive effects caused by the tumor-
adjacent mammary epithelium. BCP 1 PDMs displayed a highly invasive phenotype, exceeding
the invasive characteristics of MDA-MB-231 spheroids analyzed in parallel. This invasive
phenotype was even further potentiated under the influence of co-cultured MLOs. At the same
time, these effects could not be observed in spheroids derived from the non-metastatic MCF-7 cell
line and in PDMs from BCP 2 and BCP 3. Unlike primary cancer cells or immortalized cells lines,
PDMs are not composed of a homogenous culture of neoplastic cells but consist of diverse cell
types and stromal components reflecting the heterogeneous nature and composition of primary
patient tumors [17-20]. The tumor specimens used in our study can be listed according to their
malignant progression in descending order: BCP 1 was diagnosed with a stage Ill IDC-NST.
According to the TNM malignancy classification system, the tumor was identified as T3N3aMO
tumor, indicating a primary tumor size > 5 cm and an involvement of 7+ regional lymph nodes [39].
Moreover, the tumor invaded the lymphatic pathway, while perineural and venous invasion could
not be observed (L1VOpNO). Compared to the primary tumors of BCP 2 and 3, the IDC-NST lesion
showed the highest Ki67+ proliferation rate of 21%. BCP 2 developed a stage Il invasive lobular
carcinoma (ILC) with a T3N1aMO classification. Like BCP 1, the tumor has grown to a size of over
5 cm but invaded to 1-3 regional lymph nodes. Invasion to the lymphatic and venous pathways
were not detected, but instead, the tumor showed perineural invasion. BCP 3 was diagnosed with
a stage Il ductal mucinous carcinoma of the special type with 2 cm — 5 cm in size. The tumor did
not spread to the regional lymph nodes (T2NOMO) and did not invade to the lymphatic, venous
and perineural system (LOVOpNO). Both, BCP 2 and BCP 3 showed a lower Ki67 score than BCP
1.

Furthermore, we included two immortalized breast cancer cell lines, MCF-7 and MDA-MB-231 to
compare the in vitro behavior of PDMs with cell line-derived spheroids with different invasive
behavior. MCF-7 is a non-invasive cell line, while MDA-MB-231 shows invasive behavior in vitro

[27, 40]. Our results indicate that the malignant severity of the primary tumor is reflected in the
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phenotypic behavior of corresponding microtumors in vitro: BCP 1 PDMs developed an invasive
phenotype in ECM, which was further increased upon co-culture with MLOs. However, BCP 2 did
not show invasive phenotypes in our model when cultured separately in ECM or co-cultured with
MLOs, despite its invasive potential in vivo. This deviation could be explained by the fact, that
BCP 2 PDMs intratumorally contained large areas of internal ECM and displayed comparably low
viability after isolation from the primary tumor and after 10 days in ECM. This might have
attenuated the invasive potential of the microtumors. Still, a significant increase in secretion of

pro-metastatic factors FN and MMP2 was also observed for this PDM model.

In line with our expectations, BCP 3 PDMs showed a non-invasive phenotype in our analyses.
Mucinous breast carcinomas are rare, but are associated with a good clinical prognosis due to
their low metastatic rates [41] [42]. The non-invasive behavior in vitro could be due to the fact that
the mucus surrounding the tumor provides a mechanical barrier that attenuates cancer invasion
[43].

Furthermore, we investigated the supernatants of the PDM/spheroid and MLO mono- and co-
cultures and observed that MMP2 was upregulated in all co-culture systems except for MCF7
cells. Activated MMP2 can lead to the degradation of ECM components including the basement
membrane, allowing the tumor to invade the surrounding tissue and distant organs in diverse
malignant neoplasms and is associated with a poor patient survival [44-47]. Except for MCF7,
which did not show a significant up-regulation of MMP2 levels, we observed elevated MMP2
concentrations particularly in the co-cultures of breast cancer spheres and MLOs compared to the
respective mono-cultures, which might indicate that the combination of non-cancerous and
malignant tissue favors processes associated with invasion and metastasis. One key player in this
process could be SDF-1, which is known to be secreted by the tumor-adjacent mammary epithelial
cells and to promote breast cancer invasion, motility, and metastasis via the SDF-1/CXCR4 axis
and subsequent activation of MMP2 [12, 48, 49]. In addition, we observed highly increased
concentrations of soluble FN in the co-cultures compared to the respective mono-cultures of
breast cancer spheres and MLOs, again with the exception of MCF7. FN was shown to be
associated with migration and invasion of different types of cancers [50, 51] and stimulated cancer
cell growth through the upregulation of several inflammatory factors [52]. Elevated FN expression
is associated with an invasive and metastatic breast cancer phenotype since FN contributes to
EMT-like morphological changes in breast cancer cells [53]. It is conceivable that increased MMP2
expression leads to FN degradation and thus, to elevated concentration of soluble FN [54]. Other
studies have shown that increased FN leads to the upregulation of MMP2 [55-57]. Interestingly,

FN and MMP2 were upregulated in all co-cultures tested in our study, including those whose
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invasive and growth potential was not promoted by MLO co-culture. However, the concentrations
of FN and MMP2 were much higher in the co-cultures with BCP 1 PDMs compared to the other
co-cultures. Due to the fact that the primary tumor of BCP 1 was in a more advanced tumor stage
than the primary tumor of BCP 2 and 3, we postulate that the tumor needs to reach a certain
threshold with regard to invasive and proliferative capacity before metastatic behavior with
secretion of respective mediators is triggered. The precise regulation of this mechanism needs to
be deciphered in further studies. These studies will also address whether direct cell-cell-contacts
between breast cancer spheres and MLOs are required for initiation of the observed tumor-
promoting processes. Furthermore, one obstacle to overcome in the following years is the fact
that iPSC-derived organoids do not reflect the mature identity of an adult organ but rather remain
in an immature, embryonic-like stage [24]. As the vast majority of human malignancies, breast
cancer included, are age-associated diseases, more mature organoid structures to study the
interaction with patient-derived neoplastic material would be of great value but are not yet available
[58]. Taken together, our data confirm previous observations on a tumor-promoting effect of tumor-
adjacent mammary gland tissue and highlight the importance of intra- and intertumoral
heterogeneity of different models. Furthermore, our data indicate that the invasive and proliferative
potential of the primary tumors are reflected in the in vitro behavior of the respective microtumors.
Therefore, we see the future of breast cancer research in the use of patient-derived models
including breast microtumors rather than in cancer cell line-derived spheroids to obtain more
precise information about tumor progression and metastasis-associated processes and to better
understand the complex behavior of individual breast carcinomas. We hope that this future

understanding helps to develop more efficient therapies for individual breast lesions.

7. Conclusion

Overall, this study extends our knowledge of the influence of the tumor-adjacent mammary
epithelium on tumor growth, invasiveness and metastasis-related processes. We show that the
tumor-adjacent mammary epithelium promotes growth and invasion of microtumors from a patient
diagnosed with IDC-NST and assume that the mammary gland tissue serves as a “breast cancer
promoting catalyst” especially when the tumor has already reached a certain threshold in terms of
cancer stage and proliferation capacity. Our model identified the upregulation of FN and MMP2,
two cancer-related prognostic markers for metastatic transformation, when non-cancerous, tumor-
adjacent mammary epithelium is present. Thus, we highlight the important role of tumor-adjacent
mammary epithelium in cancer progression and emphasize the importance of the use of breast

cancer models that reflect the heterogenous nature of primary breast lesions.
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8. List of abbreviations

BCP Breast cancer patient

PDMs Patient-derived microtumors
iPSCs Induced pluripotent stem cells
MLOs Mammary-like organoids

mEBs Mammary embryoid bodies

EBs Embryoid bodies

FN Fibronectin

MMP Metalloproteinase

EMT Epithelial-mesenchymal transition
TME Tumor microenvironment

DCIS Ductal carcinoma in situ
IDC-NST Invasive ductal carcinoma of no special type
ILC Invasive lobular carcinoma

PTT Primary tumor tissue

PBMCs  Peripheral blood mononuclear cells
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1. Abstract

Despite tremendous progress in deciphering breast cancer at the genomic level, the
pronounced heterogeneity remains a major obstacle to the advancement of novel and more
effective treatment approaches. Frequent treatment failure and the development of treatment
resistance highlight the need for patient-derived tumor models that reflect the individual tumors
of breast cancer patients and allow a comprehensive analyses and parallel functional
validation of individualized and therapeutically targetable vulnerabilities in protein signal
transduction pathways. Here, we introduce the generation and application of breast cancer
patient-derived 3D microtumors (BC-PDMs). Residual fresh tumor tissue specimens were
collected from n=102 patients diagnosed with breast cancer and subjected to BC-PDMs
isolation. BC-PDMs retained histopathological characteristics, and extracellular matrix (ECM)
components together with key protein signaling pathway signatures of the corresponding
primary tumor tissue. Accordingly, BC-PDMs reflect the intertumoral heterogeneity of breast
cancer and its key signal transduction properties. DigWest®-based protein expression profiling
of identified treatment responder and non-responder BC-PDMs enabled the identification of
potential resistance and sensitivity markers of individual drug treatments, including markers
previously associated with treatment response and yet undescribed proteins. The combination
of individualized drug testing with comprehensive protein profiling analyses of BC-PDMs may
provide a valuable complement for personalized treatment stratification and response
prediction for breast cancer.

