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Abstract

Despite recent scientific advances, cancer is still a major health related problem
worldwide. Amongst the different types, Breast Cancer is one of the most common, and is
currently the primary cause of cancer-related deaths in women. Moreover, it is not the
primary tumor that is usually the culprit. It is the “untreatable” nature of metastatic breast
cancer that is responsible for the majority of deaths related to breast cancer. A key step in
tumor progression and metastasis is angiogenesis. The development of vasculature within
the breast tumor microenvironment is crucial not only for nutrient attainment, but also for
disposing of metabolic waste and carbon dioxide to maintain homeostasis and the erratic
proliferation of cells. Overwhelming efforts have been put into designing innovative pre-
clinical models that can truthfully replicate the disease in vitro. 3D models that can
incorporate multiple types of cells and also replicate the vascular compartment, will certainly
help to further comprehend the complexity behind tumor vascularization and metastasis. In
that sense, this project’s main goal was to develop a vascularized 3D in vitro platform, that
could serve as aresearch tool to further study the role of angiogenesis in breast cancer. To
reach that goal, the thesis was divided in two main branches: the development of tumoroids,
coculture spheroids that replicate the breast tumor itself, and the development of vascular
units (VUs), that represent the surrounding vascular stroma. Both branches would then
converge by incorporating them in a well-defined alginate matrix with tunable biochemical
and mechanical properties and integrating them in a single microfluidic device that allows
the evaluation of heterotypic cell interactions and the angiogenic potential of the whole

system.

To develop tumoroids, MCF-7 cells from breast tumor were combined with
fibroblasts (cancer associated - CAF or normal mammary fibroblasts - nFib) in non-adherent
agarose molds to generate coculture spheroids, further designated tumoroids. It was
verified that by adding the fibroblasts 6 days after the formation of MCF-7 monoculture
spheroids (sequential seeding), fibroblasts that aggregated in the spheroid’s core, could
take up a bigger area of the spheroid without being overgrown by the epithelial cells. This

seeding method was able to more truthfully replicate the cellular organization found in in

viii



vivo tumors. These tumoroids were subsequently embedded in an ECM-like alginate matrix.
This alginate was previously functionalized with RGD and a bifunctional MMP-sensitive
peptide (CGPQG|IWGQC) that was simultaneously the crosslinking agent. Some embedded

tumoroids were able to invade the bioresponsive alginate matrix.

For the generation of the VUs, coculture spheroids of outgrowth endothelial cells
(OEC) and fibroblasts (CAF/nFib) were also produced using the agarose molds. These
spheroids exhibited the formation of vascular-like structures within the spheroid.
Furthermore, when embedded in our multi-functional alginate matrix, these structures were
able to sprout radially and establish extensive networks in both matrices. It was even
observed that these endothelial networks were lumenized, indicating the possibility of
shaping into vessels, which were promising results towards achieving a truly vascularized

model.

Preliminary work was developed regarding the fabrication of the microfluidic
device. The platform contained three parallel channels, connected through microchannels
that, in the future, will be filled with spheroids embedded in a bioresponsive alginate
hydrogel. The central channel will have the tumor compartment (tumoroids previously
optimized) and the two side channels will have the vascular/stromal compartment (VUs
embedded in alginate at day 1). Optimization of the device was performed in order to

improve resolution that would then enable the injection of the alginate hydrogel.

Altogether, these results reveal that the suggested 3D in vitro platform is a
versatile and powerful tool to study the role of angiogenesis during tumor progression. In
the future, it can be further optimized to receive patient-derived cells for applications such
as drug screening, which paves the way to bringing us closer to a world where personalized

medicine is the standard of care.
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Chapter 1 - Introduction

1.1 The Mammary Gland - How does it Work?

1.1.1 Anatomy and Functions

Breasts are present both in male and female anatomy. Understanding their
anatomy is a key step to study the disorders that affect them and to be able to develop

strategies to better treat breast cancer patients.

Regarding the topographic anatomy, the breast base extends from the 2™ to the
6" rib. The sternum is located medially and the midaxillary line laterally [1]. Muscles lie
underneath each breast, covering the ribs. Pectoralis major is present underneath the
upper two-thirds of the breast and serratus anterior underlies the lower two-thirds [2].
Other muscle that lies partially underneath the breasts is the external oblique muscle of

the abdomen.

Breast tissue is encased by superficial fascia that is present below the dermis,
however, a part of it, designated the axillary tail (of Spence) penetrates the deep fascia
and sits in the axilla. Breasts are majorly composed of adipose tissue and glandular tissue
with ratio varying among individuals. However, after puberty, glandular tissue is more
prominent in females than in males in response to estrogen release, hence the mammary

gland is usually rudimentary or non-functional in males.

Structurally, the mammary gland has three components: the skin, the

parenchyma and the stroma (Figure 1).



Regarding the skin component, it is constituted by the nipple and the areola. The
nipple is an important part of breastfeeding and is commonly located at the level of the 4"
rib, aligned with the midclavicular line [1]. The areola is a circular pigmented area that
circles the nipple. It contains melanocytes and usually, pigmentation reaches its peak after
puberty. This area has numerous sebaceous glands (termed tubercles of tubercles of
Morgagni, that represent the opening of the Montgomery glands) and the oil they secrete

helps lubricate during breastfeeding and keeps germs away from the breasts [3].

The parenchyma is composed by glandular tissue that is divided into 15-20
lobes [2], [4]. Lobes are arranged in circular fashion and are composed of smaller
structures designated lobules that contain alveoli and form the basic functional unit of the
mammary gland. These alveoli are all connected through small ducts that meet to form a
bigger duct for each lobe that finally connects to the nipple [5]. Histologically, the epithelial
tissue presents an internal layer that connects to the ductal lumen and contains cubic
pseudo-striated epithelial cells. Some of these cells namely the ones in the terminal end
of the duct have the potential to differentiate into lactocytes, the cells that secrete milk
during lactation. In addition, an outer layer is constituted by myoepithelial cells that have
similar characteristics to smooth muscle cells. They have the ability to contract,
surrounding the luminal layer tightly. This second layer lies basally in the basement

membrane [6].

The stroma compartment offers support to the breast and is located both in
between the lobes (inter-lobular stroma) and surrounding the lobules (intra-lobular
stroma). The inter-lobular stroma contains densely arranged fibrous connective tissue
(mainly composed of collagen-type IV and laminin) embedding adipose tissue. This part of
the stroma is progressively replaced by adipose tissue during menopause which often
causes the breasts to increase in volume [7]. Relevant components of the connective
tissue are the suspensory ligaments of Cooper responsible for suspending the breasts
from the pectoral fascia in the correct position [8]. Encircling the lobules, the intra-lobular
stroma contains fibroblasts, some immune cells, such as macrophages and lymphocytes,
and blood vessels. This part of the stroma lacks elastic fibers and is greatly responsive to
hormonal micro-environmental cues. It is associated with different stages of mammary

gland development through cross-talking with the epithelium.
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Figure 1 | The structure of the breast. (a) Each lactiferous duct connects to one or more alveoli
at the end. A group of alveoli forms a lobule and several lobules form a lobe. b) The nonlactating
breast with a duct system that is not extensively developed. c) The lactating breast has a more
complex duct system with multiple branches that end in well-developed alveoli. Adipose tissue is
abundant in both nonlactating and lactating breast. Adapted from [4].

The primary function of the mammary gland is to produce milk for the
nurturement of a neonatal. This function is regulated by different hormones. During
pregnancy, estrogen and progesterone enhance the development of the duct system,
while prolactin stimulates the production of milk within the glandular tissue. Oxytocin is
released when an infant suckles on the breast, stimulating the contraction of the
myoepithelial cells in the lobules and ducts which in turn causes the ejection of milk from
the glands [8]. Numerous evidence have shown that human milk is a powerful source of
bioactive components and nutrients that contribute to the infant’s healthy development
and growth. Moreover, human milk stem cells have been discovered, and they may play an

important role in the establishment of the innate immune system [9].



1.1.2 Blood Supply and Lymphatics

The mammary gland is a highly vascularized organ. Arterial blood is supplied to
the skin of the breasts by a network of vessels deriving from the internal mammary artery
(principal supply), axillary artery and branches of the posterior intercostal artery (Figure
2A). These vessels and capillaries provide biochemical factors which are vital for the good
functioning of the gland and, later on, for the production of milk. However, studies indicate
that the amount of blood supplied by each artery varies among individuals, and their
organization does not follow the ductal system, so the arterial network is often asymmetric
between breasts [6], [10].

Lymphatic vessels are of particular interest, specifically due to the ability of
tumors to spread through the lymphatic drainage. Lymph fluid is filtered and carried from
the breast lobules through intramammary nodes into a subareolar plexus, named Sappey’s
plexus [11] (Figure 2B). From there, lymphatic drainage happens mainly into the axillary
lymph nodes (that correspond to the dominant pathway receiving more than 75% of the
lymph) and the internal mammary (parasternal) nodes (that drains the remaining 25%) [12].
For that reason, these are the main locations for metastasis. Often axillary lymph nodes
are surgically removed to treat breast cancer, since they help in cancer staging [13].
Axillary lymph nodes are classically divided into five groups: anterior (pectoral) group that
drains the outer quadrants of the breast; posterior (subscapular) group that drains the
lower outer quadrant; lateral group located under the axilla that drains only a residual
quantity of lymph from the breast; central group that receives lymph from the anterior,
posterior, and lateral groups; and the apical group that is located more deeply in the axilla’s
apex and receives lymph from all the previous groups, as well as drains the upper inner

quadrant of the breast .
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Figure 2 | Blood supply and lymphatics of the breast. A) Normal arterial blood supply of the
breast. B) Lymphatic drainage of the breast. Adapted from [10].

1.2 Breast Cancer - A Worldwide Burden

1.2.1 Social Impact and Characterization

Despite recent advances in the development of new pharmaceuticals and

surgical interventions, cancer is still a major health related problem worldwide and is

currently one of the leading causes of death globally [14]. In the United States, cancer was

responsible for more than 600 000 deaths in 2021, representing the second leading cause

of death in this country [15]. Amongst the different types, breast cancer is one of the most

common, with a total of 2 261 419 new cases reported in 2020 and is currently the primary

cause of cancer-related deaths in women (Figure 3) [14].
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Figure 3 | Most common type of cancer mortality by country in 2020 among women. The
numbers of countries represented in each ranking group are included in the legend. Source:
GLOBOCAN 2020.

Regarding site, breast cancer can be classified as non-invasive or invasive
breast cancer. Non-invasive breast cancer corresponds to tumors which cells manage to
stay confined to the ducts and do not invade the neighboring adipose and connective
tissue. It comprises Ductal Carcinoma in situ (DCIS) (the most frequent form of non-
invasive breast cancer) and Lobular Carcinoma in situ (LCIS). Invasive breast cancer is
characterized by abnormal cells that are capable of escaping from the ducts and invading
the surrounding tissues. Some examples of this type of cancer are Infiltrating Lobular

Carcinoma (ILC), Infiltrating Ductal Carcinoma (IDC) and Medullary Carcinoma [16], [17].

Additionally, it can be classified into five subtypes according to molecular
features based on the assessment of gene expression profiles. Examples of biological
markers are hormone receptors (HRs) such as estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2 (HER2); and others such as
Ki67 (marker of cell proliferation), cytokeratin 5/6 (CK5/6), and epidermal growth factor

receptor (EGFR). Based on these markers, the breast cancer subtypes are luminal A (ER



positive; PR positive/negative; HER2 negative; Ki67 low), luminal B (ER positive; PR
positive/negative; HER2 positive/negative; Ki67 high), HER2-enriched (ER and PR
negative and HER2 positive), basal-like (ER negative; PR negative; HER2 negative; and
EGFR positive or CK5/6 positive), and triple-negative phenotype (TN) (ER negative; PR
negative; HER2 negative) [18]. The analysis of these genetic profiles helps create a
correlation with the patient’s prognosis and survival [19]. For example, a study conducted
by Serlie has concluded that luminal A patients had a lower probability of recurrence. On
the other hand, basal and HER2+ subtypes presented a shorter period before the
appearance of metastasis [20]. These studies help conclude that different subtypes
present distinct responses to treatment, which means that identification of these
molecular markers is determinant in the efficacy of the applied treatment [21]. However,
another aspect to consider is that intratumor heterogeneity is common in breast cancer.
This means that subtype identification of one biopsy, does not necessarily represent the
entirety of the tumor and so patients with the same subtype may respond differently to
the same treatment. Cell populations that are phenotypically different within a tumor lead
to a more aggressive cancer and make finding the suitable treatment for the patient a

much challenging task [22].

Early-stage detection of breast cancer can have a significant impact on the
patient’s survival. Diagnosis is usually achieved through screening or symptoms of pain
that lead to a more detailed diagnostic exam. Screening provides women a higher chance
of detecting smaller tumors, and a lower risk of developing metastasis. This means that
they are less likely to require chemotherapy or invasive removal surgeries, contributing to
reduced morbidity. Mammography is the universally recommended approach and is the
only screening practice that has proven to reduce breast cancer mortality. This technique
uses X-ray imaging, and it is sensitive (77%-95%) and specific (94%-97%). However, for
women aged under 50 years old, mammography is less sensitive (58%-85%), as well as
for smaller tumors (with a diameter of less than 1 mm) [23]. This lower sensitivity is
explained by the that fact that younger women (premenopausal years) have a denser
breast tissue, which decreases the radiologist’s ability to correctly identify the presence
of a lesion. Other screening approaches include contrast-enhanced (CE) digital
mammography, ultrasound, magnetic resonance imaging (MRI), positron emission

tomography (PET) or more recently, microwave imaging (Ml) [24].



Upon screening approaches, women that test positive will be advised to undergo
a tissue biopsy. It is often a challenge for the pathologist to distinguish between similar
diseases, as is the case for in situ disease versus microinvasion, or ductal cancer versus
lobular cancer. For that matter, the support of immunohistochemical and molecular tests,

will in most cases, help identify if it is either benign or cancerous tissue [25].

Typically, biomarkers are used to distinguish different types of breast cancer
and help establish a line of treatment that most suitably fits the patient. Biomarkers initially
evaluated are the expression levels of Ki67 and hormone receptors (ER, PR and HER2).
However, various other underrepresented biomarkers have proven to be promising tools
for prognostic and diagnosis. Four biomarkers are FDA-approved to assess breast cancer
using liquid biopsies: two cancer antigens (CA 15-3, and CA 27-29), HER2, and circulating
tumor cell (CTC) [26]. Detection and isolation of CTCs is currently performed using the
CellSearch® system and represents a predictive biomarker for the risk of relapse or death.
Nevertheless, this technique is in its infant stages and still raises some concerns in the

scientific community [27].

1.2.2 Mutations and the Risk for Breast Cancer

Breast cancer genes-1/2 (BRCA1/BRCA2) are other known genes implicated in
the risk of breast cancer. BRCA1 gene is located in chri7gq and the translated BRCA1
protein is responsible for regulating transcription, proliferation and DNA repair
mechanisms. Meanwhile, BRCAZ2 is located in chri3q and BRCA2 protein is mainly in
charge of controlling DNA repair [28]. Essentially, these two genes produce proteins that
suppress cell growth and so they are designated tumor suppressing genes. A commonly
observed event is the loss of heterozygosity (LOH), that happens when a person that
already possesses one of the alleles mutated/deleted and suffers a mutation in the healthy
allele. This leads to unrepaired DNA damage and eventually cancer. Mutations in these
genes are frequently observed in hereditary breast cancer (90% of cases) and are also

present in the majority of hereditary ovarian cancer [28].

Tumor protein 53 (TP53) is encoded by the p53 gene which is a commonly

mutated gene in many types of cancers. Although TP53 mutations are rare when



compared to BRCA1/2, it still determines a high risk for breast cancer, especially relevant

when mutations in the BRCA genes are not causative [29].

Besides biomarkers, other established prognostic markers applied in the clinic
are the tumor size (tumors with diameters bigger than 2 cm are more prone to metastasize,
hence present a poor prognostic), axillary lymph-node metastasis, and the histological
grade [30].

1.2.3The Metastatic Process

Breast cancer mortality is extremely high, making this an unquestionably
daunting disease. However, it is not the primary tumor that is usually the culprit. It is the
“untreatable” nature of metastatic breast cancer that is responsible for the majority of

deaths related to breast cancer.

Breast cancer has a great metastatic potential specifically towards tissues like
lung, bone, liver, and brain. Moreover, it is frequent that patients end up developing
metastasis at multiple sites. It is estimated that between 20% to 50% of patients
diagnosed with primary breast cancer, will, sooner or later, develop metastatic disease,

clinically classified as stage IV metastatic breast cancer (MBC) [31].

