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Abstract

Cancer is one of the main causes of death in modern days. Genetic changes — mutations — are the path from
which a normal cell transits into a tumorigenic one, but the evolution to metastasis is extremely dependent on the
tumor microenvironment and infiltrating cells. Tumor associated macrophages are normally activated into an M1-like
phenotype, having the ability to promote an inflammatory response, lethal to cancer. However, cancer-derived
signals can shift these cells to an alternative phenotype, M2-like, causing macrophages to promote the development
of tumors. Cancer-associated fibroblasts (CAFs) represent the main modulators of tumor stroma. In the proximity of
cancer cells, fibroblasts remain perpetually activated, possessing a fibrotic phenotype, which is significant enough to
change the physicochemical properties of tumor tissue, creating a favorable niche for tumor cell growth, invasion and
migration. In this work, the interaction of cancer-associated fibroblasts with macrophages was evaluated in order to
determine whether these two microenvironment cell populations could regulate each other's tumor-promoting
properties.

The initial hypothesis was that CAF-like fibroblasts would promote a pro-tumoral, M2-like macrophage
phenotype, favoring cancer cells. To verify this, cancer-associated fibroblasts were extracted from tumor tissue and
fibroblasts from a colorectal cell line were activated in vitro with TGF-B. These fibroblasts were co-cultured with
macrophages in a transwell system. When analyzed, macrophages that were co-cultured with fibroblasts were
morphologically different and further investigation revealed not an increase of M2 markers such as CD163 but a
decrease, with levels of the M1-like CD86 marker increasing, resulting in a significant reduction of anti-inflammatory
ratios upon communication with activated fibroblasts. Macrophages previously altered by fibroblasts led to
diminished invasion ratios with half the number of invading cells when compared to naive MO macrophages.
Surprisingly, when cancer cells were under the influence of fibroblasts, their invasion numbers increased, especially
when fibroblasts were previously near macrophages. These events revealed a very interesting dual behavior with
different direct and indirect effects from the same cell type. A molecular analysis was done in order to identify
relevant modulator cytokines that could explain the observed effects. TGF-B levels showed very little variation, with a
slight decrease when fibroblasts and macrophages were co-cultured. Increased levels of macrophage TGF-f mRNA
on the same condition pointed at TGF-B losses at the fibroblast level (inhibition or degradation) or increased
consumption by the two cell types, out ruling TGF- as the main macrophage modulator in this scenario. HGF levels

showed an increase in media from fibroblasts co-cultured with macrophages, but the small increase to levels of
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activated conditions that showed less invasion also suggest this is not the molecule behind fibroblast-induced cancer
cell invasion that is being affected by macrophage signals.

This knowledge paves way for pinpointing and targeting the pathways through which fibroblasts and
macrophages are subverted into a pro-tumoral phenotype, which might allow a reversion of these cell types into a

tumor-destructive mode - hampering cancer cell invasion, migration and ultimately blocking metastasis.



Resumo

O cancro € uma das principais causas de morte dos dias modernos. As alteracdes genéticas — mutagbes —
séo o caminho através do qual uma célula normal se transforma numa célula cancerigena, mas a evolucdo para
metastase € extremamente dependente do microambiente tumoral e das células infiltradas. Os macréfagos
associados ao tumor sdo normalmente ativados num fenotipo tipo-M1, tendo a capacidade de promover uma
resposta inflamatéria, letal para o cancro. No entanto, os sinais derivados das células tumorais podem deslocar
estas células para um fendtipo alternativo, tipo-M2, levando os macréfagos a promover o desenvolvimento dos
tumores. Os fibroblastos associados ao cancro (CAFS) representam os principais moduladores do estroma
tumoral. Na proximidade de células cancerosas, os fibroblastos permanecem perpetuamente ativados, possuindo
um fendtipo fibrético que é significante o suficiente para mudar as propriedades fisico-quimicas do tecido tumoral,
criando um nicho favoravel ao crescimento das células do tumor, & invasdo e a migracdo das mesmas. Neste
trabalho, a interacdo entre os fibroblastos associados ao cancro e os macréfagos foi avaliada de maneira a
determinar se estas duas populacdes de células do microambiente tumoral conseguem regular as suas
propriedades pro-tumorais.