2. Keywords

Preclinical tumor model, tumor heterogeneity, therapy resistance, therapy sensitivity, protein

profiling, breast cancer, anti-cancer drug efficacy
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3. Background

According to the SEER (The Surveillance, Epidemiology, and End Results - Program)
database, breast cancer (BC) remains the most common cancer in women. Despite a 5-year
survival rate of 90% (all cancer stages), BC is the 2™ leading cause of cancer death in women.
Since 1989, BC mortality rates have been reduced by 43%, primarily through early detection
by mammography, improved local treatment, and increasingly effective systemic adjuvant
therapies in early stages of cancer (1). Based on the genetic, morphologic, and clinical
intertumoral heterogeneity, BC is classified into different subtypes. The WHO distinguishes 19
different histological subtypes including invasive BC, which infiltrate the stroma and
surrounding breast tissue, and non-invasive, in-situ carcinomas, which are the preinvasive
counterparts. If they arise in the mammary ducts, they are referred to as invasive ductal
carcinomas (IDC) or ductal carcinoma in-situ (DCIS). Whereas invasive lobular carcinomas
(ILC) and lobular carcinomas in-situ (LCIS) arise from the lobules of the mammary glands (2).
The most common invasive subtype is IDC of no special type (NST) showing no distinct
architectural features (3). IDC subtypes with defined, distinctive architectural features are less
common. Global gene expression analyses have further classified BC into four molecular
subtypes with distinct gene expression patterns: the hormone receptor-related luminal-A and
luminal B tumors versus the hormone receptor-negative, HER2-enriched and basal-like tumors
(4-6). These reflect different phenotypes, disease prognosis, treatment paradigms and
responses to therapies (7-11). In clinical practice, BC stratification is performed by the
immunohistochemical determination of routine pathologic markers such as estrogen receptor
a (ERa), progesterone receptor (PgR) and human epidermal growth factor receptor 2 (HER2),
and by semiquantitative evaluation of Ki-67. Besides this intertumoral heterogeneity, enormous
diversity of tumor cell profiles is also observed within the same tumor, termed intratumoral
heterogeneity (12). Alterations in genome, epigenome/transcriptome, and proteome, in
invasive capacity, proliferation, stemness, cell plasticity but also the extrinsic interplay with the
tumor microenvironment (13) contribute to the heterogeneity of individual tumor cell
subpopulations. This leads to diverse disease manifestations in individual patients and failure
of systematic treatment (14). With regard to the TME, we are only at the beginning of our
understanding of its interaction with the tumor and how it influences the response to therapy
(15, 16). Apparently, different TME gene expression patterns alter BC phenotypes (17, 18).
Despite the success of genomic expression analysis in classifying BC according to different
gene signatures or revealing gene alterations, a comprehensive understanding of treatment
failures due to extensive tumor heterogeneity is still lacking (19, 20). Therefore, more effective
therapies need to be developed and the mechanisms of resistance better understood. In
particular, a personalized treatment approach based on functional analysis of protein

expression data could help to improve treatment efficacy and patient outcome.
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Here, we demonstrate the applicability of patient-derived microtumors (PDM) isolated from
residual fresh mammary carcinoma tissue samples as an ex vivo 3D breast cancer model that
not only consists of tumor cells but also of TME and extracellular matrix (ECM) components of
the corresponding patient tumor. We successfully generated microtumor samples of different
BC subtypes with histopathological features and ECM components corresponding to those of
the original primary tumor tissue. Protein profiling of BC-PDMs by DigiWest™ revealed
heterogeneous signaling pathway activity similar to the patient’s tumor and reflected the
intertumoral heterogeneity of BC. We combined functional drug testing with signaling pathway
analyses in BC-PDMs to evaluate therapy responses and identified markers of treatment

sensitivity/resistance.
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4. Materials and Methods

4.1. Human specimen

Non-processed human breast tumor samples were collected after surgery and completion of
pathological examination from patients with primary breast cancer as part of the publicly funded
PRIMO project (Personalized medicine for tailored cancer therapies). Written informed consent
was obtained from all participants prior to surgery. The research project was approved by the
ethics commission at the Medical Faculty Tuebingen (project number #788/2018B02). Clinical
patient data for the above-mentioned samples were submitted in pseudonymized form. A total
of n = 102 samples were obtained from consenting participants, who underwent surgery at
Center for Women'’s Health, University Hospital Tuebingen. Inclusion criteria were individuals
> 18 years of age who had given informed consent to participate in the project, with unilateral
invasive primary and recurrent breast carcinomas regardless of ER-/PgR- and HER2-status,
tumor size, nodal-status, and grading. Enrolled patients did not receive neoadjuvant treatment.

Patients with distant metastatic disease were excluded.

4.2. Generation of patient-derived microtumors from residual fresh breast
tumor tissue

Fresh dissected breast tumor tissues were transported within DMEM/F12 culture media
(Gibco) and subsequently processed as previously described (2022) (21). The isolation of

patient-derived microtumors was adapted from Kondo et al. (22).

4.3. Viability measurement of BC-PDMs using Calcein-AM live cell and SYTOX™
Orange dead cell stain

Viability of BC-PDMs was assessed by live/dead-cell staining using 6.6 pM Calcein-AM™
(Invitrogen) live cell stain and 5 yM SYTOX™ Orange nucleic acid dead cell stain (Invitrogen).
To visualize nuclei 1 ug/mL of Hoechst 33258 (Invitrogen) was added. BC-PDMs were directly
picked from the suspension culture and resuspended in staining solution consisting of
DMEM/F12 phenol-red free media (Gibco) supplemented with StemPro® hESC supplement
(Gibco), 8 ng/ml FGF-basic (STEMCELL Technologies), 0.1 mM 2-mercapto-ethanol (Gibco),
1.8 % BSA (Gibco) and 100 pg/ml primocin (Invivogen). After 30 min of incubation, z-stack
images were taken using the Zeiss CellObserver Z1 (Carl Zeiss). Maximum intensity
projections of the 3D z-stacks were generating using the ZEN software (Version 2.6). Imaris
software (version 8.0) was used to create 3D surface masks for viable and dead cells in the
FITC and TRITC channel. For each surface mask, the fluorescent intensity sums and the

volume was measured. Fluorescent intensities were normalized to the total (BC-PDMs) volume

(um?).
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4.4. Histology and immunohistochemistry

For histology BC-PDMs were fixed for 1 hour in 4% Roti® Histofix (Carl Roth) at RT and
incubated for 5 min in Harris Hematoxylin (Leica Biosystems), shortly washed in dH.O and
dehydrated in an ethanol series (2x 50% ethanol, 2x 70% ethanol, each for 15 min). Using
Tissue-Tek® Cryomolds® (Sakura), BC-PDMs were embedded in Richard-Allan Scientific™
HistoGel™ (Thermo Fisher Scientific). Tissue processing was performed using the HistoCore
PEARL (Leica Biosystems). After processing, BC-PDMs histogel-blocks were paraffin-
embedded for sectioning. Three micrometer sections of FFPE BC-PDMs samples were cut. In
contrast, corresponding PTT were snap frozen on dry ice and cut as cryosections (5-7 um).
PTT-cryosections were immersed in ice-cold 4% Roti® Histofix (Carl Roth) for 10 min at 2-4°C
and washed afterwards 3x with PBS. Hematoxylin and eosin (H&E) as well as Movat-
pentachrome staining was performed on BC-PDMs-FFPE and PTT-cryosections.
Immunohistochemical staining of BC-PDMs was performed using the Autostainer Link 48
(Agilent) in combination with the Dako PT Link (Agilent) for antigen-retrieval according to the
manufacturer's recommendations. Detailed information of the used antibodies is listed below
(Table 1). Stained FFPE/cryosections were imaged with Axio Scan Z1. All primary antibodies
were validated in normal, healthy tissues as well as in FFPE and cryosections. DAB and
collagen staining (Movat-pentachrome staining) was semi-quantified using Imaged Fiji
software. The color deconvolution plugin was used to separate stains using Ruifrok and
Johnston's method for DAB stains (23), and manual deconvolution for collagen stain. The
percentage of area positive for DAB/collagen was determined. Percent area fraction was
measured as the percentage of pixels in the image or selection to which thresholds were
applied.

Table 1. Antibodies for IHC staining.

Antibody Manufacturer Product No. Additional Usage
reagents

rabbit anti-human ERalpha Abcam ab16660 Rb Linker 1:30
Enhancer

rabbit anti-human HER2/ErbB2  Cell ~ Signaling 4290 Rb Linker 1:80

Technology Enhancer

mouse anti-human PgR Dako IR068 Ms Linker R.T.U

rabbit anti-human cytokeratin 5 Abcam ab64081 Rb Linker 1:200
Enhancer

rabbit anti-human cytokeratin 6  Abcam ab93279 Rb Linker 1:50
Enhancer

mouse anti-human cytokeratin Dako IR618 Ms Linker R.T.U

18 Enhancer

rabbit anti-human FAPalpha BioRad AHP1322 Rb Linker 1:50

rabbit anti-human CD163 Abcam ab182422 Rb Linker 1:200

mouse anti-human PD-L1 Dako 22C3 Ms Linker 1:50
Enhancer

mouse anti-human CD8 Dako IR623 - R.T.U
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4.5. Multiplex protein profiling via DigiWest

DigiWest was performed as described previously (24). Western blot was carried out using the
NuPAGE system (Life Technologies) with a 4-12% Bis-Tris gel and PVDF membranes.
Membranes were washed with PBST and proteins were biotinylated by adding 50 uM NHS-
PEG12-Biotin in PBST for 1 h. The membranes were washed with PBST and dried overnight.
Each protein (Western-Blot) lane was cut into 96 strips of 0.5 mm each. Western Blot-strips
were sorted by molecular weight into a 96-well plate (Greiner Bio-One). Proteins were eluted
using a 10 pl of elution buffer (8 M Urea, 1% Triton-X100 in 100 mM Tris-HCI pH 9.5). Proteins
of each 96-well representing a distinct molecular weight fraction were coupled overnight to
Neutravidin-coated MagPlex beads (Luminex) of a distinct color ID. Non-bound binding sites
were blocked with 500 pM deactivated NHS-PEG12-Biotin for 1 h. To reconstruct the original
Western blot lane, the beads were pooled, with the color IDs representing the molecular weight
fraction of the proteins. For antibody incubation 5 pl of the DigiWest bead mixes were added
to 50 pl assay buffer (Blocking Reagent for ELISA (Roche) supplemented with 0.2% milk
powder, 0.05% Tween-20 and 0.02% sodium azide) in a 96-well plate. In the next step, the
assay buffer was discarded, 30 pl of primary antibody solution was added per well to the
DigiWest bead mixes and incubated overnight at 15°C on a shaker (for primary antibody list,
see S| Materials). Bead mixes were washed 2x with PBST before adding 30 ul secondary
antibody (labeled with phycoerythrin — PE) solution. After 1h of incubation at 23°C, the bead
mixes were washed 2x in PBST. Read-outs were performed using the Luminex FlexMAP 3D
instrument. Protein bands were displayed as peaks by plotting the molecular weight against
the corresponding median signal intensity. To integrate peaks an expected molecular weight,
a macro-based algorithm created in excel was applied. The local background was subtracted
and for each peak the integral of the area was calculated (averaged fluorescent intensities —
AFI). The resulting signals were normalized to total protein amount loaded onto the beads, if
applicable centered on median of all BC-PDMs/PTT or only BC-PDMs samples. Subsequently,
weak protein signals were determined as “lower detection limit minus one.” Further data

processing is described in the figures.