The spreading of a tumor is a complex process with various sequential steps
(Figure 4). These include invasion of the surrounding tissues, intravasation, migration
through the lymphatics or blood vessels, extravasation and colonization of a distant organ.
It starts with the acquisition of an aggressive mesenchymal-like phenotype by a group of
cells present in the primary tumor. These cells begin to invade the surrounding tissue by
decreasing intercellular adhesions and their connection to the ECM [32]. Relevant
molecular modifications in this stage include loss of expression of E-cadherin (responsible
for cell-cell adhesion) and increase in the expression of N-cadherin [33]. This alteration
relates to the epithelial-mesenchymal transition (EMT) that has shown to be determinant
in the development of metastasis. Besides depletion of cell-cell adhesion, tumor cells
experiencing EMT will start degrading the ECM using proteolytic enzymes named

metalloproteinases (MMPs). These proteins act by degrading molecules responsible for



cell-matrix adhesion, such as integrins, which in turn will promote tumor growth and further
invasion. Upon this phenotype shift, cancer cells lose their apical-basal polarity, acquiring
a front-rear polarity, which implies additional changes in their cytoskeleton [33]. Motility is
assured by the myosin/actin engine together with ROCK signaling pathway, and similarly
to unicellular organisms, these cells can modulate their shape, stretching and compressing

as a way to migrate across the matrix’s pores.

Later on, these cells are able to adhere to the endothelium and migrate through
it, hence entering the vasculature where they will be disseminated through the
bloodstream until they reach other organs. This step can also occur through the lymphatic
vessels and is designated intravasion. Tumor cells that undergo this process are
commonly named circulating tumor cells (CTCs). During this stage, CTCs must be able to
escape recognition by the immune system cells and simultaneously survive the harsh
conditions present in the bloodstream. If successful, these cells will begin the process of
extravasion [34]. However, another obstacle arises, as these cells must find a way to go
through the blood vessel wall of the new organ they intend to colonize. Since in most
organs, the endothelial cells form a tight barrier, penetration of the cancer cells becomes
arduous. Some studies suggest that circulating lymphocytes and platelets can form
complexes with tumor cells using cell adhesion molecules (CAMs), namely P- and L-
selectin. These are expressed in the surface of activated endothelial cells and promote
the adhesion of platelets, which in turn arrests cancer cells and helps their passage
through the vasculature. For this reason, high expression of P-selectin is often observed

in many cancer types and is related to metastatic progression and poor prognosis [35].

After extravasion, CTCs encounter another hurdle when trying to adjust to a new
environment, frequently very different from the one found in the primary tumor. Now they
must achieve new features that will allow the establishment of new cell-cell interactions
as well as cell-ECM connections that will contribute to the formation of a new
microenvironment. Once that is determined, cells will begin to proliferate, leading to the

formation of a secondary tumor [36].
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Figure 4 | The breast cancer metastasis cascade. DCIS - Ductal Carcinoma in situ. Adapted from
[32].

Two renowned models are currently used to describe how a tumor evolves until
eventually culminates in the formation of metastasis. The linear progression model
explains how the disease progresses linearly, starting with invasion and ending with
extravasion and metastasis, that occurs in a later stage in the tumor development. This
correlates with minimal genetic differences observed between cells of the primary tumor
and cells from its metastasis. On the contrary, the parallel progression model postulates
that metastatic cells are seeded during early stages in tumor development, resulting in a

bigger genetic difference from the primary tumor [37].

Studies have shown that breast cancer cells have a higher tendency to follow
the parallel progression model of metastasis. This implicates that cancer cells rapidly
spread from the primary tumor, and this often happens independently of its development.
Different molecular subtypes of breast cancer have presented distinct organotropism,
which suggests that the molecular features have an influence on the distribution of
metastasis to certain organs [34]. A study conducted by the Surveillance, Epidemiology,
and End Results Program has revealed that all subtypes are mainly prone to bone

metastasis and even more significantly for the luminal subtypes (HER2-). Patients with the
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subtype HER2-enriched have more brain metastasis, compared to HR+/HER2- patients.
Liver metastasis were more frequently observed in the HER2+ subtypes, and triple-

negative patients have a higher tendency for lung metastasis [38].

1.2.4 Angiogenesis In Tumor Progression

In the initial stages, a tumor is a conglomerate of cells without a vascular system.
However, as the number of cells increases, oxygen and nutrients become scarce
(especially in the core of the tumor), making it crucial for cells to find access to a blood
vessel in order to continue proliferating. In this sense, angiogenesis is a key step in tumor
progression, not only for nutrient attainment, but also for disposing of metabolic waste

and carbon dioxide to maintain homeostasis.

Angiogenesis is regulated by a cooperation of pro- and anti- angiogenic factors.
These molecules act as activators and inhibitors of the formation of new vessels
respectively. When there is an equilibrium of these factors, endothelial cells are quiescent
and, therefore, the vasculature remains unchanged. Up-regulation occurs when the net
balance of these molecules tips towards a pro-angiogenic profile, which means there is an
increase in activator molecules (such as vascular endothelial growth factor (VEGF) and
the platelet derived growth factor-B (PDGF-B)), and a simultaneous decrease in inhibitor

molecules [39].

This process has been denominated the “angiogenic switch” (Figure 5) and it
can be triggered by chemical factors (hypoxia, nutrient deficiency, low pH), mechanical
factors (increasing pressure caused by the proliferation of cells), the immune response
(presence of inflammatory cells in the tumor microenvironment (TME)) or due to genetic
mutations that cause the deletion of tumor-suppressing genes or activation of oncogenes
[40], [41]. This switch ignites the rapid proliferation of neoplastic cells, together with the

growth of new vasculature.
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Figure 5 | The angiogenic switch. Activators 'outweigh' inhibitors and promote sprouting of ECs.
Adapted from [41].

Blood vessels can be formed through different cellular mechanisms (Figure 6):
sprouting angiogenesis, vasculogenesis, vasculogenic mimicry and intussusceptive

angiogenesis.

Sprouting angiogenesis involves the outgrowth of cells from preexisting
parental vessels leading to the formation of sprouts. It initiates with the disruption of
endothelial cell-pericyte contact, when a cell from the host vessel goes through an
endothelial-mesenchymal transition. This cell gains migratory ability and becomes the “tip
cell”’, responsible of leading the process. At the base of the sprout, high proliferating cells
will begin branch formation. These are designated “stalk cells” and they will assure

vascular expansion and contribute to the integrity of the new sprout [42].

Vasculogenesis was first described as the mechanism of de novo formation of
blood vessels in the embryo through differentiation of endothelial progenitor cells (EPCs).
Later on, in the adult, vasculogenesis was found to play a role in the neo-vascularization
of tumors as the need for oxygen and nutrients increases. Mediated by growth factors,
cytokines and chemokines, EPCs are recruited from bone marrow to the tumor site. They
will then differentiate into endothelial cells and integrate the new network of vessels [43].
Shirakawa et al. were able to isolate EPCs from three different areas (peripheral blood,
bone marrow and from tumor-infiltrating cells) from mice bearing human breast cancer
xenografts. This demonstrates that postnatal vasculogenesis can be induced in in vivo

models [44]. Another work showed that mesenchymal stem cells (MSCs) are also capable
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of gaining endothelial features when growing in endothelial growth medium. This was more
evident when MSCs were cultured together with VEGF or MCF-7 cell ling, revealing the

formation of tubular structures resembling capillaries [45].

Vasculogenic mimicry refers to the formation of vessel structures by
proliferating malignant cells. Endothelial cells do not contribute to this process. Instead,
tumor cells can dedifferentiate, acquire endothelial-life phenotypes, and participate in the
development of new pathways that will allow tumor growth and progression. This
mechanism promotes the formation of a heterogeneous tumor vasculature which has
been described as a possible reason for resistance to antiangiogenic drugs and therapy
failure. Mao et al. report a novel subtype of cancer cells designated breast cancer stem-
like cells (BCSLCs) that contributed to the establishment of new vessels through

vasculogenic mimicry and could resist antiangiogenic therapy with sorafenib [46].

Intussusceptive angiogenesis is a faster process than sprouting angiogenesis
because it does not require high proliferative endothelial cells. It consists in the splitting of
a preexisting vessel into two new ones which contributes to the increase in the number of
microvessels within the tumor. It starts with the formation of an interstitial pilar of
endothelial cells within an existing vessel that eventually widens and creates two individual
vascular structures. This process leads to a more complex microvascular network and

provides a larger surface for activating other angiogenic mechanisms.

14



A Sprouting angiogenesis B Vasculogenesis

Recruitment of EPC
and differentiation
into endothelial cells
=

Endothelial cell Blood vessel

C Vasculogenic mimicry

Tumor cells line
tumor vessels

Figure 6 | Mechanisms for the formation of new blood vessels. Adapted from [42].

1.3 Brave Little Worlds - 3D in vitro Models of
Breast Cancer

In this context, it becomes evident that the tumor vasculature is a defining factor

in breast cancer prognosis, determining the formation of metastasis and the

aggressiveness of the disease. Multiple research groups focus on unraveling the

mechanisms behind angiogenesis to ultimately find an effective treatment for cancer that

counteracts the development of metastasis.

In vitro, pre-clinical studies to evaluate the activity of a new candidate cancer

drug have traditionally been performed in a bi-dimensional manner. Bi-dimensional models

present various benefits like the low complexity, making it more practical to examine the

distinct effect of each parameter tested. The problem is that the monolayer of cells ends

up adapting to the two-dimensional (2D) environment and cells lose their original
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phenotype. Moreover, these models do not truly represent the microenvironment of the
tumor and are incapable of recapitulating the actual response of the malignant cells to the
drug. This eventually contributes to the lack of efficacy of cancer drugs when tested in
humans. When comparing with cardiovascular diseases (whose mortality reduced by
59%), cancer related deaths only decreased by 14% between 1975 and 2010 [47]. The
lack of effective predictive cancer models makes the development of anti-cancer drugs a

slow process, which in turn contributes to the fairly small decrease in mortality rates.

Three-dimensional (3D) cultures have been originally attempted by Emerman et
al. around 1970s-1980s. The first trial was conducted with normal epithelial cells from the
mammary gland cultured in collagen gels and demonstrated that the 3D environment could
promote growth and differentiation with unique features, not observed in previous 2D
cultures [48]. Therefore, the motivation to create more trustworthy models that more
closely mimic the TME has led to the evolution of 3D models. Some examples will be
discussed in detail in the following subsections, which are typical and illustrative rather

than all-inclusive.

1.3.1 Organoids

The revolution of 3D culture models brought the development of organoids:
miniaturized, in vitro tissue cultures that self-assemble and display a realistic micro-
anatomy, correspondent of its parent organ. These constructs are derived from stem cells
that can be either pluripotent (induced or embryonic) or adult stem cells from a specific
organ or tissue. Initial studies involved culturing organoids from embryonic stem cells from
cortical tissue or adult stem cells from intestinal tissue, but nowadays, reports include
organoids that model the brain, retina, kidney, liver, and many other organs [49]. Organoids
have also been applied in the study of multiple diseases, specifically different types of

cancer.

When it comes to the study of breast cancer, organoids can be derived from
different sources: primary breast tumor tissues, stem cells from the mammary gland, or

even normal breast tissue.
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Tissues originated from primary breast tumor can be mechanically and/or
chemically dissociated. Organoid growth can be affected by cell concentration and
nutrients available in the media. Hence, Sasmita and Wong recommend the use of
promoters of stem cell survival (like fasudil) to avoid anoikis, and also the addition of
growth factors to the media to further accelerate organoid growth [50]. Once formed, the
organoid can be tested for the degree of invasion via viability assays and

immunofluorescence analysis, and for in vitro drug-screening.

Bischel et al. combined organotypic culture with microfluidics to create a device
that models the DCIS. They added DCIS cells with human mammary fibroblasts (hMF) and
examined the transition to an invasive phenotype by the loss of cell polarity and cell-cell

adhesions, typical of this breast cancer type [51].

Another example is presented by Dekkers et al. and comprises the use of normal
breast tissue obtained from mammoplasties patients to generate breast epithelial
organoids. They applied the CRISPR-Cas 9 technology to knock-out four tumor
suppressor genes (PTEN, RB1, NF1, P53) from mammary progenitor cells and studied

cancer progression and the organoid response to various therapies [52].

As previously stated, for breast cancer patients, metastatic disease is the
leading cause of death. Since vascularization is one of the key aspects implicated in
metastasis, scientists are trying to create models enriched with vascular structures that
can replicate angiogenesis that occurs in tumors in vivo. Yanagisawa and colleagues
developed a 3D organoid vascular system [53] based on a fibrin gel with collagen
microfibers. This gel was then embedded with HUVECs, normal human dermal fibroblasts
(NHDF) and cancer cells (HCT116 — human colon cancer cell line). Researchers observed
that HUVECs could form lumen structures within the gel and that cancer cells could invade
those structures. Additionally, they used the organoid model to study the effect that
exosomes produced by cancer cells had on the ability of these cells to invade the capillary
lumens. Results showed that the exosomes could decrease the number of tight junctions
in the vascular endothelium and thus increase the permeability of these vessels. These
eventually had a positive impact on the number of cancer cells that was found contained

in the formed lumens.
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Another challenge faced by research teams has been trying to replicate the later
stages of metastasis (extravasion and colonization of the new site). The limited number of
cells that undergo each step, together with the fact that some pertinent anatomical
locations are inaccessible makes developing a model that faithfully recapitulates these
events an arduous task. In this sense, novel animal models are being developed as a tool
to better understand the core cellular mechanisms implicated in the final steps of the
metastatic cascade. A published work describes the co-implantation of HUVECs and
human MSCs derived from the bone marrow suspended in a Matrigel® matrix in
immunodeficient mice [54]. This implantation resulted in the formation of mature,
functional human blood vessels that were able to anastomose with the mouse’s own
vessels, hence forming vascularized organoids. Next, researchers evaluated the ability of
human cancer cells of colonizing the organoid. For that, they inoculated mice with MDA -
MB-231 cells and later detected the tumor cells in the organoid, including inside its
vascular structures. Moreover, some cancer cells were already escaping the vasculature
and invading the surrounding matrix. Altogether, these results represent a promising
model to analyze the extravasion stage in a deeper detail, and help identifying new

molecular targets for therapeutic purposes.

Organoids present countless advantages as study models. They are better
platforms to study diseases when compared to animal models, that are far less convenient.
Specifically, organoids possess faster obtainable endpoints and objective quantitative
data. Organoids can also retain their phenotype for up to 70 days, and are more practical
for immunofluorescence, which is relevant in the drug response prediction in breast
cancer [55], [56] . Even though organoids serve as a powerful platform for understanding
detailed features of an organ’s development or how a disease progresses, they still
present several downfalls. Most models lack vasculature, which means that they only grow
until a finite size without experiencing significant cell death and they cannot be used to
study processes where vascularization is a key component. Typical models also lack
immune cells and they cannot entirely recapitulate the architectural structure of the in vivo

organ [49].

Organoids are usually assembled in ECM-derived matrices such as Matrigel®

that is extracted from a murine tumor. For this reason, Matrigel® presents poorly tunable
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properties, high batch-to-batch variability, and intrinsic bioactivity. This hinders the
comparison of results between different experiments or even laboratories, leading to a
lack of reproducibility and compatibility with clinical applications [57]. Finally, organoid
models are costly and not easily scalable, so the search for improved 3D culture methods

still prevails.

1.3.2 Spheroids

Tumor spheroids are currently widely used models to replicate the architecture
of a tumor in vitro. These spheroids are multicellular aggregates that allow the study of
cell-cell interactions and also evaluate how the individual cell communicates with its own
extracellular matrix (ECM) [58]. The basic principle to culture spheroids is that cells must
prefer to adhere to each other instead of adhering to the bottom of the container they are

plated on. Several methods may be applied to develop multicellular spheroids.

In liquid overlay technique cells are seeded in non-adherent plates coated with
agarose or polyethylene glycol (PEG) that contain round-bottomed wells. In these
conditions, cells end up aggregating and forming small colonies that have a regular shape
and can be maintained in culture for several days [59]. Another method is using spinner
cultures. The constant movement of the flask prevents cell adhesion to its surface and
instead promotes cell-cell attachment and consequently spheroids’ formation. The main
advantage of this method is that it can be used to produce spheroids in a larger scale, but
the mechanical forces applied can also result in damage of the cells [60]. Hanging drop
method consists of plating cells in small drops of media on the lids of traditional culture
plates and placing them upside-down. Gravitational force will then be the driver of cell
aggregation. This a simple and cheap method, however, formed spheroids are not

homogenous in size and it is low throughput [61].