A hipétese inicial era que os fibroblastos tipo-CAF promoveriam um fendtipo pro-tumoral, tipo-M2 dos
macrofagos, favorecendo as células do cancro. Para verificar isto, fibroblastos associados a tumores foram
extraidos de tecido tumoral e fibroblastos de uma linha celular colorectal foram ativados in vitro com TGF-B. Estes
fibroblastos foram co-cultivados com macrofagos num sistema transwell. Quando analisados, os macréfagos que
tinham sido co-cultivados com fibroblasts eram morfologicamente diferentes e investigacdo adicional revelou ndo
um aumento dos marcadores M2 como o CD163 mas uma redugdo, com aumento dos niveis do marcador tipo-M1
CD86, resultando numa diminui¢do significativa dos racios anti-inflamatérios apdés comunicagdo com fibroblastos
ativados. Os macréfagos previamente alterados por fibroblastos levaram a racios de invasao de células tumorais
diminuidos com apenas metade do nimero de células invasoras em relagdo aos macréfagos naive, tipo-MO.
Surpreendentemente, quando as células tumorais estavam sob a influéncia de fibroblastos, os seus niumeros de
invasdo aumentaram, especialmente quando os fibroblastos tinham estado previamente em cultura com
macréfagos. Estes eventos revelaram um papel dual interessante com diferentes efeitos diretos e indiretos do
mesmo tipo celular. Uma analise molecular foi feita de forma a identificar citocinas moduladoras relevantes que
pudessem explicar os efeitos observados. Os niveis de TGF-f mosraram muito pouca variagdo, com uma ligeira

diminuicdo quando fibroblastos e macréfagos estavam em co-cultura. Simultaneamente, niveis aumentados do



MRNA do TGF-B dos macréfagos nas mesmas condicbes apontam para perdas desta molécula ao nivel do
fibroblasto (inibicdo ou degradacéo) ou aumento do consumo pelas duas células, desconsiderando o TGF- 3 como
principal modulador dos macréfagos neste contexto. Os niveis de HGF mostraram um aumento no meio de
fibroblastos co-cultivados com macréfagos, mas o ligeiro aumento que iguala os valores das condicdes com
ativacdo que resultaram em menor invasao indicam que ndo sera o HGF o sinal afetado pela comunicacdo com

macrdéfagos e responsavel pelo aumento da invaséo tumoral.
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“That is not dead which can eternal lie,
And with strange aeons even death may die.”

Howard Phillips Lovecraft
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Cells. Cells infiltrate the tumor with the natural inflammation that comes with the neoplasia
growth. The crosstalk with tumor cells results into new blood vessels formation (angiogenesis),
ECM remodeling (depicted by collagen changes) and eventually ends with the proteolytic
dissolution of the basement membrane and invasion of the stroma. ..........ccccccovviii e,

Figure 2 - Fibroblast activation [54] - Normal (a) fibroblasts have a fusiform shape and are placed in a
type | collagen and fibronectin ECM with which they interact through integrins (namely aif31).
They express the fibroblast specific protein 1 (FSP1) that allows for their detection in the normal
state. Upon changes in the fibroblast environment such as chemokines, growth factors, e.g.
transforming growth factor B (TGF-B), or ECM changes, they can transit into an activated (b)
phenotype. These activated fibroblasts have an increased proliferation rate and deposit ECM to
a higher extent (namely tenascin C, fibronectin and collagen 1). Typically, they are identified by
the expression of a-smooth muscle actin (aSMA) and are subsequently named myofibroblasts. ....

Figure 3 - Cancer-associated Fibroblasts and their pro-tumorigenic roles - CAFs contribute to the
development and progression of cancer through several other microenvironment components,
altering the ECM, promoting Angiogenesis and inhibiting the immune response. ...................oeoe....