4.6. Drug testing in BC-PDMs using CellTox Green™ Cytotoxicity Assay

To assess cell killing effects of different anti-cancer therapies and targeted therapies for breast
cancer in BC-PDMs, the real-time CellTox™ Green Cytotoxicity assay (Promega) was
performed according to manufacturer’s protocol. After the isolation of BC-PDMs from breast
carcinoma specimen, the BC-PDMs were cultured for 1-2 weeks prior efficacy compound
testing. The assays were performed according to manufacturer’s protocol. For each treatment,
three to five replicates each with n = 15 BC-PDMs were prepared in phenol-red free BC-PDMs
culture medium with a total volume of 150 pl. A proprietary cyanine dye binds to DNA in
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compromised cells leading to enhanced fluorescent signal. The dye is excluded from viable
cells and thereby shows no increase in fluorescence. The fluorescent signal produced by the
dye binding to DNA is therefore proportional to cell death. The dye was diluted 1:1000 and
signals were measured as relative fluorescent unit (RFU) (485-500 nm Excitation / 520-530
nm Emission) using the Envision Multilabel Plate Reader 2102 and Tecan Spark Multimode
Plate Reader. RFU values were background-corrected and treatment to DMSO (H20) control
fold changes were calculated for each measured time point. Outliers were excluded using
Iglewicz and Hoaglin’s robust test for multiple outliers applying a recommended Z-score of =
3.5 (25).

4.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism software. Statistical methods are
illustrated in the respective figure legends. For Boxplot data, whiskers represent quartiles with
minimum and maximum values and the median. Datasets with no normal distribution were
analyzed with unpaired, two-tailed Mann-Whitney-U-test, otherwise as indicated. For all
analyses, p values < 0.05 were considered statistically significant. Recommended post-hoc
tests were applied for multiple comparisons. The certified pathologist was blinded for
evaluation of microtumor H&E stainings. Data is analyzed as mean with standard error of the
mean (SEM).
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5. Results

5.1. BC-PDMs can be isolated from breast tumor tissues of different types with
high viability
We previously established a novel 3D platform consisting of patient-derived microtumors
(PDM) and tumor infiltrating lymphocytes (TILs) to identify treatment responses and
therapeutic vulnerabilities in ovarian cancer and glioblastoma (21, 26, 27). Here, we aimed to
extend the PDM isolation method to BC. The study enrolled patients over 18 years of age
diagnosed with BC of all molecular subtypes. In total, we obtained n = 102 residual fresh
mammary carcinoma tissue samples from debulking surgeries conducted at the University
Hospital Tuebingen (Table S1). To analyze the viability of BC-PDMs after the isolation from
BC specimen, we combined live-dead cell staining with 3D spinning disc confocal microscopy.
As shown in Figure 1A, viable cells were stained with Calcein-AM, dead cells with SYTOX™
Orange and nuclei with Hoechst dye. Comparing the fluorescent intensities of viable and dead
cells normalized to the total measured volume (um?®) in n = 27 BC-PDMs models (Figure 1B),
the number of viable cells was significantly higher than that of dead cells (Wilcoxon signed
rank test, p < 0.001). Within the n = 27 BC-PDMs samples, microtumors had variable sizes,
with an average area of 59261 ym?, a maximum area of 888481 ym? and a minimum area of
7003 um? (Figure 1C, Table S2). The overall success rate of BC-PDMs isolation from n = 102
breast carcinomas was > 75%. We were able to isolate more than 100 PDM per sample from
50% of the tissue samples obtained (Figure 1D). In 25.5% of cases, PDM were generated with
less than n = 100 PDM per sample, while in the remaining 24.5%, no PDM were recovered
from the tissue sample. In total, we successfully established n = 77 BC microtumor samples.
Depending on the number of PDM recovered per sample, different downstream analyses could
be performed such as immunohistochemistry (IHC), anti-cancer drug efficacy testing and/or
protein profiling (see below). To determine whether the success rate of BC-PDMs isolation
was related to specific clinical features of the original primary tumor, we correlated the available
clinical data of the corresponding tumor samples and the obtained BC-PDMs models (including
samples with > 100 isolated PDM) (Figure 1E). The success rate of BC-PDMs isolation
appeared to be largely independent of clinical features of the corresponding primary tumor
tissue (PTT). BC-PDMs were successfully isolated from breast tumor tissue samples

regardless of tumor grade, histological tumor type and hormone receptor status.
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Figure 1. Isolation success of BC-PDMs. (A) Live-dead cell staining of isolated breast cancer (BC) BC-PDMs
from representative breast carcinoma tissue samples. BC-PDMs were stained with Calcein-AM (viable cells),
SYTOX™ Orange (dead cells) and Hoechst 33258 (nuclei). Scale bars 50 um. (B) Quantification of viable and dead
cells in n = 27 BC models (on average three BC-PDMs per model) reveals high viability of BC-PDMs. Fluorescent
intensities and volumes (um3) were assessed using the Imaris Software. Wilcoxon paired signed rank test, ***p <
0.001. (C) Area measurement of BC-PDMs from n = 27 BC models. Data are shown as mean values with SD. (D)
Success rate of microtumor isolation from n = 102 breast carcinomas. 50% of BC BC-PDMs models reached a total
number of more than 100 single microtumors. (E) Correlation of BC-PDMs isolation success rate and clinical
characteristics of corresponding breast carcinomas tissue samples.
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5.2. Histotype-specific pathological characteristics of breast tumor tissue are
conserved in corresponding BC-PDMs.

Breast carcinomas form a heterogenous group of tumors and show high variability in
morphologic features, e.g. degree of pleomorphism, cellular atypia, mitotic activity, or stromal
circumference. Yet, there are morphological features characteristic of different histologic sub-
types. Among others, tumor cells form nests, clusters, cords, trabeculae, or single file lines
(“Indian File”) (28) depending on the specific sub-type. Using H&E staining, a certified
pathologist compared the histopathological and cytological characteristics of the isolated BC-
PDMs and the corresponding PTT. We divided the specimens according to histological
classification into invasive ductal carcinomas of no special type (NST) and invasive lobular
carcinomas (ILC) with or without in-situ components. Tumor cells of NST-PTT formed irregular
invasive nests/clusters, cords, and sheets within the stroma, in some tissues with glandular
features (Figure 2A). PTT further displayed distinct ascitic structures filled with tumor cells
(#33, #68), tubular structures (#58, #68) with small lumina, papillary structures or no distinct
architecture. Similar to corresponding PTT, tumor cells of NST-BC-PDMs formed solid
(cohesive), papillary nests with closely spaced cells (BC-PDMs/PTT: #33, #42, #58, #68, #90)
and a clear separation from the ECM compartment. In addition, glandular structures were also
evident within NST-BC-PDMs (#31 and #45). The histopathologic architecture of ILCs with in-
situ sites is more specific than that of IDC. The lobular ascites of in-situ lesions retained their
overall structure in PTT and were filled with small, round, monomorphic epithelial cells almost
without lumen (e.g. #70, #86). Infiltrating cells within ILCs were dispersed with poor cohesion
and grew in slender strands or single files (so called “Indian Files”) or concentrically around
ducts or lobules (PTT e.g. #25, #70, #86). Tumor cells of ILC-BC-PDMs were mostly
discohesive and dissociated in the surrounding stromal tissue (#25, #53, #86, #92, #102), thus
resembling primary infiltrating tumor lesions (Figure 2B). This histological feature was also
found in NST-BC-PDMs #96. Overall, pathological evaluation of BC-PDMs specimens
revealed histological similarity to breast tumor tissue in 90% of cases (n = 39/40) and to
histological tumor type (IDC/NST) in 95% of cases (n = 36/38) (Figure 2C). Stromal
compartments were present in 57.5% of cases (n = 23/40). In result of comparison of the
cytopathology of BC-PDMs and corresponding PTT, similar cellular atypia was found. While
some BC-PDMs consisted of small, rather homogenous cells without prominent nucleoli (e.g.
#25, #29, #45, #53), other samples exhibited moderate (#31, #33, #58, #96) to strong nuclear
pleomorphism (#68, #70, #86, #90, #92, #102) with large, hyperchromatic nuclei and
prominent nucleoli. Most BC-PDMs resembled a moderate nuclear grade (n = 21) with
moderate hyperchromasia (n = 19). While 20.5% (n = 8/39) of samples had a similar nuclear
grade of BC-PDMs and corresponding PTT, the majority (569%) of BC-PDMs had a nuclear
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grade decreased by 1 degree (Figure S1A). In summary, BC-PDMs largely resemble the

histopathology of the corresponding primary tumor tissue.