Spheroids are commonly used as a 3D model for breast cancer since they can
exhibit multiple tumor-like features. They can recapitulate the typical necrotic core
encircled by quiescent cells, with an outer layer of active proliferating cells. Moreover,
some reports have also showed their ability to display pH gradients, as well as oxygen and

cell metabolites [59].
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Many breast cancer spheroids are cultured using either MCF-7 or MDA-MB-231
cell lines. These can be cultured alone, creating spheroid monocultures or in combination
with other cells, originating spheroid cocultures, tricultures and so on [62]. These
multicellular tumor spheroids (MCTS), as they are also known for, have been widely
applied in cancer research since they can mimic the heterogenous cell population and the
pathophysiological gradients found in in vivo tumors. MCTS with diameters above 500 pm
usually display three different layers owing to the gradient of nutrients and oxygen that
forms from the outer to the center of the sphere (Figure 7). The first layer in the periphery
of the spheroid is constituted by proliferating cells that have an easier access to oxygen
and nutrients. Then it follows a layer of viable but quiescent cells and finally, the inner layer

is formed by a necrotic core, due to the limited diffusion of nutrients and oxygen [63], [64].
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Figure 7 | The three layers in a MCTS: proliferative cells in the outer layer, quiescent but viable
cells in the inner layer, and a necrotic core. Adapted from [64].

Since they contain multiple cell types, that are naturally present in the tumor, it
makes it possible to create the typical heterogeneous environment and to evaluate how
this affects tumor evolution [65]. Stromal cells typically recruited by cancer cells are
fibroblasts, MSCs, pericytes, endothelial cells or immune cells, and they often change their
phenotype, gaining a more permissive and tumor-supporting role that promotes cancer
progression [66]. Hence, these stromal cells are responsible for assembling the tumor
niche that provides de optimal conditions for the proliferation of neoplastic cells. As a

result of the clear relevance of the TME in the development of cancer, models using
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cocultures of breast cancer cells together with stromal cells are often performed to better

mimic the in vivo conditions.

For example, coculture of tumor cells with endothelial cells is relevant to study
the process of neo-angiogenesis which is one of the hallmarks of cancer. This ultimately
leads to extravasion of tumor cells and metastasis [67]. Shoval et al. report the creation of
hybrid spheroids containing endothelial cells and tumor cells (either from cell lines or
patient-derived cancer cells) using four different methods [68]. Spheroids formed using
agarose molds with micro-wells (Microtissues Inc., Rl, USA) exhibited a more robust shape
and they were more homogenous in size and circularity. Additionally, spheroids originated
from patient-derived tumor cells and HUVECs exhibited the organization of endothelial
cells (ECs) in tubular structures. Although these structures were primitive and non-
functional, models like these can be the foundation for reliable predictive models of

biological cancer processes.

Other examples comprise the culture of breast tumor cells with fibroblasts.
These cells are highly abundant in the stromal compartment and are responsible for
remodeling the ECM. The equilibrium between deposition and degradation of ECM
constituents is crucial to keep a healthy functioning tissue. In cancer, this balance is
disrupted when tumor cells recruit normal fibroblasts and stimulate their activation. This
activated phenotype fibroblasts were coined cancer-associated fibroblasts (CAFs) and
they are able to produce large amounts of ECM, stiffening the tumor circulating stroma.
Contrary to normal fibroblasts, CAFs do not return to their original phenotype and are also
resistant to apoptosis [66]. Besides resident fibroblasts, CAFs can be originated from
other cell types such as MSCs derived from bone marrow, endothelial cells that undergo
an endothelial-to-mesenchymal transition or cancer cells themselves that experience
EMT [69].

Identification of CAFs can be carried out using different markers. Some of the
markers currently being used are expression of alpha smooth muscle actin (a-SMA),
fibroblast activation protein (FAP), fibroblast-specific protein (FSP-1), platelet-derived
growth factor-a receptor (PDGFR-a), platelet-derived growth factor- receptor (PDGFR-
B), and vimentin. However, CAFs population can be extremely heterogeneous, with CAFs

from different types of tissues expressing different markers. Ideally, a combination of
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certain relevant markers would be the most suitable to identify a specific set of CAFs [70].
Activation of CAFs in breast cancer is mostly stimulated by factors derived from tumor
cells, such as TGF-B, epidermal growth factor (EGF), and chemokine CXCL12, and
evidence suggests that various other factors contribute to their activation. Downregulation
of tumor-suppressor genes, like p53, p21, PTEN, and CAV-1, also plays a role on activation
of these fibroblasts [66], [71] .

Mei et al. have developed a 3D model comprising breast cancer cells (MCF-7 or
BT474) and either immortalized foreskin BJi-hTert fibroblasts or human dermal
fibroblasts (HDF) [72]. These coculture spheroids were then embedded in a synthetic
matrix (Cultrex® Spheroid Invasion matrix - 3500-096-03 Trevigen), which allowed to
understand that the presence of fibroblasts in the spheroids enabled tumor cells to invade
into the matrix. Another work demonstrated that coculture spheroids with triple negative
breast cancer (TNBC) cells and hMF or CAFs were a useful method to study interactions
amongst these cell types. These spheroids revealed that CXCL12-CXCR4 signaling could
significantly induce proliferation of cancer cells and also contribute to drug resistance via

mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) [71].

Spheroid models can be very useful for enlightening several features of tumor
growth, as well as demonstrating the cell-cell interaction. However, they lack the matrix
component that it is known to have a massive impact on the way tumor cells behave, and
how the tumor progresses and metastasizes. Furthermore, they underrepresent more
dynamic relationships happening in the microenvironment. Spheroids embody somewhat
static models, and so they lack features related to transport across the endothelium, such

as shear stress and hydrostatic pressure that highly influence tissue architecture [73].

1.3.3 Tumor-on-Chip Models

Microfluidic devices have increasingly been used as platforms to study the
angiogenic process and how it is influenced by the application of different chemical
gradients, flow profiles and ECM-like matrices. Microfluidics presents multiple advantages

when it comes to developing models for oncological investigation. They require small
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sample preparation and enable precise tuning of fluid properties. Moreover, they are cost-

effective, portable, and allow for high-throughput measurements [74].

A microfluidic chip is a set of micro-channels that, depending on the material, may
be fabricated resorting to soft lithography, hot embossing, micro-machining, or etching.
The channels are connected to the outside by inlets and outlets that are punctured in the
chip and function as the interface between the macro- and the micro- world.
Polydimethylsiloxane (PDMS) is the elected polymer for the fabrication of microfluidic
devices due to being chemically inert, presenting optical transparency, tunable stiffness,
low toxicity, and permeability to gases. PDMS is mixed with a cross-linking agent and
poured into a mold (for example a silicon mold) containing the microstructures. Once
hardened, PDMS can be peeled from the mold and will exhibit the micro-channels
previously drawn [75]. Microfluidics has been extensively applied in oncology research as
a way to capture the tumor vascularized microenvironment by the integration of a
perfusable vascular network. Nashimoto and colleagues developed a tumor-on-a-chip
system (Figure 8) with three parallel channels that integrates breast cancer spheroids
with endothelial cells [76]. The group applied coculture spheroids of normal human lung
fibroblasts (hLF) and MCF-7 or tri-culture spheroids with the addition of human umbilical
vein endothelial cells (HUVECSs). This vascularized model was used to study the effects
of paclitaxel administration on proliferation and cell death within the spheroids. The group
demonstrated how dynamic conditions have a profound effect on dose-dependent
responses of cells to anticancer drugs, showing the relevance of adding more dynamic
conditions to in vitro models. This way, it will be possible to replicate in vivo tumor activities

that contribute to the fabrication of reliable and effective drug screening platforms.
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Figure 8 | Microfluidic platform designed by Nashimoto et al. to recapitulate in vivo tumor
microenvironments (TMEs). Adapted from [76].
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Other groups have focused on developing models that intend to mimic the
extravasion stage during metastasis. Humayun et al. microfluidic platform consists of a
collagen-fibrinogen matrix with a central channel in which they applied induced pluripotent
stem cell derived endothelial cells (iPSCs-EC) to generate a vessel [77]. BCCs were then
either injected through this vessel to evaluate the direct crosstalk between cancer and
endothelial cells or in the adjacent channel to study paracrine signaling. Altogether, their
results show that cancer cells upregulate the secretion of cytokines that promote
extravasion of endothelial cells, namely IL-8 and IL-6. Contrarywise, iPSC-ECs produce
MMP-3 that degrades components from the basement membrane and stimulates

migration of cancer cells.

Despite the clear benefits that microfluidics brings to 3D cell culture, efforts
need to be made when interpreting results and comparing cellular responses observed
from this technology versus traditional 2D cell culture. It is important to have in mind that
there is a wide range of designs, with multiple parameters that can be adjusted in a single
device. Small changes in those parameters can determine very different outcomes, and

cells will likely present behaviors that are specific to the microfluidic environment [78].

1.3.4 Bioengineered Matrices

In vivo, the ECM constantly interplays with cells, offering a multitude of
biophysical and biochemical signals that modulate cellular behavior. Specifically, matrix
stiffness, architecture and composition influence each stage of metastasis, from cancer
cell proliferation to extravasion, as well as playing a part in cells’ response to anticancer

therapies.

ECM in cancer is responsible for specific structures such as the tumor capsule,
that determines the communication between cancer cells and stromal cells. On the other
side of the spectrum, cancer cells are able to degrade and produce ECM, remodeling it
overtime. This remodeling is accompanied by changes in the biochemical composition that
can transform the microenvironment into a more permissive one, allowing for numbness

to therapy and tumor growth [79].
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Among all biomaterials used to design 3D matrices, hydrogels have shown to be
successful in replicating the native ECM. Hydrogels are hydrophilic cross-linked polymers
that form 3D networks which can retain large amounts of water. They exist naturally which
is the case of alginate, collagen, or Matrigel®, but can also be synthetically produced, like
poly(hydroxyethyl methacrylate) (PHEMA) or polylactic acid (PLA). Besides their origin,
hydrogels can also be classified according to their physical structure (amorphous,
semicrystalline, crystalline, and hydrocolloid aggregates), ionic charge (anionic, cationic,
non-ionic), preparation method (homopolymer, copolymer or interpenetrating networks

(IPN)), and type of cross-linking agent, which can either be chemical or physical [80].

Several models include the embedding of tumor spheroids in a hydrogel matrix
that mimics the ECM. This allows the creation of a model that represents the TME and
depicts how it influences the cells [81]. One of the most widely used natural biomaterial is
type | collagen, which is the most abundant protein of the ECM in mammals. It is a
bioactive protein that promotes cell proliferation and adhesion and regulates various
signaling pathways. Since collagen is naturally present in tissues, it makes it an attractive
material for synthesizing hydrogels for cell embedding [82]. Plaster et al. have developed
different coculture spheroids using a combination of TNBC cells (normal MDA-MB-231 or
overexpressing CXCR4 receptors) and fibroblasts (normal hMF or CXCL12-producing
hMF) [83]. These spheroids were then embedded in a collagen type | 3D matrix, where
they were evaluated over a 5-day period. Matrix invasion by cancer cells was analyzed
using confocal microscopy and they realized that the spreading of the cells was influenced
by two different phenomena: splitting of the two cell types in the CXCR4"TNBC:hMF
coculture spheroids and invasion into the matrix performed by cancer cells in the
CXCR4*TNBC:CXCL12*hMF spheroids. When blocking the CXCR4-CXCL12 signaling
using a CXCR4 antagonists, they could see that matrix invasion was clearly reduced in the
CXCR4*TNBC:CXCL12*hMF model, but not in the second model, where fibroblasts were
not expressing CXCL12. They realized that segregation of the two types of cells only
occurred in the second model, and this segregation was responsible for the dispersion of

the cells into the matrix [83].

Another example was performed using triculture spheroids with breast cancer

cell line MDA-MB-231, endothelial cells and fibroblasts in a ratio of 2:2:1 respectively [84].
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These spheroids were then embedded in collagen-type | gels to study angiogenesis. This
work demonstrated that endothelial cells formed tubular-shaped structures and that their
sprouting was supported by fibroblasts and promoted by the cancer cells. Moreover, the
model was used to study the role of MT1-MMP (Membrane-Type 1 Matrix
Metalloproteinase) in sprout formation. Each cell type was transduced by delivering short
hairpin RNA (shRNA) targeting the metalloproteinase. The knock-down of this protein in
the endothelial cells and fibroblasts resulted in reduced sprouting, but that was not

observed for the breast cancer cell line.

Another biomaterial is fibrin, a natural hydrogel which polymerization is initiated
by the conjunct action of thrombin and fibrinogen and that has been applied in several
biomedical fields. Its widespread application can be attributed to its biocompatibility and
excellent 3D processing capabilities [85]. Ehsan and colleagues developed a method to
produce spheroids containing tumor cells and endothelial cells in a 3:1 ratio that were then
embedded in a fibrin gel that also contained normal human lung fibroblasts (NHLF)
dispersed [86]. They applied this method with multiple malignant cell types including
breast cancer cell lines (MCF10A and MDA-MB-231). Their model showed that tumor cells
were able to separate from the initial tumor mass and migrate the surrounding matrix, and
that endothelial cells could form capillary-like structures, that was enhanced under

hypoxic conditions.

Matrigel® is another protein-based hydrogel used for spheroid growth in vitro.
Breast cancer cell lines were cultured embedded in a Matrigel® matrix and it was
discovered that the neoplastic phenotype could be reverted to the normal phenotype by
inhibiting the receptor for B1-integrin or by decreasing the expression of epidermal growth
factor receptor (EGFR) [87]. Moreover, Matrigel® was also used to embed 3D cultures of
various breast cancer cell lines as a platform to study the correlation between cell
morphology and gene expression profiles [88]. As previously stated for organoids,
Matrigel® has a widespread application in cell culture. Nevertheless, this matrix is known
to have limited applicability due to its poorly defined composition, batch-to-batch
variability and its animal origin. For this reasons, some uncertainty regarding interpretation

of results and their reproducibility has been reported [89].
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Another example is the 3D culture of MDA-MB231 in RGD-modified alginate
hydrogels. Fischbach et al. observed that a high expression of IL-8 appears to be a marker
of greater metastatic potential. Additionally, this overexpression was only observed when
in contact with RGD-modified alginate and not as a response to 2D to 3D culture transition.
This suggests that integrin engagement plays a role in the severity of a tumor by
influencing cell proliferation [90]. Alginate hydrogels present key advantages such as low
batch-to-batch variability, defined xeno-free composition, and, most importantly, precisely
customizable biochemical/physical properties. Moreover, owing to its natural origin,
alginate-based models are typically considered much safer for clinical applications, when
comparing to synthetic polymers, due to their ability to biodegrade and to their
biocompatibility. Our group has demonstrated that biofunctionalized alginate-based
platforms, traditionally associated with tissue engineering approaches, can be
successfully translated into cancer research for the design of advanced 3D in vitro models.
We successfully developed a new 3D alginate-based model to investigate the role of the
ECM on epithelial-to-mesenchymal transitions (EMT) and its reversion (MET) that are
closely linked to cancer progression [91]. Additionally, we designed a unique 3D in vitro
platform to dissect tumor-stroma interactions in tumor angiogenesis [92]. We established
triple cultures of fibroblasts, epithelial and endothelial cells in hybrid hydrogels enabling
direct and indirect cell-cell communication. The use of such model will greatly improve our

understanding of tumor-driven angiogenesis.
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1.4 Alginate - The Attractive Seaweed Product

Although biomaterials may sound like an invention of the modern world, they
have been around for ages. Biomaterials are likely as ancient as the Egyptian civilization
as it is reported the use of metallic implants to fix bone fractures. Other articles mention
the discovery of a skull in Peru from 2000 BC displaying a bone defect fixed with a small
piece of gold [93]. From then, biomaterials kept on evolving at light speed, and around
1970’s, the first-generation of biomaterials emerged. In these early stages of biomaterial
fabrication, scientists aimed to design something that was inert and did not interact with
the biological systems of its host. The goal for the ideal biomaterial was to achieve a set
of suitable physical properties that matched the tissue it was replacing and simultaneously
maintain a minimum toxicity for the host. More recently, biomaterials evolution led to a
fairly different definition, as now they are intended to have a more biological interaction
with native tissues. More materials are being designed with bioactive features that aim to
promote a more regenerative profile and that are able to interact with cells and modulate

their response in terms of proliferation and differentiation, for example [94].

Nowadays, scientists are focused on achieving biocompatibility, creating
biomaterials that mimic functions observed in the native tissues and that they can
precisely tune in order to get specific outcomes. In that sense, natural biomaterials are

gaining momentum mainly due to their intrinsic biocompatibility.