Figure 4 - Schematic representation of fibroblast markers according to the state of activation [75]-
Several markers are related to the more and less activated fibroblast phenotypes. Also, some
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Figure 5 - Macrophage-directed cancer cell Invasion - The tumor associated macrophage (TAM) is
stimulated by CSF-1 from cancer cells and promotes the invasion of the cancer cell by paracrine
EGF signaling. This loop signaling directs cancer cells and associated macrophages to the
vicinity of blood vessels after TAM-originated TGF-f influences tumor cells to go through EM
transition, bolstering their ECM-migrating abilities. VEGF is also produced by tumor
macrophages resulting into an increase of target-vessels for the intravasation of tumor cells to
16 LN ] = T = PP PRPTR

Figure 6 - Co-culture schematics - Macrophages were co-cultured with fibroblasts and activated
fibroblasts, as well as alone in single culture. After 72h, macrophages and fibroblasts from all
different conditions were transferred to new wells on top of which cancer cells were seeded for
the invasion analysis, dUNNG 24N, ...ttt saaeee e

Figure 7 - Primary CAF Culture establishment - Biopsies from Colorectal patient's tissue were
cultured and the daily evolution was accompanied. At the first 2-3 days (A), only tissue mass
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arrows (B). Around 20 days after culture, fibroblasts start to proliferate through the culture dish
(C). Fibroblasts obtained from different patients had distinct morphologies and growth rates (P1
vs P2). Scale bars: 100 um. Flow cytometry characterization showed negative presence of the
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Chapter 1

Introduction

The soil needs the seed and the seed needs the soil. The one only has meaning with the

other. Paulo Coelho, Brida.

This quote from Paulo Coelho’s novel mirrors the current state of tumor microenvironment
understanding about its role in cancer progression and the subversion of the first by the latter.

Cancer is a major health concern and usually tops the charts of leading causes of deaths
surpassed only by heart diseases, order which is expected to flip in the nearby future [1].
Human tissues are extremely dynamic structures, from the simplest biological molecules to cells
- everything comes with an expiration date nowhere close to a human’s life expectancy. In order
to circumvent this issue and assure permanent homeostasis, nature developed the process of
turnover: the continuous process of renewing cells too old to maintain their function [2].
Turnover takes place at different extents in different tissues. The human skin, hematopoietic
system and intestine epithelium are the three tissues with greatest levels of self-renewal
(turnover) [3]. In a very elegant and classic work with nuclear marking of cells [4], it was shown
that colon cells lining the epithelium had a turnover of one day. However, more recent and
accurate analysis revealed that it can take from 5 to 7 days for the colon epithelium turnover to
take place [5]. While conceptually simple, the process of turnover is yet not completely
understood. For example, the hematopoietic system has different turnovers for the different
cellular components. These are mainly replaced through hematopoietic stem cells, which have
the ability to repopulate a whole organism. However, their proliferation ex-vivo remains to be
achieved [6], demonstrating how complex the process of turnover and all the signaling involved
can be. When cells go through division, errors can happen and accumulate in their genetic
material — mutations. These mutations can be silent, with no impact whatsoever, which is quite

frequent: reactive oxygen species alone can cause up to 10.000 DNA lesions per day [7]. The
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reason why most of these lesions have no practical effect is due to natural repair mechanisms
that range from DNA repair to last-resource apoptosis of cells no longer fit to survive and
proliferate [8]. However, the whole system can be compromised when the mutation affects
genes related to these same controlling mechanisms. If a certain cell becomes insensible to
DNA damage, proliferates instead of dying and its mutations are perpetuated, daughter cells
become neoplastic and eventually malignant [9], giving rise to cancer. This rise is amplified by
tumor-promoting inflammation and genomic instability. The first leads to an increase of cellular
turnover to compensate inflammatory damage, and both together increase the chance of
perpetuating mutations [10].

The hallmarks of cancer were defined by Weinberg [11] back in 2000 as 6 fundamental
characteristics: evasion of apoptosis, self-sufficiency of growth signals, loss of anti-growth
sensitivity, limitless proliferation, sustained angiogenesis (development of new vasculature) and
eventually tissue invasion and metastasis. Eleven years later, these hallmarks were redefined
at the light of the scientific progress, and two new hallmarks were added to the list: metabolic
reprogramming and immune evasion — with the addition of a new entity external to cancer cells
— the tumor microenvironment [12], discussed further ahead.

In the practical aspect, the aggressiveness of cancers varies considerably but is extremely
aggravated when metastasis occurs. In the case of colorectal cancer, the fourth most common
form of cancer-related deaths, 90% of patients with metastasis die within 5 years [13]. This
holds true to most cancers, where the main threat is the moment when cells can move onto new
niches and compromise the performance of vital organs. Therefore, it is fundamental to
understand the processes that empower tumor cells with metastatic potential in order to

develop new and more efficient metastasis-preventive treatments.