5.3. BC-PDMs contain extracellular matrix components of the original tumor
tissue

The ECM, representing a complex network of tissue fibers, glycoproteins (e.g. elastin, laminin,
fibronectin), proteoglycans (PGs), and glycosaminoglycans (GAGs), not only provides stability
and a reservoir for e.g. growth factors, but also plays a role in breast tumorigenesis,
invasiveness (29, 30) and therapy response (31). Furthermore, ECM stiffness and density
were found to correlate with prognosis in breast cancer (32) (33). To evaluate and compare
the ECM within BC-PDMs and corresponding PTT, we used the Movat-pentachrome staining
to visualize different components of connective tissue on a single slide (34). In PTT sections,
the predominant ECM components were PGs/GAGs (cyan blue) and collagen fibers (yellow),
which mostly overlapped (green) (Figure 2D). In all PTT, dense collagen networks were
detected in close proximity to the tumor masses due to increased collagen deposition. This
leads to the “stiffening” of the tissue (29). The collagen fibers exhibited different morphologies:
short and wavy (e.g. PTT #29), thin and linear (e.g. PTT #31) or thick and linear (e.g. #36,
#53). Most notable were dense and thick collagen fibers wrapped around tumor masses (e.g.
PTT #31, 58), especially in stromal areas adjacent to in-situ lesions (e.g. PTT #36, #86, #102).
Tumor borders were either relatively smooth, with collagen fibers drawn at a tangential angle
around the tumor (e.g. PTT #86) or oriented perpendicular in the direction of cell invasion (e.g.
PTT #58) (Provenzano, 2006 #522). Corresponding BC-PDMs exhibited ECM components to
a lesser extent compared to primary tissue. Despite limited enzymatic tissue disruption during
BC-PDMss isolation with collagenase | and Il, we detected collagen expression (yellow/green)
in the corresponding BC-PDMs (e.g. BC-PDMs #29, #36, #58, #53, #70). Compared to tumor
masses in the PTT, which are surrounded by thick collagen fibers, the arrangement of collagen
in BC-PDMs was less specific. In BC-PDMs, the collagen rather formed a backbone structure
for the tumor cells. In general, BC-PDMs appeared like small tumor fragments excised from
tumor masses of the corresponding primary tumor tissue and consisted of the inner tumor cell
mass with its ECM components, but without the framing collagen fibers. In addition to cross-
linked collagen-fibers, PGs/GAGs (cyan blue) were found within tumor masses/islets of the
PTT (e.g. #29, #58, #53, #70) and demarcated tumor masses from the stroma as a single layer
separated from collagen fibers (e.g. PTT #58, #86, #102). PGs/GAGs were found in BC-PDMs
when their expression within tumor masses in corresponding PTT was high (e.g., BC-PDMs
#29, 31, #58). Elastic fibers (black) were mostly attached to collagen fibers (e.g. PTT #53, #86,
#102) and were more abundant in ILC compared to IDC (NST) tissues. In contrast to other BC-
PDMs, the ECM of BC-PDMs #102 exhibited elastic fibers, as in the corresponding primary
tumor. Further, mucin (blue/gray) secreted by tumor cells was found in sections of PTT #31
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and #86 and in the corresponding BC-PDMs. When comparing the origin of the primary tumor,
no striking differences in the amount of collagen were observed between NST-derived and
ILC-derived BC-PDMs (Figure 2E). However, ILC-derived BC-PDMs tended to show slightly
higher amounts of collagen fibers as previously reported (35). In conclusion, the Movat-
pentachrome staining allowed the visualization of different ECM components of the primary
tumor within BC-PDMs. Compared to whole tumor masses in tumor tissues, the ECM

compartments in BC-PDMs occur to a lesser extent and in slightly different arrangement.

5.4. Immunohistochemical analysis of hormone receptor expression enables
distinction of BC-PDMs isolated from hormone receptor positive and TNBC
primary tumors.

To further characterize BC-PDMs, we performed immunohistochemistry (IHC) analysis of
FFPE-BC-PDMs sections. We examined the expression of hormone receptors, cytokeratins
as well as cancer-associated fibroblasts (CAFs) and immune cell markers using DAB staining.
To analyze the expression of clinical molecular markers, we stained BC-PDMs sections for
ERa, PgR and HER2. BC-PDMs were classified as hormone receptor positive (HR+) or triple
negative (TNBC) as determined by pathologic evaluation of the primary tumor (Figure 3A).
TNBC is an aggressive type of BC usually with higher grade, higher rate of early recurrence
and a worse 5-year prognosis (36-39). It is defined by lacking expression of hormone receptors
and HER2. For each tissue sample, the corresponding immunoreactive scores (IRS) and
HER2 scores (0-3) were determined (Table S1). ERa and PgR staining of BC-PDMs was
consistent with the corresponding clinical classification and was increased in BC-PDMs
originating from HR+ PTT (Figure 3B). The level of ERa and PgR expression varied within HR+
BC-PDMs. In contrast, HR expression was strongly reduced in TNBC-PDMs. HER2 was
detectable in HR+ BC-PDMs sample #10 and #37. However, HER2 expression in BC-PDMs
#37 did not resemble its clinical HER2 score, which was reported to be zero. In conclusion,
IHC staining enabled the identification of BC-PDMs isolated from clinical HR+ breast tumors

and those isolated from clinical TNBC tumors based on hormone receptor expression.
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Figure 2. Histopathology and cytology of BC-PDMs and corresponding PTT. H&E staining of BC-PDMs and
corresponding primary, (A) invasive ductal breast carcinomas (NST) with/without ductal in-situ (DCIS) lesions and (B)
invasive lobular breast carcinomas (ILC) with/without lobular in-situ (LCIS) lesions. (C) Pathological evaluation of BC-
PDMs. n =39/40 BC-PDMs resembled histopathology of breast carcinomas, n = 36/39 of the corresponding primary
tumor histotype (NST/IDC) and n = 23/40 BC-PDMs displayed stromal parts. Histopathological tumor characteristics of
BC-PDMs were assessed such as hyperchromasia and nuclei differentiation (nuclear grade 1: nuclei with little variation
in size and shape; grade 3: large nuclei with high variation in size and shape; grade 2: nuclei show features between 1
and 3. (D) Pentachrome-movat staining revealed connective tissue compartments in BC-PDMs and PTT e.g. collagen
fibers (yellow), PGs/GAGs (cyan blue), collagen/PGs/GAGs-superimposition (green), mucins (blue) and elastin (black).
(E) Amount of collagen fibers within BC-PDMs. Collagen fibers are measured semi-quantitatively as %-area fraction of a
BC-PDMs. RGB images were unmixed by subtractive mixing (color deconvolution) via Imaged. Ordinary one-way
ANOVA, Holm-Sidék's multiple comparisons test, no significant difference of means. Scale bars BC-PDMs: 50 um/10
um (zoom); PTT: 500 um/50 um (zoom).
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5.5. BC-PDMs display differential expression of luminal and basal cytokeratins

Since cytokeratin (CK) expression is thought to be stable throughout carcinogenesis (40), CKs
are studied as differentiation markers in precancerous breast lesions. Breast tissue normally
consists of a stratified epithelium with luminal epithelial cells surrounded by a basement
membrane composed of myoepithelial cells, both with different CK phenotypes (41, 42). Breast
carcinomas are found to express different CKs, such as the luminal subtype expressing luminal
epithelial CKs (CK8/CK18/CK19) or the basal subtype expressing basal myoepithelial high
molecular weight (HMW) CKs (CK5/CK6/ CK7/CK14) (4, 43, 44). Nevertheless, some breast
tumors were shown to express both types of CKs (42, 45). Here, we analyzed CK5, CK6 and
CK18 staining of HR+ and TNBC-PDMs. We found highly heterogenous staining of CKs in
HR+ and TNBC -PDM. The heterogenous CK expression allowed us to subdivide the BC-
PDMs based on CK expression. Thus, we divided HR+ BC-PDMs into four groups based on
the evaluated CK expression: CK5/CK18* (luminal, differential glandular phenotype), CK5*
(basal), CK5/6" (basal, stem cell phenotype) and CK5/6/18* (intermediate glandular
phenotype) (46)(Figure 3C). CK5/CK18*-PDM showed significantly higher CK18 expression
compared to CK5 (**p = 0.004) or CK6 (**p = 0.005) (Figure 3D). The abundances of CK5 and
CK®6 were significantly higher in the CK5* (p = 0.006) and CK5/6" (p = 0.020) groups compared
to the CK5/CK18" group. Some HR+ BC-PDMs were positive for all three CKs. Comparing the
CK expression between HR+ BC-PDMs and TNBC -PDM, we found significantly increased
CK18 expression (p = 0.006), a marker for luminal carcinomas, in HR+ BC-PDMs (Figure 3D).
TNBC BC-PDMs did not show CK18 expression, but moderate expression of CK5/6. This is
consistent with the literature (42). As a hallmark of EMT, lack of CK18 expression has been
associated with tumor progression (47) as it promotes cancer cell migration (48). Two of the
four TNBC -PDM analyzed here showed strong CK5 expression, and BC-PDMs #38 also
displayed high CK6 expression. Due to high CK5/6 positivity correlating with poorer prognosis
(49), TNBC -PDM #38 was defined as a basal-like subtype of TNBC. Overall, CK5/6 expression
was not significantly different among HR+ BC-PDMs (Figure 3D). When comparing ILC and
NST BC-PDMs, HMW cytokeratins (CK5/6) were more elevated in ILC BC-PDMs, whereas
luminal CK18 was upregulated in NST BC-PDMs (Figure 3E). We next analyzed additional
markers such as FAPa, associated with CAFs (cancer-associated fibroblasts), and immune
cell markers CD163, CD8 and PD-L1 (Figure 3F). PD-L1, a T cell inhibitory checkpoint marker,
and CD8, a marker for cytotoxic T cells, were mostly absent from BC-PDMs except for BC-
PDMs #70. CD8* T cells were detected in BC-PDMs #78. Sporadic expression of CD163
indicating the presence of M2 macrophages was found in BC-PDMs (e.g. #68, #53, #70, #34).