Alginate is isolated from different species of brown seaweeds (Phaeophyceae),
which are highly abundant marine plants, thus making it an easily obtainable natural
biopolymer. The low toxicity, reduced cost and versatile chemistry make alginate an
attractive material for biomedical applications, where is currently extensively studied.
Alginate is a structural component from the cell wall, generally insoluble, that is then
washed, dried and turned into a powder. Next, the addition of NaOH or KOH to form

sodium/potassium salt of alginic acid makes it water-soluble [95].

Structurally, it consists of a linear unbranched polysaccharide containing (1,4)
linkages between B-d-mannuronic (M) and a-l-guluronic (G) acids. It can be composed of
M-blocks (consecutive M residues), G-blocks (consecutive G residues) and MG-blocks

(alternating G and M residues) with the G:M ratio varying depending on the source (Figure
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9). Viscosity is affected by pH, increasing with the decrease of pH (reaching a maximum
at pH ~ 3,5) due to protonation of the carboxylic groups in G monomers that allows for the
formation of hydrogen bonds [96]. Mannuronic monomers moderate the polymer’s
elasticity, so gels formed with a higher content of M-blocks are softer and more elastic,
with a higher rupture strength. On the other hand, gels with a higher percentage of G-

blocks are hard and brittle and present increased water retention ability [97].
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Figure 9 | Alginate structural data. Adapted from [105].

Alginates are anionic polymers that quickly form hydrogels by a process of
chemical and/or physical cross-linking. Gelation of aqueous alginate may be performed by
ionic cross-linking with divalent (Ca?*, Sr?*, and Ba?*) or trivalent ions (Fe®** and AI®*) that
interact with the G-blocks, which in turn form junctions with the G-blocks of adjacent
polymer chains. Commonly, it happens in the presence of Ca?* ions through a mechanism
known as the egg-box model. lonic cross-linking can occur by external gelation where
calcium ions diffuse into the polymer droplets or internal gelation when calcium is slowly
released into the polymer solution [98], [99]. Various studies have reported that internal
gelation produces more homogeneous gels, however it takes longer than the external
gelation [100]. Other types of cross-linking include covalent cross-linking, thermal
gelation, or cell cross-linking (for alginate modified with adhesion ligands such RGD) [95].
This gelling features makes it a prime candidate for applications such as encapsulation of

drugs in drug-delivery systems or the embedding of cells in its matrix.

Alginate chemical structure allows for a variety of possible modifications making
it available with different functions for multiple applications. These modifications can tune
the material's features such its stiffness or they can be related to functionalization.

Functionalizing alginate with different receptors will influence the cell’s response in
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specific ways (for example in terms of adhesion to the substrate) and it can also be used
for targeting purposes, as it is commonly applied in cancer-targeted therapy [101]. Barros
da Silva et al. developed a hybrid 3D breast model that combines stromal cells with
epithelial cells [102]. Porous alginate scaffolds were 3D printed and populated with hMF
to create the stromal compartment, while an alginate gel laden with mammary epithelial
cells recreated the parenchymal compartment. The gel was then used to fill the scaffold’s
pores forming an heterotypic system that promotes a crosstalk between the two types of
cells together with cell-ECM interactions. As alginate naturally impedes cell adhesion, both
alginate components were modified with RGD peptide to promote integrin-based
adhesion. Fibroblasts in the scaffold showed enhanced spreading, and were able to fully

populate the surrounding matrix [102].

Alginate composites have also been explored as a way to create hybrid systems
that provide a more detailed control over the material's properties and expand its
versatility. Cavo et al. combined alginate with Matrigel® in a 1:1 ratio forming a hydrogel
that was then laden with the highly metastatic MDA-MB-231 cell line. This hydrogel
influenced the cell cytoskeleton in a way that closely resembled the initial steps of
metastasis observed in vivo. Cells presented the formation of actin-based structures that
allowed their migration through the extracellular matrix and that conferred them a more

elongated shape, which is characteristic of their neoplastic origin [103].
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Motivation and Goals

Breast cancer is a disease with a tremendous negative impact in the life of an
increasing number of people. Consequently, it is of primary importance to invest in
studying the multiple factors that influence its initiation and progression. In that sense, in
vitro models have played a crucial part in understanding the disease in more detail. Now,
we are able to take a closer look at how cells communicate with each other and with the
neighboring matrix in the cancer environment. Namely, 3D in vitro models are gaining
traction, as the need to accurately replicate the cell-cell interactions that occur in the
tumor is becoming more relevant. Amongst different 3D models, spheroids have emerged
as a powerful tool. By being more physiologically pertinent, they provide a higher predictive
potential when moving from in vitro to in vivo tests. Additionally, tumors, including breast
cancer, are characterized by presenting various cell types, each with its own role in tumor
development. Hence, it was important to represent that in the final model by incorporating

not only the cancer cells, but also stromal cells, such as fibroblasts and endothelial cells.

The relevance of the tumor microenvironment is a factor that no longer leaves
room for doubts, with the vasculature being one of the key factors influencing cancer
evolution. With this in mind, we set the goal to embed the cultured spheroids in a 3D matrix
that could capture the complex in vivo setting, where cancer cells are naturally inserted in.
Hydrogels are typically the polymer of choice, and specifically alginate presented all the
desirable features, as previously reported by our group [91], [92], [104], [105]. This system
was crucial to dissect a multitude of interactions between cancer and stromal cells, as well

as to highlight the role of angiogenesis in breast cancer.

By combining the relevance of spheroid models with the versatility of alginate,
coupling up with microfluidics, we aimed to develop a hybrid model that more precisely
reproduces the breast tumor in vitro. Hereafter, the main goals for this thesis were (Figure
10):

a) To produce coculture spheroids of breast cancer mammary epithelial cells

and fibroblasts that represent the tumoroid model.
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b) To develop coculture spheroids of endothelial cells and fibroblasts that

embody the vascularized tumor compartment (designated as the vascular units model).

c) To incorporate both previous models in alginate and integrate them in a
single microfluidic device that allows the evaluation of interactions between all the

different cell types and the angiogenic potential of the whole system.

Develop 3D coculture spheroids of breast Develop 3D coculture spheroids of
tumor epithelial cells and fibroblasts endothelial cells and fibroblasts

Tumoroid Model - Vascular Units Model

Embed the spheroids in
an alginate matrix

M Incorporate both models in a %

Microfluidic device
3D Vascularized Breast Cancer Model
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Figure 10 | Graphical Abstract. Schematical representation of the main goals and overall
strategy to establish a 3D Vascularized Breast Cancer Model.
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Chapter 2 - Materials and Methods

2.1 Cell Maintenance

Primary Cultures

Outgrowth endothelial cells (OECs) were previously isolated from human
umbilical cord of healthy donors as previously reported [106]. OEC medium consisted on
MCDB131 basal medium (Gibco) supplemented with 5% v/v FBS (Biowest), 1% of
penicillin/streptomycin solution (Pen/Strep, Biowest), 2 mM L-glutamine (200mM,
Biowest), 1 ug/mL ascorbic acid (1 mg/mL, Sigma), 0.2 ug/mL hydrocortisone (0.5 mg/mL,
Sigma), 2 ng/ml VEGF (2 pg/mL, ImmunoTools), 20 ng/mL IGF-1R (20 ug/mL, Sigma), 10
ng/mL FGF (10 pg/mL, PeproTech) and 5 ng/mL EGF (100 pg/mL, Sigma). OECs were

used between passages 7 and 10.

Normal human mammary fibroblasts (nFib) were cultured and maintained in
Dulbecco’s Modified Eagle Medium with Glutamax (DMEM GlutaMAX™ (Gibco)
supplemented with 10% v/v non inactivated FBS (Biowest) and 1% v/v of Pen/Strep. nFib

were used between passages 8 and 11 in the experiments.

Cancer associated fibroblasts (CAF) were also maintained in DMEM

GlutaMAX™ (Gibco) and used between passages 8 and 11.

Before seeding both nFib or CAF, the T-flasks were previously coated with poly-
L-lysine solution (15 pL in 10 mL of filtered deionized water) to assure a better and more

efficient cell adhesion and proliferation.
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To assure physiological conditions, cells were cultured in 75 cm? T-flasks and
kept at 37°C in a 5% v/v CO2 humidified incubator. Medium was changed every other day,

and when cells reached about 80%-90% confluence they were passaged.

Cell Lines

The epithelial cell line MCF-7 was cultured in DMEM/F12 without phenol red
(Gibco, ref:21041), supplemented with 10% v/v inactivated FBS (Biowest) and 1% v/v
Pen/Strep. These cells were also kept in 75 cm? T-flasks inside a 5% v/v CO? humidified

incubator at 37°C.

Gene expression

nFib and CAF from different passages were collected. Pellets were then
recovered by suspension and centrifugation in phosphate buffered saline (PBS, pH 7.4).
For mRNA expression quantification, RNA was extracted from hydrogels using the Quick-
RNA MiniPrep (Zymo Research), as recommended by the manufacturer. Subsequently,
RNA was reversed transcribed to single stranded cDNA using Takara cDNA synthesis kit.
Quantitative Real-Time PCR (qRT-PCR) was carried out using source RNA from 3
biological replicas for the target genes Fibronectin (FN,), type | collagen (Collaf,
Hs.PT.58.15517795), matrix metalloproteinase-2 and -12 (MMP2, MMP12), vimentin (Vim),
alpha-smooth muscle actin (a-SMA), Fibroblast Activation Protein (FAP), Fibroblast-
Specific Protein 1 (FSP-1) and for endogenous control GAPDH (Hs.PT.51.1940505) using
as probe sets Hs.PT.58.40986315, Hs.PT.58.15517795, (Applied Biosystems and
Integrated DNA Technologies), respectively. Samples were run in triplicates in the ABI
Prism 7000 Sequence Detection System under the following conditions: 95 °C for 20 sec,
followed by 40 cycles at 95 °C for 3 sec and 60 °C for 30 sec.
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2.2 Agarose Molds Preparation

Agarose molds were prepared according to manufacturer's protocol
(MicroTissues®, USA). Briefly, 50 mL of 0.9% (w/v) NaCl was added to a flask containing
1 g of high quality pure autoclaved agarose powder to obtain 2% w/v agarose. The agarose
was then melted and filtered in sterile conditions. Afterwards, 330 pL of melted agarose
were pipetted into a silicon template mold (MicroTissues® 3D Petri Dish® micro-mold, 24-
35 and 24-96). Two different molds were used (Figure 11): one was size large, with 35 U-
shaped micro-wells (5 x 7 array) and the other was size small, with 96 U-shaped micro-
wells (8 x 12 array). Once hardened, the agarose mold was carefully detached, placed in a

24-well plate, and equilibrated in culture medium overnight (ON) inside an incubator.

Figure 11| Silicon 3D Petri Dish® micro-molds used to produce agarose molds. A) Mold for
large spheroids - 24-35. B) Mold for small spheroids 24-96.

2.3 Spheroid Generation

Vascular Units (VUs)

To generate VUs, cocultures spheroids of OECs and CAF/nFib were prepared.
In some experiments, spheroids contained a total of 10 000 cells/spheroid with ratios of
1:1, 1:5 or 5:1 OEC:CAF/nFib. Spheroids were prepared in the large molds with a total
number of 35 000 cells/mold.
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In another experiment, coculture spheroids were generated with different cell
densities: 1000, 500, 250 and 125 cells/spheroid with a ratio of 1:5 (OEC:CAF/nFib). These

spheroids were prepared in the small molds (24-96).

Cells were first trypsinized and counted using a Neubauer chamber. The
correspondent volumes were then calculated and collected from each cell suspension to
form a mixed suspension for each condition. Next, cells were centrifuged (1200 rpm, 5
minutes) and resuspended in the appropriate volume of culture medium (75 pL per mold).
After seeding, cells were left for 30 minutes in the flow chamber at RT to allow for cell

settling. Later, 1 mL of culture medium was added to each well.
Tumoroids

To produce spheroids for the tumoroid model MCF-7 cells and CAF or nFib were
used. Different strategies were adopted in order evaluate which one enabled the
production of spheroids with a higher density of cancer cells in the center and a periphery

mostly populated by fibroblasts.

A first experiment involved seeding both types of cells simultaneously to form

spheroids with a total of 4000 cells in a 1:1 ratio. Spheroids were prepared in the small

molds and further steps followed the methodology adopted for the generation of VUs.

A different set of experiments consisted in the addition of fibroblasts (CAF/nFib)
1 or 6 days after seeding the MCF-7 cells (sequentially). In the sequential seeding after 1
day, tumoroids had a total of 4 000 cells/spheroid with a 1:1 ratio. For the sequential
seeding after 6 days approach, tumoroids were generated with 10 000 cells/spheroid and
1:1 and 1:4 ratios (MCF-7:CAF/nFib). The medium was firstly removed, and the appropriate

volume of fibroblasts suspension was then added to the molds.

For all the previous experiments plates were incubated at 37 °C under a 5% v/v
CO? humidified atmosphere. Cell culture medium was changed every other day. Brightfield
images were obtained at day 1, 3/4, 7 and 14 using the Inverted Fluorescence Microscope
Axiovert 200M (Zeiss), at magnifications 5X and 10X. Spheroid’s diameter was measured

using the brightfield images with the Fiji/ImagedJ software.
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2.4 Viability of VUs and Tumoroids

To assess the viability of the VUs and tumoroids the CellTiter-Glo® 3D Cell
Viability Assay (ProMega) was used, which is specifically designed to determine the
viability of 3D microtissue spheroids. This assay reagent measures ATP as an indicator of
viability and generates a luminescent readout. The amount of ATP in the sample is

proportional to the amount of metabolically active cells.

First, a defined number of spheroids (usually around 4) were transferred from
the agarose mold to a white opaque 96-well plate together with 100 pL of culture medium
and 100 pL of CellTiter-Glo® 3D reagent for each condition. Control wells containing
medium without cells were prepared to obtain a value for background luminescence. The
plate was shaken for 5 minutes in the microplate reader (Synergy MX, BioTek) to induce
cell lysis, and then incubated for 30 minutes at RT. Next, luminescence was measured
using the microplate reader (integration time of 0.5s, sensitivity of 135, top probe vertical

offset of 1 mm).

2.5 Sprouting Assay - Embedding VUs in Fibrin

First, it was necessary to prepare the fibrin gel. For that, two solutions were
necessary: solution A - containing fibrinogen (weighted and dissolved in 0,9% NaCl),
aprotinin, and cell culture medium; and solution B — with PBS and thrombin. Afterwards,
solution A and B were mixed and 300 pL were added to the bottom of an Ibidi well (4-well
Ibidi) and left for 20 minutes to let the fibrin polymerize (Figure 12). Next, 4-5 spheroids
were placed on top of the fibrin layer and a second layer (300 pL) was added over the
spheroids. Finally, cell medium was added to the wells and the Ibidi slide was incubated at
37 °C under a 5% v/v CO? humidified atmosphere. Cell culture medium was changed every
other day and images were acquired at day 1, 3 and 7 using a ZOE™ Fluorescent Cell

Imager (BioRad).
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20 min 20 min

Figure 12 | Schematization of the Sprouting Assay.

2.6 Live/Dead Assay of VUs

Briefly, ethidium homodimer stock solution (2 mM in DMSO:ddH20, 1:4) and
calcein stock solution (1 mg/mL) were diluted in 1 mL of cell culture medium. Then, 250 pL
of each solution were added to the samples and incubated for 45 minutes in 5% CO? at
370C. After the incubation time, samples were washed and observed under confocal laser

scanning microscope (CLSM, Leica TCS-SP5 AOBS, Leica Microsystems).

2.7 Immunohistochemistry of spheroids for CLSM

Whole-mounted samples

VUs embedded in fibrin were fixed directly in the Ibid slide at days 1, 3 and 7
using 4% w/v PFA (30 min, RT). Samples were permeabilized in 0.25% v/v Triton X-100
(Fisher Scientific) in PBS for 20 min, washed twice with 0.05% v/v Tween-20 (Fisher
Scientific) in PBS for 10 minutes, and blocked with 5% w/v BSA for 1h at RT, all the steps

with agitation.

Then the samples were incubated ON with the following primary antibodies
diluted in 1.5% w/v BSA: mouse anti-CD31 (Dako, 1:100); rabbit anti-laminin (Sigma, 1:100);
rabbit anti-von Willebrand Factor (VWF, Dako, 1:50); mouse anti-alpha smooth muscle actin
(a-SMA, Abcam, 1:200), and 4',6-diamidino-2-phenylindole (DAPI, 1:1000) (Table 1).