1.1 - Metastasis

The progression of tumors towards metastasis is usually described as a series of complex
steps [14]: Initially, cancer cells may acquire the ability to proteolytic degrade and migrate
through the underlying basement membrane through a process termed invasion. Invasive
cancer cells reach then the adjacent conjunctive tissue being attracted to neighbor blood
vessels and enter the blood stream through a process named of intravasation. Afterwards,
cancer cells must survive in the circulation for long enough to reach other tissues and move
onto them and out of circulation — extravasation. After reaching a new environment, these cells
must colonize it in order to establish a niche that allows them to survive and proliferate,
originating a new focus of cancer metastases. All these biological events have been extensively
reviewed [15] and the presence and accumulation of oncogenic mutations have been
associated with the metastatic path along its different phases.

It is also very relevant to consider that the kinetics of this process can be very different

between tissues where the primary focus is established and the destination tissue, host of



tumor cells. In some cases, e.g. breast or prostate cancer, metastasis only manifests itself
years after patients remove early and small malignancies, even when they are considered
initially as low-risk in prognostics[16], [17]. The fact that there is latency in the establishment of
tumor cells in new tissues suggests that either cells acquire further malignancy as time pasts or
modulate and subvert the microenvironment into a cancer-permissive niche, or both, in a time-
dependent fashion. On the other side of the spectrum, as with lung [18] or pancreatic cancer
[19], there is a frustratingly fast evolution from the diagnosis of cancer to the appearance of
disseminated metastasis, frequently present as patients are firstly diagnosed, with very small
margins for prevention and treatment. This accelerated evolution implies that, most likely, cells
acquire a very potent malignant phenotype, probably more related to the microenvironment of
origin.

It all begins with the process of carcinogenesis, through which a normal cell evolves to a
malignant one. This process as a whole has been extensively associated with mutations in
specific genes. In the case of colorectal cancer, the whole event begins with the activation of
the Wnt pathway, through inactivation of the tumor suppressor APC (adenomatous polyposis
coli) or activation of B-catenin, a Wnt pathway co-activator [20]. The resulting colorectal tumor
transits into a carcinoma with the mutational activation of KRAS [21], followed by the activation
of the PI3K pathway [22], inactivation of TP53 [23] and loss of the TGF[ (transforming growth
factor-B) pathway [24], which is a tumor suppressor pathway. After cancer cells acquire these
genetic alterations, they need only to invade the wall of the colon and metastasis is then able to
happen. Therefore, the progression from in situ to invasive carcinomas is slow, but the
transition to the metastatic scenario happens quickly, resulting in the spreading to the liver in
80% of recurrent disease cases [25]. The evolution of colorectal cancer is evaluated based on
how far the primary tumor has grown into the wall of the intestine and the presence or absence
of metastasis or lymph node spreading.

From the pattern of evolution of this cancer type, one can induce that the primary site
microenvironment is the main accountant for the evolution to an aggressive invasive carcinoma.
This is due to the fact that the relevant mutations accumulate in situ and the colonic wall

invasion (adjacent tissue) is the decisive step for metastasis to occur.

It is this metastatic cascade that leads to most colorectal cancer related deaths [26].
However, the road that leads neoplastic cells from the acquisition of malignant traits to invade
and colonize new tissues is yet poorly understood. Even though certain gene mutations can be
linked with the metastatic outcome, with some of them having a direct impact on the metastatic
behavior of cells, as happens with breast cancer mutations and metastasis to the lung [27],
mutational profiles fall short from being accountable for the whole set of cellular events that

must take place for cells to disseminate [28].
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1.2 - The Tumor Microenvironment

In contemplation of the issue on metastatic transition, the scientific community started
looking not at the cancer cell but turning its attention to the tumor microenvironment.

A tumor is a combination of several cells with different phenotypes, in different cellular
stages with different genetic mutations acquired, resulting into an heterogeneous mix of cells
from different populations with different, complex and still fairly unknown contributions to the
overall cancer progression [29]. However, these cancer cells do not exist on their own, since
they are embedded and surrounded by a very complex niche: the tumor microenvironment.