In contrast, FAPa was detectable in all stained BC-PDMs, to varying degrees. Among them,
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Figure 3. Immunohistochemical analysis of breast cancer specific and immune cell markers in BC-PDMs.
DAB staining was analyzed semi-quantitatively as %-area fraction of a BC-PDMs. RGB images were unmixed by
subtractive mixing (color deconvolution) using ImageJ software. (A) Hormone receptor (HR) DAB staining of clinically
classified HR+ BC-PDMs vs. TNBC BC-PDMs. Clinically assessed immunoreactive scores (IRS) from primary tumor
are indicated. HR+ BC-PDMs were arranged in ascending order of ERa expression (B) HR+ BC-PDMs have increased
HR expression (ERa, PgR, HER2) compared to TNBC BC-PDMs. (C) DAB staining of luminal cytokeratin (CK18) and
basal cytokeratins (CK5 and CK6). BC-PDMs were grouped into four groups according to CK staining: CK5CK18",
CK5*, CK5/6* and CK5/6/18*. (D) Significantly elevated expression of luminal CK18 vs. basal CK5/CK6 in HR+
compared to TNBC BC-PDMs. Mann-Whitney U test, **p = 0.006. Differences in CK18, CK5 and CK6 expression in
HR+ and TNBC BC-PDMs according to their classification into the previously determined groups. Within group: One-
way ANOVA, Holm-Sidék’s multiple comparisons test. Different group comparison: Two-way ANOVA, Holm-Sidak’s
multiple comparisons test. (E) Differences in CK and FAPa expression in ILC BC-PDMs vs. NST BC-PDMs. NST-BC-
PDMs show higher levels of CK18, while ILC-BC-PDMs show significant higher levels of FAPa. Mann-Whitney U-test,
*p = 0.028. Both ILC/NST-BC-PDMs express basal CK5 and 6. (F) DAB staining of FAPa and immune markers in BC
BC-PDMs grouped into HR+ and TNBC. For HR+ BC-PDMs, BC-PDMs were arranged in ascending order of FAPa
expression. Data are mean with SEM. *p < 0.05, **p < 0.01, ***p < 0.001. ERa: estrogen receptor alpha; PgR:
progesterone receptor; HER2: HER2/neu-ErbB2 receptor.
ILC-BC-PDMs showed significantly stronger FAPa staining (Figure 3E, p = 0.028) in
accordance with the literature (50). Significant differences between TNBC and HR+ BC-PDMs
were not identified. In conclusion, BC-PDMs largely reflect the hormone receptor status of the
corresponding tumor tissue and exhibit heterogeneous expression of CKs and FAPa, which
are markedly different in HR+ and TNBC and ILC-NST BC-PDMs. In addition, immune cell
markers could be identified sporadically in BC-PDMs and independent of hormone receptor

status.

5.6. Protein expression and signaling pathway activity of BC-PDMs correlate
with corresponding primary tumors
Following histological characterization, we extended the comparison of BC-PDMs with
corresponding primary tumor tissues by in-depth quantitative protein profiling analyses. We
therefore measured protein expression and activity of key signal transduction pathways in n =
20 matched BC-PDMs-PTT pairs employing the DigiWest® technology (24). In this way, we
generated protein profiling datasets covering 142 total and phosphorylated proteins (raw data:
Table S3; BC-PDMs-PTT data: Table S4). The analyzed profiling panel comprised proteins
from the cell cycle, Jak/STAT, MAPK, RTK, PI3K/Akt, EMT/cytoskeleton and Wnt signaling
pathways. Pearson correlation revealed an overall high, positive correlation of averaged
protein signals between matched BC-PDMs and PTT with P: = 0.856 (p < 0.001; Figure 4A).
Furthermore, comparison of signaling pathway activity and expression of breast cancer-related
proteins, resulted in no significant differences. Overall, the average protein expression of BC-
PDMs resembled that of matched breast cancer tissue (Figure 4B, Table S5). Subsequently,
changes in protein abundance were determined between BC-PDMs and PTT pairs. In total, n
= 18 analytes displayed significant differences in expression (-log10 (q) > 1.3) and a log: fold
change of at least |1| (Figure 4C-D). BC-PDMs had increased protein levels of the cytoskeletal
protein cytokeratin 5 and 6 (CK5/6), while expression of immune cell markers CD11¢, CD16,
CD68, CD8 alpha, CD25, PD1 and PD-L1 were decreased. This is consistent with our IHC

data, demonstrating that BC-PDMs are small tumor fragments
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Figure 4. Comparison of protein profiles from BC-PDMs and corresponding primary tumor tissue.
N = 20 matched BC-PDMs and PTT-pairs were analyzed. (A) X-Y plot of correlated protein means of BC-PDMs and PTT.
Protein signals of measured BC-PDMs-PTT samples were correlated using Pearson correlation. DigiWest AFI protein
signals were averaged for BC-PDMs/ PTT and log; transformed. Each dot represents one protein. Pearson r = 0.856; ***p
< 0.001. (B) Overall signaling pathway activity in BC-PDMs resembled that of primary BC tumors. Proteins were sorted
by pathway affiliation. Shown are AFI protein signals, averaged for BC-PDMs/PTT and log: transformed. Mann-Whitney
test; p values as indicated. (C-D) Differently expressed proteins of matched BC-PDMs-PTT samples. Volcano plot shows
proteins with significantly decreased or increased expression in BC-PDMs (red) with an adjusted FDR p-value (-log10 (q))
> 1.3 and a log2 fold change > |1|; multiple t-test with Welch correction; Benjamini, Krieger, and Yekutieli FDR. Exact
values are shown in D. (G) Heatmap of unclustered pearson correlation coefficients (r) shows moderate correlation of AF|
protein signals over BC-PDMs and matched PTT samples. (H) Pearson correlation coefficients (r) displayed as scatter
plot with a median correlation of r = 0.44. Data are mean with SEM. AFI: averaged fluorescent intensities.
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composed of tumor cells, ECM proteins and partially stromal cells of the corresponding tumor
tissue, with immune cell infiltrates in a few cases. Other proteins displaying reduced expression
in BC-PDMs as compared to matched PTT belong to different signaling pathways. Among
them were mainly phospho-proteins of the MAPK pathway (p38 MAPK-pThr180/Tyr163), the
PI3K pathway (PI3K p85/p55-pTyrd58/199) and the NFkB pathway (NFKkB p65-pSer172, IKK
alpha-pThr23, IKK epsilon-pSer172). Correlation data of individual proteins showed a general,
positive correlation between protein signals of matched BC-PDMs/PTT-pairs (Figure 4E) with
a median coefficient of r = 0.44 (Figure 4F). Table S6 lists the proteins whose signal levels
correlated significantly with those of the primary tumors. Significant positive correlations were
found across all signaling pathways. Among them, ERa protein expression was significantly
correlated between BC-PDMs and matched PTT (r = 0.86, ***p < 0.001). ERa is clinically
relevant for the classification of breast tumors. In addition to the histological assessment, we
demonstrated at the protein level that the protein signaling pathway profiles of BC-PDMs are
similar to those of the original tumor tissue across several signaling pathways. Overall, protein

expression of PTT is reflected in BC-PDMs with high correlation.

5.7. Cross-comparison of protein profiling data among individual BC-PDMs
identifies personalized pathway activation signatures

To classify the BC-PDMs samples based on their individual protein profiles, we analyzed
signaling pathway activity of n = 42 BC-PDMs samples using hierarchical cluster linkage (HCL)
analysis (Figure 5; Table S7). In addition, samples were assigned according to clinical data as
HR+, TNBC or HER2-positive (HER2+) (illustrated in Table S1). Cluster analysis of cell cycle-
related proteins resulted in four sample groups with distinct levels of cell cycle regulator
expression (Figure 5A). In addition to cluster 1, which included the BC-PDMs sample #38, all
HR+ BC-PDMs samples with either weak or mixed expression levels were grouped into cluster
2 (n=8)and 3 (n = 17). Clusters differed mainly in the expression of transcriptional activators
E2F-1, E2F-2, transcriptional repressor E2F-4 and p53. TNBC, HER2+ and the remaining HR+
BC-PDMs samples were grouped into cluster 4 (n = 16) and showed overall increased
expression of cell cycle regulatory proteins. HCL of MAPK-RTK pathway proteins distinguished
three sample groups separating n = 19 HR+ BC-PDMs with overall decreased protein
abundances from n = 19 TNBC-, HER2+- and HR+ BC-PDMs with elevated expression levels
(Figure 5B). Notably c-Met, RSK1-pThr573, NF1 and c-Raf were upregulated in the latter group
compared with the HR+-only group. When comparing PI3K/Akt pathway activity among
individual BC-PDMs models, samples were divided into two groups, too, with one group again
consisting of HR+ samples and the other containing all TNBC and HER2+ samples (Figure
5C). Here, BC-PDMs were characterized by enhanced levels of beta-catenin, FoxO3a, Akt-
pSer473, CREB, CREB-pSer133, PDK1 and IKKalpha-pThr23.
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Next, we visualized the median-centered protein profiling data of BC-PDMs in box-whisker
plots. This allowed us to identify individual BC-PDMs samples with increased expression of
proteins belonging to cell cycle, MAPK/RTK and/or PI3K/AKT signaling pathways, respectively
(Figure 5D). Of interest were BC-PDMs samples with median-centered protein expression logz
AFI = 1, corresponding to a fold change = 2 (Table S8). Upregulated cell cycle activity was
identified in n = 8 BC-PDMs, whereas MAPK/RTK signaling was amplified in n = 11 BC-PDMs
with median expression levels = 1. Higher PI3K/Akt pathway activity was presentin n =7 BC-
PDMs. Interestingly, all three signaling pathways were concomitantly upregulated in the four
BC-PDMs samples #20, #78, #92 and #96. At the same time other BC-PDMs models showed
simultaneous downregulation of all analyzed signaling pathways as indicated by log> AFI
values < -1 (e.g. BC-PDMs #15, #18, #60, #89, #99). Pathway analysis thus allowed the
classification of individual BC-PDMs samples based on specific protein expression profiles.