Samples were then washed twice with 0.05% v/v Tween-20 and incubated with

the corresponding fluorochrome-conjugated secondary antibodies (Alexa 488 anti-
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mouse, Alexa 488 anti-rabbit, Alexa 594 anti-mouse and/or Alexa 594 anti-rabbit,
Invitrogen, 1:500) for 4h at RT. After washing twice with 0.05% v/v Tween-20 for 10
minutes, PBS was added, and samples were imaged in Confocal Laser Scanning
Microscopes Leica TCS SP5 and SP5Il (Leica). Data analysis was performed using Fiji

Imaging software.

Table 1| Stainings performed in the whole-mounted samples of YUs embedded in fibrin. The
first antibodies were added together with DAPI (1:500).

15t Antibody Dilution 2" Antibody Dilution
Mouse anti-CD31 Anti-mouse 594
1:100 1:500
(M0823) (A11029)
Staining 1
Rabbit anti-laminin Anti-rabbit 488
1:100 1:500
(L-9393) (A11072)
Mouse anti-a-SMA Anti-mouse 488
1:200 1:500
(A5188) (A11029)
Staining 2
Rabbit anti-vWF Anti-rabbit 594
1:50 1:500
(A0082) (A11072)

Paraffin-embedded sections

VUs or tumoroids were fixed at days 1, 3/4 and 7, directly in agarose molds, with
4% w/v PFA (20 min, RT). Each mold was sealed with 100 pL of molten agarose and
spheroids were further processed and paraffin embedded. Afterwards, 3 um sections
were obtained and stained for Hematoxylin and Eosin (HE) and used for
immunohistochemistry. Briefly, sections were deparaffinized and rehydrated, stained 5

minutes in Gill's Hematoxylin and tap water washed. Afterwards, sections were stained in
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Eosin for 4 minutes, dehydrated and mounted in Entellan. Sections were then
deparaffinized in xylene (5 minutes, 3 times) and rehydrated in sequentially decreasing
ethanol concentrations (from 100% to 50%, for 5 minutes). Antigen retrieval was
performed with TE buffer solution (10 mM Tris and 1 mM EDTA, pH 9) or citrate buffer (10
mM, pH 6), at 90 °C for 30 min. Sections were then washed 3 times with PBS under
agitation, permeabilized in 0.25% v/v Triton X-100 for 10 min, washed again with PBS,
immersed in 200 mM ammonium chloride for 10 minutes, washed 3 times with PBS, and
blocked with 1,5% w/v BSA and 5% v/v FBS in PBS for 1h at RT. After, samples were
incubated ON, at 40C, with the following primary antibodies diluted in blocking solution
(Table 2 and Table 3Table 2): mouse anti-CD31 (Dako, 1:50); rabbit anti-fibronectin (FN,
Sigma, 1:100); rabbit anti-laminin (Sigma, 1:100); rabbit anti-von Willebrand Factor (VWF,
Dako, 1:100); mouse anti-vimentin (VIM, Santa Cruz, 1:200); mouse anti-alpha smooth
muscle actin (a-SMA, Sigma, 1:200); rabbit anti-E-cadherin (E-cadh, Cell Signaling, 1:100);
rabbit anti-ZO-1 (ZO-1, Thermofisher, 1:100); mouse anti-B-catenin (B-catenin, BD
Biosciences, 1:100); mouse anti-collagen type IV (COL 1V, Dako, 1:100); rabbit anti-collagen
type | (COL I, Rockland, 1:100); and 4',6- diamidino-2-phenylindole (DAPI, 1:500). Sections
were then washed with PBS and incubated with the corresponding fluorochrome-
conjugated secondary antibodies (Alexa 488 anti-mouse, Alexa 488 anti-rabbit, Alexa 594
anti-mouse or Alexa 594 anti-rabbit, Invitrogen, 1:500) for 1h at RT. Samples were then
washed and mounted with VectaShield and imaged in the Confocal Laser Scanning

Microscope Leica TCS SP5. Data analysis was performed using Fiji Imaging software.

Table 2 | Stainings performed on histological sections of VUs (OEC:CAF/nFib). The first
antibodies were added together with DAPI (1:500).

1st Antibody Dilution 2" Antibody Dilution
Mouse anti-CD31 Goat anti-mouse
Staining 1 1:50 1:500
(M0823) 594 (A11020)
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Rabbit anti-fibronectin

(F3648)

Mouse anti-vimentin
(Sc-6260)
Staining 2
Rabbit anti-vWF
(A0082)

Mouse anti-CD31

(M0823)
Staining 3
Rabbit anti-laminin
(L-9393)

Mouse anti-Col IV

(MO0785)
Staining 4
Rabbit anti-Col |
(600-401-103-0.1)

Table 3 | Stainings performed on histological sections of tumoroids (MCF-7 and CAF/nFib). The

Goat anti-rabbit

1:100
488 (A11008)
Goat anti-mouse
1:200
488 (A11029)
Goat anti-rabbit
1:100
594 (A11072)
Goat anti-mouse
1:100
594 (A11020)
Goat anti-rabbit
1:100
488 (A11008)
Goat anti-mouse
1:100
488 (A11029)
Goat anti-rabbit
1:100

594 (A11072)

first antibodies were added together with DAPI (1:500).

15t Antibody

Mouse anti-vimentin

(Sc-6260)
Staining 1
Rabbit anti-E-cadherin
(3195)

Dilution 2" Antibody
Goat anti-mouse
1:50
488 (A11029)
Goat anti-rabbit
1100

594 (A11072)
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Mouse anti-a-SMA

Goat anti-mouse

1:200 1:500
(A5188) 488 (A11029)
Staining 2
Rabbit anti-ZO-1 Goat anti-rabbit
1:100 1:500
(61-7300) 594 (A11072)
Mouse anti-B-catenin Goat anti-mouse
1:100 1:500
(610153) 488 (A11029)
Staining 3
Rabbit anti-fibronectin Goat anti-rabbit
1:100 1:500
(F3648) 594 (A11072)
Mouse anti-Col IV Goat anti-mouse
1:100 1:500
(MO785) 488 (A11029)
Staining 4
Rabbit anti-Col | Goat anti-rabbit
1:100 1:500

(600-401-103-0.1)

594 (A11072)

2.8 Maleimide-Alginate Production

Ultrapure low viscosity (=199 mPa) sodium alginate (PRONOVA UP LVG,
Novamatrix, FMC Biopolymers) 07-02), with a molecular weight of 197.9 kDa and an
approximate content of guluronic acid of 70% was modified with maleimides. Maleimide
was introduced into the backbone of alginate by amidation of the carboxyl groups of
alginate with the amine groups of 1-(2-Aminoethyl)maleimide, using 4-(4,6-Dimethoxy1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) (Mw: 276.72) as the coupling
reagent. In brief, alginate (1% w/v) was dissolved in ultrapure (UP) water, and DMTMM was
added to activate the polysaccharide carboxyl groups (e.g. 100% COOH activation: 1.34 g
of DMTMM per g of alginate) and left to react for 30min. Subsequently, 21.2 mg maleimide

/ g alginate was added, and the mixture was stirred at RT for 24h. The reaction products
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were dialyzed against decreasing solutions of NaCl in UP water for 3 days. Lastly, the
samples were filtered and lyophilized to remove the water from maleimide-alginate and
stored at -20°C for further use. The degree of substitution was assessed by 'H-NMR.
Spectra were acquired on a 400MHz Bruker spectrometer and analyzed using the
MestReNova software. NMR samples were prepared 1.3-1.5 % w/v in D.O and TSP
(trimethylsilylpropanoic acid) at 0.05M was added as an internal standard. DS was
determined correlating the area of ALG peaks (6 = 4.97-5.13 and 3.33-4.53 ppm) with the
new maleimide peak (6 = 6.82-6.97 ppm), according to the following equation (1):
[sm
MD = (”S—M)x 100 (%) (1)

AL M
[54LG , [

Hsare Hsm

where integrals correspond to the area of the peaks in a particular 6 and H

corresponds to the number of protons attributed to those same peaks.

Rheological characterization

The gelation kinetics with the CGPQGIWGQC peptide (further referred as G-
linker) was evaluated by single frequency oscillation assay, using a Kinexus Pro rheometer
(Malvern). Maleimide-alginate was dissolved in HBSS and, immediately after adding the
crosslinker, the hydrogel precursor was placed between the rheometer plates. Different
final Gl concentrations were tested: 120 yM and 240 yM. The parameters used were:
Frequency (Hz)= 0.05 Hz, Sheer strain (%) = 1, Gap (mm)= 0.5 mm, Temperature (°C) =

37. The storage modulus (G’) and the loss modulus (G”) were monitored.

2.9 3D Culture within Bioresponsive Alginate

Maleimide-alginate at 2.2% w/v was previously prepared and used to synthesize
RGD-alginate. RGD peptide (CG4RGDSP) was grafted to the maleimide-alginate backbone
through the Thiol-Michael addition reaction. During this reaction, the thiol group of the
cysteines (present in each end of the peptide) reacts with the double bound of the

maleimide ring, producing RGD-alginate with a concentration of 2% (w/v). Spheroids were

43



collected and resuspended in HBSS and added to the RGD modified-alginate solution.
Afterwards, crosslinking occurred with the addition of a protease sensitive peptide,
CGPQG|IWGQC (the arrow indicates the site of cleavage) reaching a final concentration
of 1% (w/v). Then, droplets of 20 pL were placed between Teflon plates separated by 750
um spacers and the alginate was left to polymerize for 20 minutes at 37°C (Figure 13).
The hydrogels were transferred to 24-well plates with cell culture medium. The spheroid-
laden hydrogels were maintained in cell culture medium that was exchanged every 72h for
a maximum of one week. This was performed for both VUs (spheroids with OEC and
CAF/nFib and tumoroids (spheroids with MCF-7 cells and CAF/nFib).

Alginate 2.2% Alginate 2% Bioresponsive spheroid-
embedded Alginate 1%

Spheroic-l'é‘ L
embedded in
Alginate

Figure 13 | Schematics of the preparation of spheroid-embedded bioresponsive alginate
hydrogels. Micro-drops of the alginate embedded with spheroids were applied on top of a Teflon
plate between two spacers and then another Teflon plate was placed on top of those spacers. After
20 minutes of gelation time, alginate 3D matrices were obtained and put in culture.
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Immunofluorescence analysis of 3D cocultures in Alginate by CLSM

At different time points, spheroid-laden hydrogels were washed twice with
HBSS to remove cell culture medium and fixed with 4% v/v paraformaldehyde (PFA) in
HBSS for 20 minutes, at RT. After another washing to remove the PFA, the samples were
incubated in blocking buffer (1.5% BSA in HBSS) for 1 hour to minimize non-specific
adsorption of antibodies. At the end of that incubation, the blocking buffer was removed.
Hydrogels were incubated ON at 4°C with the following antibodies: phalloidin 488 for F-
actin staining (1:100, Flash Phalloidin Green 488), mouse anti-vimentin (1:50, Santa Cruz
Sc6260), and UEA1-Rhodamine (1:200, Vector, RL-1062), for the VUs and phalloidin 488
for F-actin staining (1:100, Flash Phalloidin Green 488), mouse anti-vimentin (1:50, Santa
Cruz Sc6260) and rabbit anti-E-cadherine (1:100, Cell signaling, 3195), for the tumoroids.
On the next day, all samples were washed 3x with HBSS, and incubated with DAPI for
nuclei staining (1:500) and the secondary antibodies: Alexa 594 goat anti-rabbit (1:500,
A11072) and Alexa Fluor 647 chicken anti-mouse (1:500, A21463), for 1 hour in the dark, at
RT. Finally, samples were washed and left at 4°C with HBSS until imaging. The samples
were imaged on a Confocal Laser Scan Microscopy (CLSM, Leica TCS SP5). Data analysis

was performed using Fiji Imaging software.

2.11 Microfluidics Fabrication

The microfluidic design was based on the one used by Nashimoto et al. as shown
in Figure 14 [76]. SolidWorks™ was used to design the molds for the perfusion chips. The
molds were 3D printed on a FormLabs™ Form3 Low Force Stereolithography (LFS) 3D

printer according to Figure 15.
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A B

Channel No. Channel No.

I |

Dia. =2 mm

1.0mm 1.5mm 1.0 mm

Figure 14 | The original design of the microfluidic device used by Nashimoto et al. A) Design
overview of the microfluidic device. 2-mm diameter holes were punched on the inlets and outlets of
channels 1, 2, and 3, using a biopsy punch and a 1-mm diameter hole was punched on the spheroid
well at the center of channel 2. B) The enlarged view of the red rectangle area in (A). C) The enlarged
view of the microposts area in the red rectangle in (B).

Figure 15 | Microfluidic platform. On the right, green dye was added to check for channel
connectivity.

Once printed, the resin mold was washed with isopropanol for 15 minutes, dried
in with compressed air, and placed under ultra-violet (UV) light ensure correct
polymerization. Then, Polydimethylsiloxane (PDMS) resin and curing agent were
thoroughly mixed in a 10:1 ratio and placed in vacuum for 2 hours to remove bubbles. The
PDMS was then cast onto the mold and cured for 2 hours at 70°C, with each mold’s first

2 casts being discarded to prime the mold.
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2.12 Statistical analyses

Statistical analyses were performed using GraphPad Prism 8 software version
8.0.1. Tests to assess normality of the values were performed to assure the correct
parametric analyses of the measured values. According to the D'Agostino & Pearson test
the numeric values followed a normal distribution. The two-way ANOVA test followed by
Tukey's multiple comparisons test were used to compare the different groups of data that
followed a parametric distribution. A value of p < 0.05 was considered statistically
significant, assuming a 95% confidence interval. Statistically significant differences are
marked with one symbol (* or #) for p < 0.05, two for p < 0.01, three for p < 0.001, or 4
symbols for p < 0.0001.
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Chapter 3 - Results and Discussion

Multicellular tumor spheroids (MCTS) have been one of the tools that have been
bridging the gap between in vitro 2D studies and in vivo studies. Specifically, in cancer
research, MCTS can replicate relevant aspects affecting tumor growth, such as
biochemical gradients and complex interactions occurring between different cell types.

With that in mind, the first step was to characterize monoculture spheroids of MCF-7 cells.

3.1 Characterization of Monoculture MCF-7 Spheroids

The initial experiment consisted in evaluating MCF-7 capacity to form spheroids
when cultured in the agarose molds. Although it is described that MCF-7 show high
efficiency of spheroid formation, its morphology and stability is dependent on medium
formulation, cell density and culture methods [64], [107]. MCF-7 is a breast cancer cell line
established in 1973. Cells were isolated from the pleural effusion of a patient with
infiltrating ductal carcinoma [108]. This cell line has been propagated for years and has
been a model to investigations worldwide. It is a ER-positive, progesterone receptor (PR)-
positive and it belongs to the luminal A molecular subtype of breast cancer. This is a non-

invasive cell line with low metastatic potential.
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To generate the monoculture spheroids, two different molds were used: one that
produces large spheroids — mold L - (MicroTissues® 3D Petri Dish® micro-mold 24-35)
and other that generates small spheroids — mold S - (MicroTissues® 3D Petri Dish® micro-

mold 24-96). Different cell densities were applied in each mold according to Table 4.

Table 4 | Summary of the different spheroid's cell densities.

1 2 3
10 000 5000 2500
MOLD L
cells/spheroid cells/spheroid cells/spheroid
3 645 1822 o1
MOLD S
cells/spheroid cells/spheroid cells/spheroid

In all condition, MCF-7 cells started aggregating on day 1 as depicted in Figure
16, and over time, spheroid’s circularity seemed to decrease. Day 1 spheroids displayed a
smoother and more continuous surface, while on day 7 cell proliferation in the periphery

was visible, making the surface more ruffled, as described by Raghavan et al. [109].
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L1

Day 1 Day 4 Day 7

Figure 16 | ZOE™ imaging of MCF-7 spheroids with different cell densities. L — large mold. S -
small mold. Numbers 1-3 correspond to the cell densities displayed in Table 4. Scale bars: 100 pm.
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S1
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The growth kinetics of the spheroids in function of the cell density per well was
evaluated over time at days 1, 4 and 7 after seeding and it is represented in Figure 17.
Spheroid diameter was dependent on the cell concentration, and it increased over time in
every condition, indicating MCF-7 proliferation, as observed by [110]. For the smaller
spheroids, on day 1, the presented diameter was 183 + 13 ym and it increased to 263 + 15

um by day 7. The larger spheroids presented a diameter of 469 + 24 ym on day 1, and it
increased to 524 + 54 ym on day 7.