In fact, cells are intimately surrounded by other cells from adjacent tissues or those that
infiltrate into the tumor tissue, such as immune cells like tissue-associated macrophages, or
other stromal cells as adipocytes, endothelial cells or fibroblasts. In fact, the process of
inflammation and the inflammatory mediators are seen as major contributors to the tumor
microenvironment. This, essentially since inflammation was identified as the seventh hallmark
of cancer integrating the list of the six hallmarks defined by Weinberg.[10].

The microenvironment of tumor cells is essentially composed of tumor-infiltrating cells,
vascular tissue, extracellular matrix (ECM), and some other soluble and matrix-associated
molecules.

The ECM is a three-dimensional structure that embeds the cellular components of tissues.
Once considered a static network of fibers and other molecules, the ECM is now seen as a
highly dynamic structure, with clear roles in the physiology and pathology of tissues. In fact, this
cellular niche is crucial for cancer evolution and cancer cell proliferation, invasion and
metastasis [30]. The ECM is also a reservoir of cytokines and growth factors other than a
regulator of homeostatic events such as migration, differentiation and proliferation. Collagen,
laminins, fibronectin, proteoglycans and hyaluronan are the main classes of macromolecules
comprising the ECM [31]. Despite the common composition, ECMs from different tissues have
different ratios of these molecules and these are present in different isoforms resulting into
stiffer or more fluid matrixes. Similarly, ECM composition and stiffness also differs between
normal and tumor tissue — being tumors usually related to increased ECM stiffness [32] that
serves as an indication for diagnosis on its own. The ECM can be separated into two groups:
Basement membrane (BM) and stromal matrix. The stromal matrix is a composition of
polysaccharide gels, proteoglycans and fibrous proteins and is usually the more gel-like portion
of the ECM. However, in a cancer microenvironment context, this stromal component can be
heavily modified by cancer-associated fibroblasts (CAFs), that remodel the ECM into a cancer-
permissive environment [33]. BM, on its hand, is a thin and dense sheet of specialized ECM
that surrounds epithelial or endothelial cells, muscle and nerve cells, separating these cells
from the stromal matrix [34]. This so-called membrane is composed of dense networks of fibers
such as collagen type IV. Functioning as a surrounding barrier, the BM is usually the first level

of defense against invasive cancer cells as invasion requires cells to degrade and cross the BM



to access the underlying stromal tissue. This process can be very complex but usually bases
itself on the expression of matrix metalloproteases (MMPSs) by cancer and neighbor cells. These
MMPs are proteases with the ability to degrade the ECM, creating room between this dense
network permitting cells to move through [35], [36].

A tumor, being a local outburst of cells, requires an increased supply of nutrients and
oxygen and therefore one of the first carcinogenesis steps, essential for tumor survival and
growth is the process of angiogenesis [37]. In fact, the density of vascularity within a tumor has
direct influence in colorectal cancer patient’s prognostics and survival [38]. The whole process
begins with the rapid growth of cancer cells and the local depletion of oxygen leading to a
hypoxic environment. This state of low oxygen levels is translated by cells into the activation of
the transcriptional hypoxia inducible factor-1 (HIF-1) leading to the expression of angiogenic
factors — mainly VEGF, bFGF and PDGF by tumor cells [39]. Other than these,
microenvironment cells from the tumor-surrounding stroma, like tissue-associated macrophages
(TAMs) and cancer-associated fibroblasts (CAFs), can also have a direct contribution to the
pro-angiogenic response, as discussed later in this paper. Tumor vasculature is of such
importance that the current therapeutic picture is evolving from indiscriminate cell targeting to
the prevention of angiogenesis in order to fight back tumor growth [40].

Last but (definitely) not least; the microenvironment of tumor cells is composed by distinct
cell types. As coined by Dvorak [41], tumors are wounds that do not heal. This situation results
into local inflammation at the tumor site that persists with time and results in the gathering of
several cell types. Colon carcinomas, as several other solid tumors, are infiltrated by tumor-
associated macrophages (TAMs), cancer-associated fibroblasts (CAFs), myeloid-derived
suppressor cells (MDSCs), mast cells, monocytes, neutrophils, T-lymphocytes (CD8 and CD4),
dendritic cells (DCs), NK cells, endothelial cells and progenitors (EPCs), platelets and even
mesenchymal stem cells (MSCs) [42] (fig. 1). The presence of all of these cells, especially the
immune ones, works in a quite paradoxical [43] way: at first, they are recruited to the tumor site
and exert a pro-inflammatory and anti-tumor effect. However, as time goes by and tumor cells
communicate with the infiltrated types, there is a subversion of immune cells, which transit into
a tumor-permissive environment, promoting tumor cell proliferation, survival and eventually