5.8. TNBC-PDMs exhibit increased PI3K/AKT and MAPK/RTK pathway activity

DigiWest-based protein profiling of BC-PDMs also enabled the differentiation of TNBC -PDM
from HR+ BC-PDMs samples. TNBCs are known to be characterized by altered oncogenic
signaling pathways such as PI3K/Akt and MAPK/Erk (51). Genetic aberrations of upstream
regulators, such as activating mutations of PI3K, Ras, b-Raf, loss of function mutations of
PTEN, overexpression of EGFR, have been shown to be common in breast cancer and play
an important role in its dysregulation (52-57). These changes can cause the development of
chemoresistance in TNBC patients (58-60). In line with these findings, we found PI3K/AKT (p
=0.006) and MAPK/RTK (p = 0.032) pathways significantly upregulated within TNBC -PDM as
compared to HR+ BC-PDMs (Figure 5E). Proteins with significantly elevated abundance
included AKT (p = 0.022), elF2a-pSer51 (p = 0.009), elF4E (p = 0.049), GSK3beta (p = 0.006),
GSK3beta-pSer9 (p = 0.007), PTEN (p = 0.040), PTEN non-p (p = 0.044), p70S6K (p =0.009),
CREB-pSer133 (p = 0.041). All these regulators have previously been associated with TNBC.
Furthermore, we were able to assign additional proteins with elevated abundance in TNBC -
PDM to the MAPK/RTK pathway. Parallel to the PI3K signaling, the MAPK pathway is another
driving force in TNBC (61) and correlates with high disease recurrence rates in patients with
TNBC (62). We observed significant upregulation for Erk1/2 (p = 0.022), MEK2 (p = 0.002),
Src-pSer17 (p = 0.012) and Src-pTyr527 (p = 0.014) (Figure 5F). Other signaling pathways
(e.g. cell cycle, NFKB-Wnt) did not show a significant distinction in expression between TNBC-
and HR+ BC-PDMs. However, we identified upregulation of individual proteins related to the
cell cycle: CDK2 (p = 0.022),
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Figure 5 DigiWest-based protein pathway profiling of BC BC-PDMs. Hierarchical cluster linkage analysis (HCL)
of median-centered, log. transformed AFI protein signals of n = 42 BC BC-PDMs samples, divided into cell cycle,
MAPK/RTK and PI3K/Akt pathways. Molecular subtype classifications of BC BC-PDMs samples as indicated. (A)
HCL of sample and cell cycle-related analytes with complete linkage. Four sample clusters were identified based
on differential expression levels. (B) HCL of sample and MAPK/RTK-related analytes with average linkage. There
are two main sample clusters (excl. BC BC-PDMs #25) that separate samples with high MAPK/PI3K protein
expression from those with low expression. (C) HCL of sample and PI3K/AKT-related analytes with complete
linkage. Two main sample clusters were identified: “high-expression” and “low-expression”. (D) Differences in signal
transduction in BC BC-PDMs samples. Box-whisker plots show median-centered, log2 transformed AFI protein
signals of different pathways. Data distribution within samples is illustrated by lines connecting min. and max.
values. Each red dot represents a protein. Black lines in box plots indicate the “median” of measured proteins within
a sample. Blue lines delineate the values > |1| corresponding to a fold change > 0.5. (E) TNBC BC-PDMs showing
elevated PISK/AKT- and MAPK/RTK- pathway activity. The averaged, log2 transformed protein signals are
compared between TNBC and HR+ BC-PDMs within different pathways. Mann-Whitney U test, PI3K: p = 0.006,
MAPK/RTK: p = 0.032. (F) Differentially expressed proteins in TNBC BC-PDMs. Comparison of mean protein
expression in TNBC vs. HR+ BC BC-PDMs. Enhanced protein abundances in TNBC BC-PDMs were found for
several proteins associated with cell cycle, metabolism, immune system, PISK/AKT, MAPK/RTK and NFkB
pathway. Mann-Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001. Data are mean with SEM.

CDK2-pThr160 (p < 0.001), CDK4 (p = 0.025) and CDK4-pThr172 (p = 0.019). While CDK2
hyperactivation is linked to basal-like breast cancer tumors (63), aberrant expression of CDK4
is linked to drug resistance (64). Consistent with increased elF2a-phosphorylation in TNBC -
PDM and the associated upregulation of aerobic glycolysis (65-67), we also found an
upregulation of metabolism-related proteins including GLUT1 (p = 0.029) and IDH1 (p = 0.029).
When comparing BC-PDMs derived from NST and ILC tumors, we detected no differences in
overall signaling pathway activity (Figure S3A). However, we observed differential expression
for individual proteins such as E-Cadherin-pSer838/840, CK8-pSer23 and ERa (Figure S3B).
Decreased E-Cadherin levels in ILC-BC-PDMs are in accordance with inactivating CDH1 (E-
Cadherin) mutations that are frequently observed in ILC tumors and disrupt cellular
adhesion/epithelial integrity (68, 69). In accordance with G. Ciriello et al. (70), we discovered
lower GATA 3 protein levels in ILC tumors. Reduced ERa signal in ILC-BC-PDMs may be
explained by decreased GATA3 expression, as it plays a pivotal role in the recruitment of the
ER transcription complex (71). In summary, identified overexpressed signaling proteins in
TNBC -PDM affect many different cellular processes in cancer cells, including proliferation,
differentiation, migration, cell growth and survival. Our results are consistent with previous
findings in TNBC and show that BC-PDMs reflect protein signaling pathway activation
characteristics of corresponding primary breast tumors.

5.9. Identification of marker panels for individualized responses towards
hormone- and chemotherapy using combined cytotoxicity and protein
profiling analyses of BC-PDMs

BC-PDMs responses to four anti-cancer drugs were evaluated by a microplate-based
cytotoxicity assay. Microtumors derived from different patients were treated with the selective
estrogen receptor modulator (SERM) tamoxifen (TAM), the taxane chemotherapeutics
docetaxel (DTX) and paclitaxel (PTX), and the CDK4/6 inhibitor palbociclib (PAB). Samples
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were not differentiated according to receptor status. Treatment-induced cell death was
measured in a time series (24h, 48h and 72h) and compared to the respective vehicle control
(Table S9). A significant treatment effect, defined as a significant fold change in cell death
between vehicle control and treatment, was considered a response, whereas a nonsignificant
effect was considered a non-response or treatment resistance. (Mixed-effects model, Fisher’s
uncorrected LSD test). This approach allowed to divide the samples into responder (R) and
non-responder (Non-R) groups (Figure 6A). BC-PDMs responded heterogeneously to the
applied drug treatment. Most frequently they responded to treatment with DTX (9/29). Four
samples showed a response to TAM (4/29), six samples to PTX (6/29) and five samples to
PAB (5/29). Next, we compared the protein expression profiles (median-centered, logz
transformed data) of the previously determined responder and non-responder BC-PDMs
groups. Using DigiWest® analysis, we generated resistance/sensitivity protein marker panels
that clearly distinguished responder from non-responder BC-PDMs (Figure 6). For each
treatment, we selected proteins that are associated with therapy response/resistance
according to literature and are significantly differentially expressed in responder vs. non-
responder BC-PDMs or are involved in therapy-related signaling pathways (Table 2, Figure
S4).

In the TAM responder group, we identified a panel of nine proteins with significantly decreased
abundances (Figure 6B, Mann Whitney U test, ***p < 0.001) and a panel of nine proteins with
elevated abundances compared with the non-responder group (Figure 6D, Mann Whitney U
test, ***p < 0.001). Phosphorylated proteins that were elevated in the treatment-resistant BC-
PDMs group (Table 2) included ERa-pSer167, FGFR-pTyr653/654, PI3-kinase p85/p55-

Table 2. Treatment-resistance and -sensitivity panel of BC derived microtumors

Tamoxifen Docetaxel Paclitaxel Palbociclib
ERa-pSer167 Caveolin-1 Caveolin-1 Cytokeratin6
3 |FGFreceptor-pTyr653/654 imentin-pSer56 PgR Vimentin-pSer56
5 IGF1Rbeta CyclinE1 Cytokeratin5 ICDK6
: Src-pSer17 [Tau ICytokeratin6 CyclinE1
2 |PI3-kinase p85/p55-pTyr458/199 B-Raf-pSer445 imentin-pSer56 Erk1/2-pThr202/Tyr204
.3 CDK6é IKKe-pSer172 MEK1/2-pSer217/221 |FGFRpTyr653/654
‘» |Cyclin B1 NF-kB p100/p52 mTOR(FRAP) elF4E-pSer209
2 |IKKepsilon-pSer172 Cyp1B1 IKKa-pThr23
beta-Catenin(non-pSer33/37/Thr41)
ERa ERa GATA3 (CDK2-pThr160
E2F-4 E2F-4 Cytokeratin8/18 CyclinD1
Src-pTyr527 CIP2A E-Cadherin ER
3 |aTubulin Cytokeratin8/18 ITubulin-ac Her2
§ Tubulin-ac [Tau-pSer202 ITubulin beta-1chain |c-Raf-pSer259
elF2a-pSer51 Erk1/2-pThr202/Tyr204 |cdc2(CDK1) [JNK/SAPK-pThr183/Tyr185
-‘E GLUT-1 beta-Catenin-pSer552 (CDK4-pThr172 pP38MAPK-pThr180/Tyr182
Z't'n LDHA Cyclin B1 E-Cadherin-pSer838/840
S [PDK1-pSer241 E2F-2
0 Rb-pSer807/811
INF 1(Neurofibromin)
c-Met-pTyr1003
beta-Catenin-pSer552
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pTyrd58/199, and IKKepsilon-pSer172, all of which are directly or indirectly related to TAM
resistance according to the literature (72-77). The panel further contained regulators of the cell
cycle (CDK®6, Cyclin B1) and the Wnt-signaling pathway (non-phosphorylated beta-catenin).
Within this panel, CDK6 expression was significantly different in non-responder versus
responder BC-PDMs (Figure 6C, Mann-Whitney U test, *p = 0.035). In simple logistic
regression analysis, CDK6 was found to negatively affect the likelihood of response to TAM
with a 50% decrease in the odds (OR = 0.5, 95% CI 0.21-0.82) (Figure S4B; Table S10; p <
0.05 [Wald, LRT]). Proteins found to be relevant for BC-PDMs TAM sensitivity were e.g. ERq,
the transcriptional repressor protein E2F-4, the microtubule protein aTubulin and proteins
involved in cancer cell metabolism (GLUT1, LDHA and PDK1-pSer241) and stress responses
(elF2A-pSer51).