As previously mentioned, and according to Yakavets et al., large spheroids
usually generate molecular gradients (nutrients, O? CO?), so they display a core of
necrotic cells, surrounded by a layer of quiescent cells and proliferating cells on the
periphery [65]. For the seeding concentrations applied, diameters varied from 180 - 500
um, thus for the following experiments, cell concentration did not go above 10 000

cells/spheroid.
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Figure 17 | Growth kinetics of MCF-7 monoculture spheroids. Symbology: * indicates
significant differences between different conditions at the same timepoint (n=20).



Agarose is an optimal material for mold fabrication since it is a natural polymer,
that is biodegradable and non-toxic for cells [111]. Additionally, it presents the needed
characteristics for the generation of spheroids. It is non-adherent, it solidifies at RT, and
is optically transparent, so it is convenient for microscopic visualization. The use of
agarose molds allowed for a fast cellular assembly that generated spheroids without the
need for external forces. The spheroids showed homogenous sizes and growth
characteristics, which is important to evaluate the results consistently [63]. This method
also demonstrated to be advantageous as a high-throughput technique that enabled the
qualitative and quantitative analyses of a single spheroid. Displayed in Figure 18 are some
representative images of paraffin-embedded spheroids stained with H&E. These
brightfield images were acquired using the Mosaic function on the Inverted Fluorescence
Microscope Axiovert 200M (Zeiss) and it is possible to visualize all the wells in the agarose
molds demonstrating how a single mold that fits in a 24-well plate is able to generate as

many as 96 spheroids.
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Figure 18 | Brightfield images of paraffin-embedded spheroids stained with H&E in the small
agarose molds (24-96). Images were acquired using the Mosaic function on the Inverted
Fluorescence Microscope Axiovert 200M (Zeiss). Scale bars: 1cm.
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3.2 Generation of Tumoroids

3.2.1 Characterization of CAF versus nFib

In breast cancer tissue, fibroblasts constitute a significant component of the
surrounding stroma, exerting a modulatory effect on epithelial cells. This effect is
dependent upon not only the phenotype of the fibroblasts, but also the epithelial cells
themselves. In breast tumors, two types of fibroblasts are commonly found. Normal human
mammary fibroblasts (nFib) derive from healthy mammary tissue, and have demonstrated
to inhibit epithelial growth, and serve a more protective function [112]. On the other hand,
cancer-associated fibroblasts (CAF) likely derive from resident fibroblasts and/or marrow-
derived mesenchymal stem cells (MSC), are generally more permissive and may
allow/promote growth of the epithelium in a tumor, while also affecting the cell’s sensitivity
to treatment [113], [114]. In the TME, it is often observed that the majority of normal
fibroblasts acquires the CAF phenotype. These fibroblasts exhibit molecular and
functional features that are associated with the activated fibroblasts found during wound
healing processes, such as high proliferative rate and increased secretion of growth
factors [115], [116]. The incorporation of fibroblasts in breast cancer spheroids brings a
new component to this 3D model that can now be a more complete representation of the

actual tumor.

Envisaging how fibroblasts are such a crucial component in breast tumors, their
gene expression profile was first characterized. RNA from both types of fibroblasts was

extracted from 2D cultures and analyzed by real-time PCR (gPCR).

Selected genes comprised a group of genes commonly overexpressed in CAF,
namely a-SMA, FAP and FSP1 [117]. Vimentin is a mesenchymal marker correlated with
EMT in cancer and its expression is also associated with lymph nodes metastasis and
overall poor survival rates. This protein is also expressed at higher levels in CAF. Collagen
| and fibronectin are proteins found in abundance in the ECM. Their production is usually
increased for CAF, which results in matrix stiffening [118]. Lastly, MMP-2 and MMP-14 are
matrix metalloproteinases that are known to promote migration and invasion of cancer
cells [119]. Results disclosed the expression of all the genes in nFib, and that they were

overexpressed in CAF (Figure 19).
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CAF relative to nFib
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SMA FAP  FSP1 Vim COL1 FN MMP2 MMP14

Figure 19 | Relative fold gene expression of key genes commonly expressed by nFib and CAF.

Next experiment consisted of generating monoculture spheroids of nFib and
CAF. The large molds were used and a total of 35 000 cells/mold (10 000 cells/spheroid)
were added. Spheroids were maintained for a total of 7 days and brightfield images were
acquired overtime. On day 1, the two types of spheroids were similar in terms of
morphology and size (Figure 20A and Figure 20B). Both form a compact aggregate of
cells, rounding 400 pym in diameter. Throughout time, spheroids for both types of
fibroblasts decreased in size. However, a significantly higher reduction was observed in
nFib-spheroids, reducing to half the initial size (198 + 24 ym by day 7). The higher diameter
observed for CAF-spheroids, is most likely due to the deposition of higher amounts of
ECM, such as fibronectin and type | collagen, that act as “glue”, generating denser
spheroids [120].
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Figure 20 | Characterization of nFib and CAF cultures. A) Brightfield images of monoculture CAF
and nFib spheroids at day 1, 4 and 7. Scale bars: 200 pm. B) Diameter measurements of monoculture
spheroids overtime (n=20). Symbology: * indicates significant differences between different
conditions at the same timepoint, while # indicates significant differences for the same condition at
different timepoints.
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3.2.2 Incorporation of Fibroblasts in MCF-7 spheroids

Bearing in mind how tumor-stroma interactions play such a vital part in the
evolution of breast cancer, MCF-7 cells were combined with fibroblasts to generate

coculture spheroids, also further designated by tumoroids.

A first strategy encompassed the generation of MCTS with both CAF and nFib
using a simultaneous seeding approach. A suspension of MCF-7 and the respective
fibroblasts was prepared and added to the small molds, as represented in Figure 21. The

seeding concentration was 4 000 cells/spheroid with a 1:1 ratio.

Simultaneous Seeding

MCF-7
CAF/nFib

Day 0 Day 1 Day 3 Day 7

In vitro growth

Figure 21| Schematics of the simultaneous seeding. MCTS assembly by combining MCF-7 and
CAF/nFib on the same day.

The samples were then fixed at day 3 and 7 and scaled-up
immunohistochemistry was performed for each time-point. Spheroids were
immunostained for DAPI to stain DNA; vimentin (Vim), a protein that constitutes the type
[l intermediate filaments (IF) and that is highly expressed by various types of fibroblasts
[121]; fibronectin (FN), a major ECM component that participates in cell adhesion, migration
and growth in multiple processes; E-cadherin (E-cad) a key regulator of cell-cell adhesion
that is present in the epithelial cell membrane and is in charge of maintaining cell polarity;
B-catenin (B-cat) that interacts with E-cad and together play an important role in

maintaining epithelial integrity [122].
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Confocal images from day 3 (Figure 22A) revealed that fibroblasts (both CAF
and nFib; Vim+) were concentrated in the center of the spheroid, while tumor epithelial
cells (E-cad+ and B-cat+) lined the periphery. Additionally, fibronectin expression was
visible in both types of spheroids, but more prominently in CAF-tumoroids. That can be
explained by the fact that CAFs are known to produce a FN-rich matrix that strongly
influences cancer cell migration [123], [124]. This is supported by previous results that
demonstrated that CAF produce more FN than nFib (Figure 19).

When analyzing confocal images from day 7 (Figure 22B), the spheroids
showcased a very low expression of vimentin, indicating a decrease in the number of
fibroblasts in the center, while epithelial cells were able to continue proliferating,
substantially overgrowing the fibroblasts, as observed by Fang et al. [125]. The fast growth
of MCF-7 cells leads to a spheroid with a thicker cancer cell layer largely devoid of
fibroblasts [72].
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Figure 22 | Characterization of tumoroids generated by simultaneous seeding. CLSM images
of tumoroids at day 3 (A) and day 7 (B). Scale bars: 100 um.
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The spatial organization of cells in a tumor is a relevant factor that conditions
the TME and affects cell response to certain therapies and anti-cancer drugs. Since these
results do not mirror the clinical situation, in which fibroblasts are distributed more
uniformly in the tumor, a different experiment was performed, this time using a sequential
seeding approach (sequential seeding after 24h). Various research groups have tested
this cell seeding strategy to try to obtain a different cell organization that prevents the

aggregation of fibroblasts in the center of the spheroid [65], [126].

Tumoroids were also generated in the small molds, with the same cell
concentration and ratio, however, MCF-7 cells were seeded first in the agarose molds and
incubated for 24h, after which, fibroblasts were added (some molds with CAF and others
with nFib), as schematized in Figure 23. Samples were fixated with paraformaldehyde and

immunostaining was performed.

Sequential Seeding after 24h

MCF-7 .
CAF/nFib
v |l v
Day 0 Day 1 Day 4 Day 7
MCTS assembly In vitro growth i

Figure 23 | Schematics of the sequential seeding after 24h. MCTS assembly by adding
CAF/nFib to MCF-7 spheroids after 24h.

Results revealed that already by day 1 (Figure 24A), some segregation of the two
cell types began to happen. E-cadherin was detected in the periphery and vimentin on the
core of the spheroid. However, B-catenin was visible throughout the spheroid, which
indicated that some tumor epithelial cells remained in the center and had not yet migrated
to the outside edge. It is worth noting that the B-catenin marked in the center displayed a
more disorganized structure, comparing with the one marked in the outside layer. This
suggests that perhaps the two cell types start reorganizing by day 1, which is further
supported by day 4 results (Figure 24B). By this time-point, fibroblasts fully separated from

epithelial cells and started gathering in the center of the spheroid. Nevertheless, when
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comparing the area occupied by fibroblasts in each type of seeding (simultaneous versus
sequential after 24h) at day 4, it was possible to observe that in the sequential experiment,
fibroblasts took a bigger area of the spheroid. By day 7 (Figure 24C), vimentin expression
had decreased and there were very few fibroblasts (nFib or CAF) left in the spheroid. In
both seeding strategies, it was possible to observe that CAFs remained present longer
than nFib, as vimentin expression was higher for those spheroids by day 7. This is
explained by the high proliferative nature of CAF, that can control and shape the

surrounding matrix, possibly contributing to their survival [127].

MCF-7:nFib

Day 1

MCF-7:CAF
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Figure 24 | Characterization of tumoroids generated by sequential seeding after 24h. CLSM
images of tumoroids at day 1 (A), day 4 (B) and day 7 (C). Scale bars: 100 pm.
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To generate spheroids that more closely recapitulate the spatial distribution of
cells found in the in vivo breast tumor a third strategy was attempted. It consisted in a
sequential seeding, but this time, fibroblasts (CAF or nFib) were added on the 6" day of
culture (sequential seeding after 6 days), after MCF-7 cells had previously self-
aggregated and formed a more maturated mass (Figure 25). This approach had already
been performed by other research groups to try to achieve a more stratified cell
organization found in the pancreatic ductal adenocarcinoma, where fibroblasts are
organized in the periphery of the spheroid and tumor cells in the center [126]. In this
strategy, spheroids had a total of 10 000 cells and coculture spheroids were generated
with two different ratios: 1:1 and 1:4 (MCF-7:CAF/nFib). The ratio 1:4 was based on the
knowledge that CAF not only make up the bulk of cancer stroma, but also may represent
up to 70% of the whole breast tumor volume [128].

Sequential Seeding after 6 days
CAF/nFib

MCF-7

Day 0 Day 1 Day 6 Day 9 Day 13

>
»
. >

MCTS assembly In vitro growth

Figure 25 | Schematics of the sequential seeding after 6 days. MCTS assembly by adding

CAF/nFib to 6 days MCF-7 spheroids.

The first stage of this approach consisted in the initial assembly of MCF-7
spheroids. These were cultured for 6 days, and medium was changed every other day. By
day 6, MCF-7 spheroids had formed a core of compacted cells for both conditions 1:1 and
1:4 (Figure 26). The initial aggregation of MCF-7 is initiated by integrin-mediated
attachment to ECM molecules, and the cells are aggregated compactly by E-cadherin
mediation [64]. The optical micrographs showed an opaque and chaotic area after 6 days
of culture, which have already been observed by Fang G et al. in larger spheroids of MCF-

7 compared to smaller spheroids (initial diameter below 100 pm) [125].
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MCF-7 (1:4)

Figure 26 | Brightfield images of the monoculture MCF-7 spheroids from day 1and 6. The 1:1 ratio
had a total of 5 000 cells, while the 1:4 ratio had 2 000 cells. Scale bars: 200 pym.

The second stage happened at day 6, with the addition of fibroblasts to the
agarose molds. After 24h, the spheroids remained compact demonstrating that fibroblasts
could establish close interactions between them and with the tumor cells. This also
indicated a successful inclusion of both cell types (Figure 27A). The homogenous

periphery of the spheroids persisted until day 7.

Tumoroids’ diameters were measured at days 1, 3 and 7 (Figure 27B).
Throughout the different time-points, tumoroids generated with the ratio 1:4 presented a
smaller diameter in comparison with the 1:1 condition. Moreover, 1:1 tumoroids diameter
increased over time, while that was not observed for the 1:4 tumoroids. This can be
attributed to the higher number of fibroblasts (either nFib or CAF) in the 1:4 ratio, that by
producing larger amounts of ECM lead to the formation of more compact spheroids. When
comparing 1:4 CAF-tumoroids with 1:4 nFib-tumoroids, it was verified that the ones with
CAF presented smaller diameters through all the timepoints (493 + 29 ym versus 538 +
42 pm, on day 1). CAF are known to produce more ECM, while also having a stronger role
in its remodeling. This remodeling feature is also related to contractility of CAF, which is
deeply related to their ability to induce cancer cells migration and invasion. CAF can
promote matrix stiffening, which in turn, activates molecular mechanisms that cause

changes in the contractile actin cytoskeleton of fibroblasts and that are related to invasion

62



of cancer cells [129], [130]. The ability of CAF to stiffen the matrix and contract explains
the smaller diameter observed for CAF-containing spheroids. Additionally, assessment of

metabolic activity revealed a high metabolic activity for all the tumoroids, which increased
throughout time (Figure 27C).
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Figure 27 | Characterization of tumoroids generated by sequential seeding after 6 days. A)
Brightfield images were acquired at days 1, 3 and 7. Scale bars: 200 ym. B) Tumoroids diameter
measurements from day 1, 3 and 7 (n=20). C) Metabolic activity assessment overtime (n=3).
Symbology: * indicates significant differences between different conditions at the same timepoint,
while # indicates significant differences for the same condition at different timepoints.
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Afterwards, immunohistochemical analysis of the tumoroids was performed and
confocal images revealed different organization of cells by day 1. For all four conditions,
distinct groups of cells seemed to form within the spheroid (Figure 28). The groups were
constituted by aggregates of cells marked with vimentin (green), that correspond to
fibroblasts, surrounded by epithelial tumor cells marked with E-cadherin (red). Comparing
with the two previous seeding methods, this one allowed for fibroblasts to take up a bigger
area of the spheroid. At day 1, it was possible to see that fibroblast (both CAF and nFib)
formed compact aggregates that clearly segregated from epithelial cells and created very
defined spaces within the spheroid (Figure 28). Curiously, an area of cells only marked with
DAPI (not with vimentin nor E-cadherin) was present in all the conditions. This group of
cells possibly corresponds to cells from the initial MCF-7 spheroid that eventually died and
stopped producing E-cadherin. This is supported by the H&E-stained spheroids (Figure
29) that also showcased an area populated with cells with necrotic nuclei. An article by
Froehlich et al. also reports that MCF-7 monoculture spheroids exhibited a disintegrating
core after 48h in culture. This core was Ki-67 (proliferation marker) negative and cPARP

(apoptosis marker) positive [131].

After one week, fibroblasts still occupied a considerable area of the spheroid
and were not completely overgrown by the highly proliferative epithelial cells. This was
more evident for the CAF-spheroids, especially for the 1:4 ratio, once more fibroblasts are
present in this condition (Figure 28B). Another particular aspect found in this approach
was that, by day 7, the conditions with a higher number of fibroblasts (1:4) presented a
wheel-like morphology with branches of epithelial cells (E-cad+) followed sequentially by

empty spaces (Figure 28B and Figure 28D).

Overall, in all seeding approaches fibroblasts have a tendency to go to the center
of the spheroid. This central tendency of fibroblasts could be due to the different cohesion
of the two cells as also hypothesized by Fang et al. [125]. Additionally, it has been reported
that hypoxia could attract the migration of fibroblasts into the tumor microenvironment,
which could be another reason for the core-shell structure [132], [133]. Numerous articles
report the strong ability of CAF to remodel the ECM (which includes deposition of new
components, matrix expanding, crosslinking, and stiffening), introducing a stiffness

heterogeneity [115]. Tumor cells could then take advantage of this heterogeneity to either
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migrate between looser fibers or use aligned fibers as directional cues that pave the way

for their migration [114].
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Figure 28 | CSLM images of tumoroids generated by sequential seeding after 6 days. Images
acquired at day 1 and day 7. Tumoroids were generated using four different settings: MCF-7 and
CAF with a 1:1 (A) and 1:4 (B) ratio; and MCF-7 and nFib also with a 1:1 (C) and 1:4 (D) ratio. Scale
bars: 100 pm.
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Figure 29 | Brightfield images of H&E-stained sections of the different tumoroids overtime.
Scale bars: 200 pm.