Using a 7-protein resistance panel, we were able to significantly distinguish DTX non-
responder from DTX responder BC-PDMs (Figure 6E, Mann Whitney U-test, ***p < 0.001).
This panel included proteins associated with EMT induction (Vimentin-pSer56, NFkB p100/p52
and IKKe-pSer172) or drug metabolism (CYP1B1), which are also known to induce drug
resistance to DTX and PTX in cancer cells (78, 79) (Table 2). In addition, higher Caveolin-1,
Cyclin E1 and b-Raf-pSer445 protein levels contributed to DTX resistance of BC-PDMs. We
found Caveolin-1 (*p = 0.029) and the MAPK-pathway related protein b-Raf-pSer445 (***p <
0.001) to be significantly enriched in non-responder BC-PDMs (Figure 6F, Mann Whitney U-
test). Figure 6G shows the protein panel predicting sensitivity of BC-PDMs to DTX treatment
(Mann Whitney U-test, *p = 0.017) with increased expression of e.g. ERa, luminal-cell marker
(Cytokeratin 8/18), inactive beta-catenin-pSer552 and microtubule associated protein Tau-
pSer202 (Table 2). In this panel, we identified Cytokeratin 8/18 (Fig. 6H, Mann Whitney U-test,
***p < 0.001) and Tau-pSer202 (Fig. 6H, Mann Whitney U-test, p = 0.028) to be significantly
enriched. By logistic regression analysis, expression of Caveolin-1 and b-Raf-pSer445 was
shown to decrease the odds of DTX response of BC-PDMs by 44% (OR = 0.56, 95% CI: 0.
0.32-0.88) and 54% (OR = 0.46, 95% CI: 0.25 to 0.72) and thus contribute to DTX resistance.
In contrast, elevated Tau-pSer202 (OR = 1.46, 95% CI: 1.06 to 2.22) and CK8/18 (OR = 1.54,
95% CI: 1.06 to 2.67) levels were significantly associated with DTX treatment response in BC
-PDM (Figure S4D; Table S10; p < 0.05 [Wald, LRT]).

Paclitaxel treatment resistance of BC-PDMs was determined by a heterogenous panel of 9
proteins enriched in non-responder BC-PDMs (Figure 61, Mann Whitney U-test, ***p < 0.001).
Resistance-associated proteins were Caveolin-1, PgR, mTOR, phosphorylated MEK1/2
(pSer217/221) of the Erk/MAPK signaling pathway, phosphorylated IKKa (pThr23) of the NFkB
pathway, the microtubule-associated protein Tau and the basal breast cancer markers
Cytokeratin 5, Cytokeratin 6 and Vimentin-pSer56 (Table 2). Moreover, we identified Vimentin-
pSer56 to be significantly enriched in the PTX non-responder BC-PDMs (Figure 6J, Mann
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Whitney U-test, **p = 0.004). Using a 13-protein panel, we could differentiate PTX sensitive
from resistant BC-PDMs (Mann Whitney U-test, ***p < 0.001). We discovered several cell
cycle-associated proteins (e.g. CDK1, CDK4-pThr172), luminal epithelial cell markers (e.g. E-
Cadherin, Cytokeratin 8/18), the microtubule-forming protein Tubulin (acetylated Tubulin,
Tubulin beta-chain), the Ras-inhibitor NF1 (Neurofibromin), c-Met-pTyr1003 and beta-Catenin-
pSer55, whose expression affected BC-PDMs sensitivity to PTX treatment. Protein
abundances differed significantly for GATA3 (Fig. 6L, Mann Whitney U-test, **p = 0.009), NF1
(Fig. 6L, Mann Whitney U-test, **p = 0.005) and c-Met-pTyr1003 (Fig. 6L, Mann Whitney U-
test, *p = 0.020). The probability of BC-PDMs response to PTX was doubled by increased
GATA3 (OR =2.34, 95% CI: 1.24-6.2) and NF1 (OR = 2.15, 95% CI: 1.25-4.5) expression and
decreased levels of Vimentin-pSer56 (OR = 0.72, 95% CI: 0.51-0.93) (Figure S4D; Table S10;
p < 0.01 [Wald, LRT]). To the best of our knowledge, there are no studies to date that have
reported a link between the expression of these proteins and PTX treatment response.

For PAB treatment, we identified a resistance panel including proteins previously associated
with PAB resistance: CDK®6, Cyclin E1 and FGFR. Combined with basal breast cancer markers
Cytokeratin 6 and Vimentin, the MAPK-signaling protein Erk1/2- pThr202/Tyr204 and the
active mTOR signaling protein elF4E-pSer209, these proteins could differentiate PAB resistant
from PAB sensitive BC-PDMs (Figure 6M, Mann Whitney U-test, ***p < 0.001). In contrast,
sensitivity to PAB was predicted by a 8-protein panel (Figure 6N and 60, Mann Whitney U-
test, ***p < 0.001) with increased ERa (**p = 0.003), HER2 (**p = 0.003), CDK2-pThr160 (**p
= 0.004), E-Cadherin-pSer838/840 (*p = 0.014), Cyclin D1, c-Raf-p259, JNK/SAPK-
pThr183/Tyr185 and p38MAPK-pThr180/Tyr182 signals in responder BC-PDMs. An increase
of ERa (OR = 2.15, 95% CI: 1.2-5.91), HER2 (OR = 72.48, 95% CI: 2.36-14948598) and E-
Cadherin-pSer838/840 (OR = 1.84, 95% CI: 1.15 to 3.55) by one level more than doubled the
odds of BC-PDMs responding to PAB therapy (Figure S4D; Table S10; p < 0.01 [Wald, LRT]).

In summary, we identified heterogeneous responses to anti-cancer drug treatment in BC-
PDMs. Through comprehensive molecular protein signaling pathway analysis of treatment-
responsive and -resistant BC-PDMs, we gained insights into the treatment response
mechanisms of breast cancer cells in microtumors, which were shown to resemble
histopathological and protein expression profile characteristics of the corresponding primary
breast tumor. Our data confirmed several proteins known to play a role in treatment resistance
and/or sensitivity, and also identified novel markers that significantly correlate with

individualized treatment responses.
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Figure 6. Treatment responses analyzed in BC-PDMs and identification of resistance and sensitivity marker panels. (A)
Treatment response of breast cancer (BC) PDM to anti-cancer drugs. Microtumors were classified as “responder” and non-
responder” based on the results of cytotoxicity measurements (Celltox Green™ assay; Promega). Cytotoxicity was determined
in a time series (24h, 48h and 72h). Treatment effects were analyzed as fold change of the respective control for each
measurement time point using a mixed-effects model (REML) and Fisher’s uncorrected LST test. Statistically significant fold
changes were defined as “response” and BC-PDMs were accordingly classified as “responders”. The numbers indicate BC
sample number. (B-D) TAM, (E-H) DTX, (I-L) PTX and (M-O) PAB resistance and sensitivity marker panels. Median-centered,
logz-transformed DigiWest AF| protein signals were compared between R and Non-R groups. Each data point within the scatter
bar plots represents the same protein in R and Non-R. Lines connect protein data points between Non-R and R. Therapy
resistance and sensitivity panels were identified including up to thirteen proteins (for detailed protein list see Table 1.).
Comparison of R and Non-R protein “panel” signals by non-parametric, unpaired Mann-Whitney U test. Within these protein
panels individual, differentially expressed proteins are depicted (non-parametric, unpaired Mann-Whitney U test). *p < 0.05, **p
<0.01 and ***p < 0.001. Shown are mean with SEM. AFI: average fluorescent intensities; Non-R: non-responder; R: responder;
TAM: tamoxifen (100 nM), DTX: docetaxel (5.5 uM), PTX: paclitaxel (4 pM), PAB: Palbociclib (150 nM).
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6. Discussion

Breast cancer is a highly heterogenous disease with profound morphological, genetic and
phenotypical variability resulting in multiple disease manifestations with different response to
treatment (14). Gene expression analysis and classical immunohistochemical analysis has
enabled the differentiation of BC subtypes and subsequently served to guide treatment
selection and patient stratification in BC (4-6). Still, development of treatment resistance
remains a major challenge in the management of this malignancy, largely due to the
pronounced intra-tumoral heterogeneity that characterizes BC beyond genetic profiles (14).
Apart from the intrinsic changes and interactions of tumor cells, also the crosstalk of tumor
cells with the complex TME impacts the BC phenotypic manifestation and thus the
development of treatment resistance (17, 18). In this study, we successfully generated a
repertoire of microtumor samples from different BC subtypes representing disease
heterogeneity. We applied previously published protocols for isolating microtumors from
primary tumor tissues (21, 26, 27). BC-PDMs recapitulate general histological features and
tumor-type specific features of NST (IDC) and ILC like growth patterns, cellular pleomorphism
and atypia of the corresponding primary tumor tissue. Using Movat-pentachrome stainings, we
found the most abundant BC-related ECM proteins (35, 80), collagen and PGs/GAGs, also
present in BC-PDMs. Studies demonstrated that collagen deposition, which increases ECM
stiffness, and the density and orientation of collagen fibers affect tumor aggressiveness,
invasiveness, therapy responses and correlates with prognosis in BC (81-83). Hence, BC
tumor models that comprise ECM structures of native tumors like BC-PDMs represent relevant

test systems to investigate disease biology and therapy resistance.