3.3 Generation of Vascular Units

Outgrowth endothelial cells (OEC), also called late endothelial progenitor cells,
can be isolated from the peripheral blood as well as the human cord blood [134]. They can
also be isolated from other sources such as porcine, murine, and canine. When cultured in
a commercially available cell culture medium, they form colonies that present a cobble
stone-like morphology. Additionally, OEC show several similarities with endothelial cells in
terms of cellular markers and functional properties. Marker profile is characterized by the
presence of CD31+ cells that already loss the hematopoietic marker CD45. These cells
present high proliferation and angiogenic potential in vitro and can contribute to neo
angiogenesis in vivo. For these reasons, OECs have been applied extensively in multiple
applications involving the generation of vascular networks whether it is within scaffolds or

tissue constructs [135], [136]. Moreover, several reports have stated that fibroblasts play
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an important role in the formation of sprouts since they act as mural cells, supporting the
formation of tube-like structures [84]. Hence, OEC, CAF and nFib were used to assemble

the vascular units (VUs) model.

3.3.1 VUs Morphology and Characterization

The first experiment consisted of a screening of conditions to assess the most
suitable one that originated the most uniform VUs. Hence, VUs with different ratios: 1:1, 1:5
and 5:1 using either CAF or nFib (OEC:CAF/nFib) were formed in non-adhesive microwells

and monitored along 14 days.

When analyzing the brightfield images for the VUs formed with CAF (CAF-VUs),
they showed the formation of round spheroids for all the ratios, however, some variations
with morphology were observed (Figure 30A). At day 3, the average diameters of
spheroids with different OEC:CAF ratios were 292 + 30 um (1:1), 326 + 41 pm (5:1) and 287
+ 19 uym (1:5) (Figure 30B). The ratio with lower amount of fibroblast (5:1 ratio) displayed a
significantly larger size with a thicker periphery of loose cells. Throughout time, spheroid
maturation was observed, and it was accompanied by a gradual release of cells. This
phenomenon was more evident in the ratio 5:1, with a significant increase of the spheroid
diameter (reaching 363 + 29 um on day 7). At day 7, a separation of two groups of cells
could be observed for the three conditions. One group consisted in a more circular, denser
group of cells likely corresponding to the fibroblasts and a less compact group possibly
formed by endothelial cells. In the work of Carvalho et al., they also observed a similar
behavior and identified that the majority of cells that were being released were endothelial
cells [120]. This could explain why the ratio with less endothelial cells (1:5 ratio) presented
a more compact and homogenous morphology with less cells being released. Spheroids

from this ratio presented the smallest diameter at day 7: 242 + 24 ym.
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Figure 30 | VUs generated with OEC and CAF with the ratios 1:1, 1:5 and 5:1. A) Brightfield
images were obtained at days 3, 7 and 14. Scale bars: 200 uym. B) VUs diameter measurements
from day 3, 7 and 14. Symbology: * indicates significant differences between different conditions

on the same timepoint, while # indicates significant differences for the same condition in different
timepoints (n=20).

Brightfield images for nFib-VUs showed similar results, with 1:5 condition
exhibiting the most homogenous and compact spheroids (with a diameter of 294 + 12 ym

at day 3 that decreased to 235 + 23 pym until day 7), and also with the lowest number of
dispersed cells on the outer layer (Figure 31A).
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At day 3, spheroid size rounded the 300 um, as observed with CAF-VUs, and the
biggest diameter obtained was with the condition 5:1 (335 + 34 ym) (Figure 31B). For all
the conditions, spheroids shrinked from day 3 to day 14, but that was less significant for
the 5:1 ratio (a decrease of about 60-70 pym for conditions 1:1 and 1:5 and about 30 pm for
5:1), which was possibly due to the fewer fibroblasts present in the spheroid. Interestingly,
on day 7, 1:1 nFib-VUs were smaller than 1:5 albeit they contained less fibroblasts. This
phenomenon, that can also be observed in Figure 31A, can perhaps be ascribed to the fact
that more cells were found outside the spheroid in the 1:1 condition, when comparing to
the 1:5 ratio. The latter displayed a spheroid with less cells surrounding the spheroid, which
possibly indicates a better incorporation of the two cell types, ultimately forming a bigger
spheroid with a bigger number of aggregated cells.

OEC:nFib (5:1) B

OEC:nFib (1:1) OEC:nFib (1:5)

O 1:1 nFib
B 1:5nFib
O 5:1 nFib
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Day 3 Day 7 Day 14
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Figure 31| VUs generated with OEC and nFib with the ratios 1:1, 1:5 and 5:1. A) Brightfield images
were obtained at days 3, 7 and 14. Scale bars: 200 pm. B) VUs diameter measurements overtime.
Symbology: * indicates significant differences between different conditions on the same timepoint,
while # indicates significant differences for the same condition in different timepoints (n=20).

Following experiments were designed to further explore VUs characteristics
comparing CAF versus nFib, and regarding their cellular organization and sprouting

potential. Thus, VUs were once again generated, but this time using only the 1:5 ratio that
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exhibited the most promising results in terms of homogeneity (Figure 32A). Moreover, in
previous work of our group it was also observed that this 1:5 ratio (OEC: dermal fibroblast)
formed compact spherical structures within 24 hours and this structure was preserved for

extend culture periods [135].

Overall, CAF-VUs were more uniform forming more compact spheroids and with
low cell release. They also had smaller diameters that decreased over time: 365 + 26 pm
to 292 + 45 ym for CAF-VUs in comparison with nFib-VUs: 436 + 30 pm to 312 + 25 pm
(Figure 32B). This was expected, once again, due to the highly contractile nature of CAFs
[123]. Both VUs presented a high viability (Figure 32C) and metabolic activity (Figure 32D).
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Figure 32 | VUs (1:5) generated with OEC and CAF/nFib. A) Brightfield images were obtained at days
1, 4 and 7. Scale bars: 200 pm. B) VUs diameter measurements overtime (n=20). C) Live/Dead assay:
CLSM images of VUs at day 4 and 8 of culture. Live cells were stained for calcein AM (green) and dead
cells by ethidium homodimer-1 (red). Scale bars: 200 pm. D) Metabolic activity assessment overtime
(n=3). Symbology: * indicates significant differences between different conditions on the same
timepoint, while # indicates significant differences for the same condition in different timepoints.
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Next, VUs were processed still within the agarose mold and spheroid sections
were subject to immunohistochemical analysis. Cells were immunostained for specific
endothelial markers CD31 and von Willebrand Factor (vVWF). CD31 is a transmembrane
glycoprotein expressed by endothelial cells [137]. vWF is a glycoprotein required for regular
hemostasis and that is produced by endothelial cells [138]. Other markers applied were
vimentin (Vim), that labelled fibroblasts, while the production of ECM was detected by
fibronectin (FN).

Results revealed the organization of an outer monolayer of OECs (CD31+ and
VWF+ cells) surrounding fibroblasts (Vim+ cells) that were present in the spheroid’s core,
for both types of VUs at day 1 (Figure 33A). Cells rapidly (day 1) segregated into an OEC
surface monolayer, enclosing an fibroblast-enriched core as described previously [120],
[135]. For CAF-VUs it was possible to observe some rudimental vascular networks forming
in the core of the spheroids at day 1, that further developed and matured till day 7 (Figure
33A, yellow arrows). On the other hand, nFib-VUs displayed a less organized architecture
by day 7 and an unclear layer of OEC in the periphery (Figure 33B). Additionally, vascular
structures could not be observed. The production and accumulation of ECM is important
during spheroid formation and maturation, allowing cell-matrix interactions and guiding cell
organization [139]. Therefore, the expression of higher amounts of ECM proteins, namely
FN and Col | by CAF, could enhance endothelial cell organization.
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Figure 33 | Representative CLSM images of VUs morphology after 1 and 7 days of culture. A)
Coculture spheroids with OEC and CAF (CAF-VUs); yellow arrows indicate organized OEC structures
in the spheroid’s core. B) Coculture spheroids with OEC and nFib (nFib-VUs). Cells were stained for
DAPI (blue), CD31 (red), FN (green), vWF (red), and Vim (green). Scale bars: 100 pm.
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Following, the sprouting potential of both VUs after 24h of maturation was
determined. VUs were entrapped in a fibrin hydrogel for a maximum period of 7 days.
Previous work from our group had already demonstrated that spheroids containing OEC
exhibited a great sprouting potential when embedded in fibrin by day 1 [120], [140]. They
observed that prolonged spheroid culture (7 days maturation) abrogates OEC sprouting
capacity, which could be related to the loss of OEC and to the progressive differentiation

of the endothelial surface monolayer, where cells eventually become quiescent [120].

ZOE™images showed remarkable sprouting immediately by day 1, that further
increased until day 7 (Figure 34A). This was observed for both CAF-VUs and nFib-VUs. By
day 7, it was noted that spheroids containing nFib had suffered extensive sprouting and
that cells ended up dissociating from the initial spheroid and spread within the fibrin gel.
On the other hand, CAF-VUs held their shape for longer and a core of aggregated cells
could still be observed by day 7, probably due to the production of higher amounts of ECM

proteins.

To confirm that endothelial cells were sprouting and organizing into vascular
structures spheroids embedded in fibrin were immunostained for specific endothelial
markers, namely CD31 at day 1, 3 and 7 (Figure 34B). At day 1, nFib-VUs exhibited some
initial sprouting that continuously spread overtime. After 24h in fibrin, clusters of OEC
(CD31+) in the core of CAF-VUs were visible and sprouting was reduced. However, as cells
began to migrate out of the spheroid into the fibrin matrix, the core became gradually less
dense, and eventually allowed the expansion of extensive sprouts. After 1 week, OECs
formed robust sprouting networks, demonstrated by the long and organized endothelial
structures shooting from the central spheroid. Remarkably, it was verified that sprouts of
CAF-VUs seemed to form lumen-like structures giving promising results towards the

establishment of a vascularized 3D in vitro model.
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Figure 34 | Sprouting Assay - VUs embedded in fibrin hydrogels. A) ZOE™ images of day 1 VUs
embedded in a fibrin gel at days 1, 3 and 7. Scale bars: 100 ym. B) CSLM images of cells stained for CD31
(red), DAPI (blue). Scale bars: 200 pm. The amplified section of the lumen-like structures on the right
was taken with a 20X objective. Scale bar: 100 pm.
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3.3.4 VUs Size Screening

Next, VUs (1:5 OEC:nFib) with lower cellular densities were generated to
evaluate the lowest possible number of cells in a spheroid that could still allow for cells to
aggregate, form a compact spheroid and outgrow. Since the final goal of the project was
to incorporate these spheroids in a microfluidic platform, it was important to evaluate if
smaller size spheroids could be formed and if they retained their sprouting potential. In
this initial screening only nFib were used, since they were the ones that have shown less
cohesiveness. VUs were generated with 1000, 500, 250 and 125 cells/spheroid and

cultured for 7 days in small molds.

After 24h, spheroids with 1000, 500 and 250 cells exhibited an irregular shape,
with rough edges and low circularity (Figure 35A). Nevertheless, cells managed to
aggregate, and spheroids could form inside the wells of the agarose molds. Spheroids with
125 cells did not form by day 1, and only small clumps of cells, randomly arranged could be
observed. However, after one week in culture, it was possible to observe small aggregates

that seemed to have a more structured and compact organization.

On day 1, spheroid diameter ranged from 200 + 22 pm for the 1000-spheroids
to 85 + 16 pym for the 125-spheroids, and their size decreased overtime to 162 + 16 ym and
72 + 13 ym respectively by day 7 (Figure 35B). After one week, all spheroids demonstrated
a more compact and circular shape as observed with higher cell density using the same
ratio 1:5. This may indicate that lower cell densities can still promote cell-cell and cell-

matrix interactions leading to the formation of compact spheroids.
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Figure 35 | nFib-VUs generated with 1000, 500, 250 and 125 cells/spheroid. A) Brightfield images
acquired on day 1, 3 and 7. Scale bars: 200 pm. B) Diameter measurements overtime (n=20).
Symbology: * indicates significant differences between different conditions at the same timepoint.
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Due to the higher robustness of 1000, 500 and 250 spheroids by day 1, these
spheroids were entrapped in a fibrin matrix to study their sprouting potential. After 24h in
fibrin, cell migration into the gel could be observed for the three kinds of spheroids (Figure
36). Several sprouts were shown to expand forming tube-shaped structures into the
surrounding matrix. By day 4, however, most spheroids were found disintegrating, as cells

began disassociating from the spheroid into the matrix.

Altogether, these results demonstrated that spheroids with cell densities as low
as 250 cells/spheroid are in fact able to aggregate and be compact enough for fibrin

embedding, upon which, cells are able to migrate and form considerable sprouts.

1000 500 250

Figure 36 | Sprouting Assay for nFib-VUs with 1000, 500 and 250 cells/spheroid. ZOE™ images
of day 1 VUs embedded in a fibrin gel at days 1 and 4. Scale bars: 100 pm.
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3.4 Establishment of a Spheroid Culture within a
well-defined ECM-like Matrix

3.4.1 Production and Characterization of a Multi-Functional
Alginate Matrix via Thiol-Maleimide Click-Chemistry

The conjugation between a peptide and the alginate molecule involves the
modification of the carboxylic acid on the alginate monomer to create an amide bond. A
commonly used approach to insert amide bonds is with the carbodiimide chemistry using
the coupling agent 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxy
succinimide (EDC/NHS) [105]. However, this method presents a slower rate when used
with polymers with high molecular weight, due to the higher viscosity of the solution that
results in a lower accessibility of the functional groups [141]. In addition, this approach
requires the control of an acidic pH, leading to protonation of the amine group of the
peptide. This means that there is a less efficient nucleophilic attack, which ultimately
results in lower reaction yields. Another coupling agent that is gaining traction for alginate
activation is the 4-(4,6-dimethoxy-1,3,5-triazine-2-yl)-4-methylmorpholinium chloride
(DMTMM). This water-soluble agent is also resistant to hydrolysis and allows the formation
of stable activated carboxyl acids without the need for pH control. Furthermore, DMTMM,
which is cheaper and less toxic than EDC, does not generate N-acylurea by-products
[142]. The insertion of a maleimide group is advantageous since it does not affect cell

viability by the use of toxic chemicals or light-induced crosslinking [143].

To assess if the alginate modification was accomplished, H-NMR was
performed, and results are depicted in Figure 37. The NMR spectra confirmed the
presence of alginate with peaks at 5126 — 4.966 ppm (1H) and 4.532 - 3.334 ppm (6H),
successfully functionalized with maleimide with the characteristic peak at 6.968 — 6.818
ppm (2H).
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Figure 37 | Alginate modified with maleimides (AlgM). A) Schematic illustration of alginate
modification with maleimide using DMTMM as coupling reagent. B) 'H-NMR spectra of alginate
modified with maleimide. A characteristic peak of maleimide is highlighted.

Maleimide-alginate can then be grafted with peptides via the Thiol-Michael
addition reaction. This is a highly efficient reaction that due to its “click” nature, allows the
conjugation of thiol-containing molecules with the maleimide molecule. In this case, the
two peptides that were employed contain cysteine groups - RGD (CG4RGDSP), that has
one cysteine in one of its extremities, and Gl-linker (CGPQGIWGQC) that has two
cysteines, in both extremities. The reaction is schematized in Figure 38. Since the Gl-linker
can interact with different alginate chains, it will act as the crosslinking agent in the alginate

matrix formation.
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Figure 38 | Schematic representation of the process of grafting protease-sensitive peptide
(CGPQCIWGQC, Gl-peptide) to maleimide-alginate by thiol-Michael addition.
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The rheological behavior of maleimide-alginate crosslinked with two
concentrations of Gl-peptide (120 and 240 pM) was tested by assessing gelation kinetics.
The evolution of the elastic modulus over time was examined, while a deformation was
being applied with a constant frequency [144]. For both GI concentrations, it was
confirmed the formation of soft hydrogels, with AlgM-240GIW hydrogel presenting a
higher stiffness (Figure 39). For both conditions, the elastic modulus G’ was higher than
the viscous modulus G” with a low phase angle, which is characteristic of a more solid-like

material.
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Figure 39 | Gelation kinetics of Gl-crosslinked alginates. Alginate was crosslinked with two different
concentrations of peptide: 120 and 240 pM. G’ - storage modulus; G” — loss modulus.