Moreover, our results highlight other features in BC-PDMs characteristic of different BC
subtypes as previously described, including hormone-receptor expression in HR+ BC-PDMs
compared with TNBC -PDM, increased collagen deposition in ILC-derived BC-PDMs (35),
heterogenous expression profiles of luminal (CK18) and basal cell markers (CK5 and CKG6)
(42) with decreased CK18 expression in TNBC -PDM (47), and high FAPa expression in ILC-
BC-PDMs (50). Regarding the CK expression in BC-PDM, we observed similar cellular profiles
as described previously by Abd EI-Rehim, D.M. et al (42), i.e. the differentiated glandular
phenotype (CK18*), the stem cell phenotype (CK5/6") and an intermediate glandular
phenotype (CK5/6", CK18") (46). In contrast to this study, we did further differentiate CK5* BC-
PDMs from CK5/CK6" BC-PDMs. According to several reports, 17% of ILCs express basal
CKs (84). In our study, ILC-BC-PDMs expressed relatively high levels of CK5/6 compared to
NST-BC-PDMs, which is therefore somewhat surprising. In order to provide a more precise
statement on this, BC-PDMs established from a larger cohort of ILC samples would need to
be evaluated. However, differential protein expression analysis revealed an overall higher
expression of CK5 and CK6 in BC-PDMs regardless of breast tumor type compared to primary
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tumors. Overexpressed CK5 could be attributable to the culture conditions of BC-PDMs in the

form of estrogen deprivation (85, 86).

Compared to frequently employed gene expression analysis of tumor models, our study
investigated BC microtumors on the protein level using the DigiWest® method covering 142
total and phosphoproteins. Thereby, breast cancer-related protein expression levels and
signaling pathway profiles largely correlated with those of corresponding primary tumors.
Hierarchical cluster analysis grouped BC-PDMs according to their classification and molecular
protein expression signature. Further, our DigiWest® data confirmed protein signatures of
TNBC-PDMs consistent with those in the literature, characterized by upregulated PI3K/Akt and
MAPK/RTK signaling (51, 61, 62, 87) with overexpressed proteins associated with integrated
stress response (88-91), higher relapse rates, mortality (62, 92, 93), tumor growth and EMT
(27, 94-96). When comparing BC-PDMs and primary tumor profiles, we found decreased
expression of NFkB signaling pathway proteins NFkB regulates processes of immune and
inflammatory responses and is part of the immune defense against transformed cells (97, 98).
Because the protein data also showed diminished expression of immune cell markers in BC-
PDMs, the attenuated presence of immune cells in microtumors might explain the observed,
decreased NFkB-related signals as compared to PTT.

Our study validates the application of BC-PDM for in vitro functional drug testing, as
demonstrated previously for ovarian cancer and glioblastoma microtumors (21, 26, 27), to
functionally complement molecular and histopathological analyses. Protein profiling analysis
combined with functional drug testing allowed us to identify phenotypic hallmarks of treatment
resistance and sensitivity, as opposed to genetic alterations that may not correlate with clinical
benefit (19). As the growth of some types of BC is driven by increased signaling from estrogen
and progesterone receptors, hormone therapies have been developed that prevent hormones
from binding to these receptors. TAM is a competitive inhibitor of the estrogen receptor known
as a selective modulator, while fulvestrant is a selective ER degrader (99). It has been reported
that overexpressed CDK6 inhibits fulvestrant-mediated (ER-down regulation-induced)
apoptosis and thus induces fulvestrant-resistance (100). Our data implicates that TAM
resistance may also be characterized by high CDK6 levels in BC-PDMs illustrating the
possibility of resistance mechanisms similar to fulvestrant. Furthermore, it is known that ERa
activation through phosphorylation of Ser167 in an estrogen-independent manner and FGFR
activation can cause TAM resistance: both proteins were identified within our BC-PDMs TAM
resistance panel (72, 76, 101). In line with the clinical application of TAM in HR+ BC (102),
increased total ERa levels contribute to TAM sensitivity in BC-PDMs.

The chemotherapeutic agent DTX has shown high activity as an antimicrotubular agent in both
neoadjuvant and adjuvant application in advanced and metastatic breast cancer (103). It also
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had the strongest effect on BC-PDMs treatment response as compared to other anti-cancer
drugs tested. In line with previous studies, BC-PDMs generated from less invasive BC, luminal-
like CK8/18 high BC-PDMs with inactive 3-catenin signaling and thus lower EMT-transition,
and BC-PDMs with high ER expression were sensitive to treatment (104-106). Contrary, we
confirmed that high expression of EMT-related and EMT- inducible proteins, high expression
of DTX-metabolizing CYP1B1 and increased Caveolin-1 in BC-PDMs predict DTX resistance
(78, 79, 107, 108). Surprisingly, we did identify Ser202 phosphorylated Tau to positively and
b-Raf-pSerd445 to negatively influence DTX sensitivity of BC-PDMs. To date, there are no
reports on either protein or their potential impact on response to taxane treatment. However,
there are conflicting data on whether the expression of tau correlates with taxane response
(109, 110).

As the first taxane compound discovered, PTX has a similar function to DTX as
antimicrotubular agent (111). The critical role of the EMT process in PTX resistance, (79), is
well represented indicated by the resistance and sensitivity marker panel we identified in BC-
PDMs, including EMT-regulator proteins such as Vimentin-pSer56, CK5, CK6, E-Cadherin,
CK8/18, IKKa-pThr23, beta-Catenin-pSer55. Contrary to DTX, our results regarding PTX
resistance of BC-PDMs indicate that increased total Tau protein levels correlate with treatment
resistance. Further studies are warranted to further investigate the importance of Tau protein
expression in taxane treatment response of breast cancer. In line with previous in vitro studies
our data suggest a correlation between high PgR levels and decreased PTX sensitivity (112).
Interestingly, we found three proteins being significantly elevated in PTX sensitive BC-PDMs:
GATA3, NF1 and c-Met-pTyr1003. So far, these proteins have not been linked to taxane
sensitivity, but have generally been associated with breast cancer development (113-116).

In addition to endocrine and chemotherapy, we also tested the CDK4/6 inhibitor palbociclib
(PAB). The emergence of several intrinsic and acquired resistance mechanisms has been
described preclinically, however without verification in the clinical setting (117). Our
comparison of responder and non-responder BC-PDMs protein expression profiles provided
intriguing results regarding PAB treatment. We identified several proteins in our BC-PDMs
resistance/sensitivity panel to be predictive for PAB response that have been linked to PAB
resistance/sensitivity in previous studies, such as CDK®6, Cyclin E1, FGFR, Cyclin D1 and ERa
(117). Surprisingly, our data also suggest Vimentin, CK6, CDK2-p and HER2 protein
expression as novel PAB-treatment response markers. Increased Vimentin and CK6 levels
may define a more aggressive and invasive tumor type that is resistant to PAB (49, 118). Our
analyses identified phosphorylated CDK2 to contribute to PAB-sensitivity of BC-PDMs, while
other studies reported the opposite, as the cyclin E-CDK2 pathway is an important bypass
mechanism of the cyclin D1-CDK4/6 axis in acquired PAB-resistance (117). Both CDK4/6-

Cyclin D and CDK2-Cyclin E complexes are decisive for the transition of G1- to S-phase and
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thus required for cell cycle progression. Further studies are warranted to evaluate this

differential response in BC-PDMs.

In summary, we have shown that a salient feature of BC-PDMs, in addition to their
histopathological and molecular similarity to the corresponding patient tumor, is the
representation of native ECM components that collectively represent the disease
heterogeneity of BC. Limitations of this novel patient-derived model system are the restricted
number of microtumors available for downstream analyses, the reduced expression of immune
cell markers and NFkB signaling proteins, as well as the enhanced expression of CK5 and
CK6 as compared to corresponding primary tumor tissue. Further evaluation in additional
sample cohorts will be needed to understand the underlying mechanism and to assess the
long-term stability of HR-expression in BC-PDMs cultures. Regarding the application of BC-
PDMs for assessment of immune cell interaction and immune-oncological treatment
responses, we have previously shown functional drug testing of immune checkpoint inhibitors
in co-cultures of ovarian cancer and glioblastoma PDM and autologous immune cells (21, 26,
27).

7. Conclusion

Based on comprehensive protein profiling analyses in combination with functional drug testing
assays in BC-PDMs our study highlights the potential of identifying patient-tumor specific,
differentially expressed proteins to discriminate treatment responders from non-responders
and warrants further, confirmatory studies in larger sample cohorts. Specifically, future studies
will focus on the comparison of functional drug testing and protein profiling data from BC-PDMs
with clinical treatment response in respective patients. As a complement to genomic mutation
analysis and standard subtype classification, the combination of individual histopathologic
analysis, preclinical drug testing, and parallel protein profiling analyses of BC-PDMs may hold
promise for identifying predictive markers of treatment resistance and sensitivity to personalize
breast cancer therapies.

8. List of abbreviations

BC breast cancer

CAFs cancer-associated fibroblasts
CK cytokeratin

DAB 3,3'-Diaminobenzidin

DCIS ductal carcinoma in-situ
DMSO Dimethyl sulfoxide

DTX docetaxel

ECM extracellular matrix
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epithelial-to-mesenchymal transition
estrogen receptor
fibroblast-associated protein a

fold change

formalin-fixed paraffin-embedded
glycosaminoglycans

hematoxylin and eosin staining
hierarchical clustering

human epidermal growth factor receptor 2
hormone receptor

invasive ductal carcinoma
immunohistochemistry

invasive lobular carcinoma
immunoreactive score

lobular carcinoma in-situ

invasive ductal carcinoma of no special type
palbociclib

patient-derived microtumors
progesterone receptor
proteoglycans

primary tumor tissue

paclitaxel

relative fluorescent units

tamoxifen

tumor infiltrating lymphocytes
tumor microenvironment

triple-negative breast cancer
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