3.4.2 Tumoroids Embedded in a Bioresponsive 3D Alginate Matrix

Spheroids embedded in 3D matrices have emerged as powerful tools, that due
to their physiological relevancy, are able to mimic key features of native tissues [111].
However, commonly used matrices, like Matrigel™, have high batch-to-batch variability and
poorly tunable features, making it hard to evaluate and compare results from different
experiments and/or different laboratories [57]. In vitro models that aim to replicate the
tumor microenvironment more faithfully are gaining notable traction, as more research
groups seek to find new ways of recreating the cellular organization and the ECM
characteristics found in vivo. In this sense, ultra-pure alginate hydrogels have several
advantages, namely the fact that they have a well-defined composition with features that

are easily tunable and customizable [100], [105]. It had previously been reported that MMP-
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sensitive pectin hydrogels enabled fibroblasts spreading [145]. Therefore, following
experiments consisted in the embedding of tumoroids in a pre-synthesized multi-
functional alginate hydrogel. Tumoroids were generated by the method sequential seeding
after 6 days with MCF-7 and CAF/nFib using two different ratios: 1:1 (5 000 cells of each
type) and 1:4 (2 000 MCF-7 and 8 000 CAF/nFib) and maintained for one week (Figure

40).
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Figure 40 | Schematics of sequential seeding after 6 days followed by alginate embedding.

The tumoroids were succesffuly embedded with the bioresponsive alginate as
depicted in Figure 41. On day 3, the conditions 1:1 (CAF and nFib) and 1:4 CAF-tumoroids
exhibited similar results, with spheroids maintaining the morphology previous to
embedding and a regular size. Interestingly, it was possible to observe that some 1:4 nFib-
tumoroids already had some cells invading the alginate matrix, which was not the case for
the other conditions, where spheroids displayed a smooth outer layer. CAF secrete higher
amounts of ECM proteins that not only increase the stiffness of tumor tissues, but may
also enhance epithelial cell adhesion [146]. After one week in alginate, tumoroids remained

whole and retained their circular shape without disintegrating in the hydrogel.
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Figure 41| Brightfield images of the different tumoroids embedded in a bioresponsive alginate
modified with RGD and an MMP-sensitive peptide. Images were acquired at day 3 and day 7.
The white dashed line delimits the periphery of the alginate disc. Scale bars: 500 pm.

To further comprehend the cellular organization and morphology within the
spheroids, embedded tumoroids were fixed on day 3 and immunostainings were
performed. Once again, E-cadherin (red) worked as a marker for epithelial cells, while
vimentin (magenta) indicated the localization of fibroblasts. Phalloidin 488 probe was used

to visualize the cytoskeleton (F-actin filaments - green).

All the tested conditions revealed the presence of an outer layer of epithelial
cells (E-cad+) (Figure 42). CAF-tumoroids showed very low amounts of vimentin, and it
was inclusively undetected in the 1:1 ratio. On the contrary, nFib-tumoroids exhibited

significant networks of vimentin.
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Figure 42 | Representative CLSM images of tumoroids embedded in a bioresponsive alginate by
day 3. Cells were stained for DNA (nucleus, blue), F-actin (green), E-cad (red) and Vim (magenta). Scale
bars: 200 pym.

To perform this embedding, tumoroids with 4 days maturation were used. In a
future work we should study the effect of spheroid maturation on epithelial cells invasion
since it is described that maturation has an impact on cell outgrowth within fibrin gels [120],
[135]. Moreover, since this alginate matrix supports a longer period of culture, in future

experiments longer time-points could be considered.



3.4.3 Bioresponsive Alginate 3D Matrix Supports VUs
Outgrowth

Next, VUs ability to form vascular structures was evaluated by embedding
them in the same alginate matrix used for tumoroids. Previous work from our group
demonstrated that conjugating RGD sequences with alginate hydrogels does not just
provides, but it is in fact mandatory to create a 3D environment suitable for endothelial
cells to adhere and migrate [98]. According to aforementioned results obtained by VUs
embedding in fibrin, extensive sprouting could be observed already by day 1, and by day 7,
spheroids ended up disintegrating due to cell migration. Hence, day 1 CAF and nFib-VUs
were entrapped in a matrix of alginate functionalized within RGD and MMP-sensitive

peptide.

Brightfield images show that, by day 2, CAF-VUs begin sprouting and that those
sprouts further increase in complexity overtime (Figure 43A). nFib-VUs sprouting is visible
later, by day 4, and it also expands till day 7 (Figure 43B). Importantly, both types of VUs
can hold their shape after one week embedded in alginate. This was not observed during
fibrin-embedding, where, by day 7, cell migration was such that spheroids were practically

undefined and VUs no longer had a distinct shape.
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Figure 43 | Brightfield images of VUs (CAF-VUs (A) and nFib-VUs (B)) embedded in a bioresponsive
alginate matrix. Images were acquired at day 2, 4 and 7. The white dashed line delimits the periphery
of the alginate disc. Scale bars: 500 pm.
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Cellular organization within the alginate matrix, together with sprouting potential
were evaluated by immunohistochemistry. This time, cells were immunostained with a
specific endothelial antibody designated Ulex Europaeus Agglutinin | (UEA 1) labeled with
rhodamine. This was performed so that vimentin staining (mouse anti-vimentin) could be

carried out in the same samples, which was not possible with mouse anti-CD31 antibody.

Alginate samples were fixed at day 4 and 7, so that evolution of sprouting could
be evaluated overtime. Confocal images revealed the formation of capillary-like structures
by day 4 in both conditions (Figure 44). At day 7, it was observed for nFib-VUs that these
structures expanded and displayed a higher complexity. It is possible that fibroblasts are
able to provide additional support to the endothelial structures and contribute to their

stable growth as observed by Feijao et al. [135].

Notably, it was verified that the endothelial sprouts were able to anastomose
and form an intricate network of endothelial cells within the hydrogel (Figure 45).
Moreover, the orthogonal views indicated that some of the structures were hollow, forming

lumenized tubules already by day 4 in the CAF-VUs (Figure 45).

Another interesting aspect found in both conditions, was that at day 7, it was
possible to observe that multiple spheroids could establish connections through
endothelial cells (UEA 1+) (Figure 46). In nFib-VUs, vimentin staining was detected
surrounding the endothelial structures. This suggests that fibroblasts may have a potential
role in supporting the establishment of vascular structures. This contributes to the
increasing relevancy of multicellular spheroids, demonstrating how cell-cell interactions

are essential when designing 3D in vitro models.
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Figure 44 | Cellular organization within VUs embedded in bioresponsive alginate. CLSM images
acquired on day 4 and 7. Cells were stained for DNA (nucleus, blue), F-actin (green), UEA | (red),
Vim (magenta). Scale bars: 200 pm.
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Day 7

Day 4 Day 7
OEC : CAF OEC : nFib

Figure 45 | Vascular-like structures formed by VUs in the alginate matrix. CLSM images and

respective orthogonal views. Cells were stained for UEA | (red). Scale bars: 50 pm. Left image
was acquired with a 1.5X zoom.

OEC : CAF

Figure 46 | CLSM images of different VUs establishing endothelial connections within alginate

Cells were stained for DNA (nucleus, blue), F-actin (green), UEA | (red), Vim (magenta). Scale bars
200 pm. Right picture represents a zoom of 3X of the highlighted area. Scale bar: 50 pm.
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3.5 Microfluidic Design

To further investigate and better control the interactions between all the
previous cell types and evaluate the potential of establishing a vascularized 3D model, a
microfluidic device was designed to incorporate and compartmentalize the different
spheroids in a single device. The idea was to individualize the parenchyma and
vascular/stromal compartments. This platform will allow to identify relevant features that
determine the path of cancer progression, such as cancer cell migration and cancer-
vascular crosstalk [77]. The key role of tumor vasculature in the evolution of breast cancer
has been pushing many research groups into developing microfluidic platforms with

established vascular networks that modulate the TME.

The first design consisted of a device with three parallel channels based on the
one developed by Nashimoto et al. [76]. Figure 47 shows the initial design, with spaces
between the microchannels and the size of the microchannels similar do the original, the
difference was the height of the parallel channels that was 1 mm higher. 3D printing,
despite its many advantages, proved to have some difficulties in reproducing the design.
Due to the lower resolution achievable, the dimensions of the microchannels separating
the parallel channels were altered to fit the fabrication method and the pillars were

removed, except the central one (Figure 47B-ii).

Central
channel

| by iy |

.8 % 8 |

- Central

- » y ' channel
Figure 47 | Design evolution of the microfluidic device. 3D images of the first (A) and improved
(B) design of the microfluidic device. B) For both (A) and (B) are displayed an offset (i), inside (ii)
and detailed (iii) view of the channels.
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The definition of the microchannels was improved upon a review of the design
and washing process for the molds. The insufficient depth of the depressions was found
to be caused by an accumulation of partly cured resin in the holes due to their small size
(Figure 47A-iii). This was addressed in the last design by increasing the distance between
the microchannels (Figure 47B-iii). In addition, a sonication step was added to the washing
procedure of molds in isopropanol. Figure 48B shows an image of the resulting mold,
where microchannels are significantly more defined than in the previous designs (Figure
48A).

Figure 48 | Pictures of 3D printed molds. The first (A) and the improved (B) designs of the
microfluidic device were 3D printed using a FormLabs™ Form3 Low Force Stereolithography
(LFS) 3D printer.

Overall, using 3D printing as a fabrication method allowed for molds to be
fabricated within two days of designing. This allows for multiple upgrades to be performed
in a faster way, in comparison to the lengthier method of soft lithography. In the near
future, this final mold will be used to fabricate our PDMS microfluidic platform and confirm

the microchannels definition.
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Chapter 4 - Concluding Remarks and
Future Work

With an increasingly aging population, cancer is ever more relevant in today’s
society. Breast cancer is currently the leading cause of death for women and its incidence
grows every year with more than 2 million cases diagnosed in 2020. The aggressiveness
of this disease makes finding optimal treatment options that can improve patients’ survival
a priority. Overwhelming efforts have been done by the scientifical community to design
innovative pre-clinical models with the aim of truthfully replicating the disease in vitro.
However, many of those models lack key features present in the native tumor tissues that
deeply influence how cancer cells behave and the overall evolution of the disease. Hence,
it is crucial to try to eliminate such discrepancies and target those elements that will enable

the accurate replicate of a breast tumor in vitro.

Three-dimensional models are considered powerful tools with the ability to
tackle many of the current obstacles found with 2D models. Namely, multicellular
spheroids embedded in 3D matrices and microfluidic devices are some of the most
commonly applied strategies as ways to achieve a complete pre-clinical model of breast
cancer. These strategies can encompass multiple features of cancer tissues, such as
replicate the tumor microenvironment or integrate interactions between different cell
types. Additionally, angiogenesis, which is considered an hallmark of cancer and
determinant in the outcome of the disease, can also be replicated using such models.
Although existing strategies have contributed tremendously to breast cancer knowledge
and research, it is crucial to continue exploring new methods to develop more complex

and integrative models. In that sense, the main goal of this thesis was to develop a
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vascularized 3D in vitro platform, that could serve as a research tool to further study the
role of angiogenesis in breast cancer. To reach that goal, the project was divided in two
main branches: the development of tumoroids, coculture spheroids that replicate the
breast tumor itself, and the development of vascular units (VUs), that represent the
surrounding stroma. Both branches would then converge in a microfluidic device, in which
alginate-embedded spheroids could establish cellular connections. This platform could
ultimately be a comprehensive tool to study the various interactions between all the major
cell types found in breast tumors, and also how the alginate matrix plays a role in their

behavior.

The first set of experiments aimed to characterize MCF-7 spheroids and
evaluate how cell density (ranging from 1000 to 10 000 cells/spheroid) impacted spheroid
uniformity and how their size changes overtime. MCF-7 spheroids were successfully
established with all different densities. Spheroids increased in size until day 7 of culture
and were able to maintain their integrity. Additionally, these spheroids were generated
using a high-throughput method of non-adherent agarose microwells that promoted quick
cellular aggregation. The agarose molds were also used in further experiments due to their
efficiency and ease of use. Afterwards, fibroblasts were cocultured with MCF-7 cells.
Integrating fibroblasts was crucial to generate tumor spheroids, also known as tumoroids,
that can meticulously reproduce the core properties of a breast tumor. CAF and nFib are
highly abundant in the tumor microenvironment (TME) and are undoubtedly key players
during tumor evolution, especially since they can directly communicate with cancer cells
and influence their behavior. These two fibroblasts were first characterized in terms of
gene expression. Key genes expressed by fibroblasts such as FSP1 or FAP were
upregulated in CAFs, as well as ECM proteins (type | collagen and fibronectin) and MMPs
(MMP-2 and MMP-14) expression. Then these fibroblasts were seeded together with
MCF-7 cells using three different seeding approaches: simultaneously, where a
suspension of the two cell types (MCF-7:CAF/nFib) was created and added to agarose
molds on day O; sequentially after 24h, where CAF/nFib were added to preformed MCF-7
spheroids after these had been in culture for 24h; and lastly, sequentially after 6 days,
where fibroblasts were added to 6 day old MCF-7 spheroids. The goal was to develop
tumoroids whose cellular organization closer resembled the one found in vivo, with tumor

cells in the center circled by fibroblasts. Results revealed that the seeding strategy
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strongly impacts the organization taken by cells. Although fibroblasts always ended up
aggregating in the core of the spheroid, it was found that by adding fibroblasts on the 61"
day, they could occupy a larger area of the spheroid without being rapidly overgrown by
epithelial cells. That was more evident with tumoroids containing higher amounts of
fibroblasts in the ratio 1:4. It was also possible to see an area of necrotic cells within the
spheroid, corresponding to the core of MCF-7 after 6 days in culture. In terms of size, it
was noted that CAF-tumoroids were generally smaller, which is explained by their

increased matrix producing ability and consequent stiffening.

In the second step, vascular units (VUs) were designed with the capacity to
establish sprouting structures when embedded in 3D fibrin and alginate matrices. Different
outgrowth endothelial cells and fibroblasts (CAF and nFib) ratios and maturation time were
considered. VUs with 1:5 ratio showed a correct incorporation of the two cell types,
forming the most compact and even spheroids with a diameter of around 350 ym at day
1. Their size decreased overtime, once again due to spheroids’ compaction caused by
matrix production by fibroblasts. Importantly, these VUs formed organized endothelial

structures that resembled primitive capillary vessels.

VUs (with 1 day of culture) embedded in fibrin and alginate hydrogels exhibited
extensive radial sprouting. Surprisingly, these sprouts formed complex networks not only
in fibrin, but in our multi-functional alginate and anastomosis was visible for sprouts from
different spheroids. Remarkably, some of these capillary-like structures were hollow,
indicating the formation of a lumen. The structures were supported by surrounding
fibroblasts, that also helped establish intricate communications between different

spheroids.

The biofunctionalized maleimide-modified alginate originated a multi-functional
and bioresponsive ECM-like matrix that allowed cell invasion and supported capillary
vessels formation. In the future both spheroids (tumoroids and VUs) could be embedded
in this well-defined matrix to replicate and investigate tumor vascularization. Future
perspectives will also be focused on optimizing the embedding of spheroids within
alginate. It is vital that spheroids are not damaged during this process and that, upon

embedding, alginate fully crosslinks. The alginate disc should be uniform and devoid of
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imperfections in the matrix that could influence spheroid’s growth. Moreover, this tunable

alginate could be used as a 3D matrix in a microfluidic platform.

To improve the control over the vascularization process, a microfluidic platform,
in which both parenchymal and vascular/stromal compartments are separated, will help to
investigate interactions between these two 3D cellular aggregates. With this in mind, we
have made the first steps on the design of such platform based on a previous published
device. This platform should be height enough to allow the incorporation of spheroids
embedded in our bioresponsive alginate. But at the same time, the separation between
compartments should allow cell invasion, capillary vessels formation and multicellular
crosstalk. To achieve this a polydimethylsiloxane (PDMS) microfluidic was fabricated with
three parallel channels, separated by micropillars (100 pm). Although some improvements
were made, optimizations in terms of resolution are still ongoing. Nevertheless, it will
certainly have a huge impact into the comprehension of the interaction between these two
3D cellular aggregates, and in the long run, will contribute to a better understanding of

breast cancer disease.

In the future, models like these will continue to evolve and will certainly be faithful
tools, broadly applied by the scientific community and industry for the most diverse
applications, from fundamental research studies to drug screening. Slowly but steady, the
knowledge about breast cancer will improve and it will be possible to achieve better
treatment options for patients around the world, and eventually this worldwide burden

won’t have such a massive impact in today’s lives.
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