metastasis [44].
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Figure 1 - Tumor infiltrating Cells [42] - Model representing the tumor microenvironment and
associated cell types. Tumor infiltrating cells include mainly Epithelial and Endothelial Cells, Macrophages
(TAMs), Lymphocytes, NK cells, Neutrophils, Fibroblasts (CAFs) and Dendritic Cells. Cells infiltrate the
tumor with the natural inflammation that comes with the neoplasia growth. The crosstalk with tumor cells
results into new blood vessels formation (angiogenesis), ECM remodeling (depicted by collagen changes)
and eventually ends with the proteolytic dissolution of the basement membrane and invasion of the
stroma.

Malignancy

This dependency cancer cells have on the stromal interaction has led to the understanding
that eventually most cancers converge to this point where their stroma has been subverted into
a suitable niche for cancer development. The understanding and ability to target this modulation
of adjacent tissue by cancer cells might prove valuable as a way to prevent tumor invasion and

metastasis.

1.3 - Cancer-associated Fibroblasts

One very common microenvironment cell type that is present in several cancers, including
colorectal, is the fibroblast. Fibroblasts are abundant stromal cells that can be very diverse
within and across tissues.

Fibroblasts were first described in the 19" century and are established as non-vascular,
non-epithelial and non-inflammatory cells that represent most of the cellular part of the
connective tissue of several organs [45]. Fibroblasts can be very diverse within and across
tissues, but they have essentially 3 well established roles: Extracellular matrix (ECM)
deposition, regulation of epithelial differentiation and an important role on inflammation and
wound healing [46], [47].



Concerning fibroblasts roles on the ECM, their action is centered on the deposition and
ECM synthesis, by producing collagen (I, Il and V), fibronectin and also collagen 1V, which
together with laminin are needed for basement membrane structuring [48], [49]. However, they
can play quite the opposite role, since they can produce matrix metalloproteinases (MMPS),
enzymes able to degrade the ECM. In a homeostasis context, this is very important since it
allows fibroblasts to regulate the ECM turnover and remodel it when necessary [50].

Fibroblasts are also able to regulate the surrounding epithelia. This is achieved mainly
through the secretion of growth factors but also through direct cell-cell interactions [51]. With all
these capabilities, fibroblasts are major players in wound healing events. They are able to move
into injury sites and produce more ECM components which will recruit and support other cells.
Furthermore, they can promote wound contraction through their cytoskeletal capabilities [52].
On a parallel to wound healing, fibroblasts, as ECM producers, are also the main responsible
for tissue fibrosis. Fibrosis takes place when there is an increase of ECM secretion and
proliferation by fibroblasts, leading to unorganized fiber deposition and the appearance of scar
tissue. This increase of fibroblastic activity is usually called activation (fig 2) [47], and can be
caused by specific growth factors, such as the transforming growth factor (TGF-B). In normal
wound healing events, the number of activated fibroblasts decreases as the wound resolves,

possibly through phenotype reversion or senescence and apoptosis [53].
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Figure 2 - Fibroblast activation [54] - Normal (a) fibroblasts have a fusiform shape and are placed in
a type | collagen and fibronectin ECM with which they interact through integrins (namely aif1). They
express the fibroblast specific protein 1 (FSP1) that allows for their detection in the normal state. Upon
changes in the fibroblast environment such as chemokines, growth factors, e.g. transforming growth factor
B (TGF-B), or ECM changes, they can transit into an activated (b) phenotype. These activated fibroblasts
have an increased proliferation rate and deposit ECM to a higher extent (namely tenascin C, fibronectin
and collagen |). Typically, they are identified by the expression of a-smooth muscle actin (aSMA) and are
subsequently named myofibroblasts.

Fibroblasts are present in the stroma of tumors in abundance (just like most tissues). Once
there, these cells can be activated and subverted into this fibrotic phenotype, perpetually,

unlikely what happens temporarily in the fibrotic response. These cancer-associated fibroblasts
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(CAFs) are usually defined by the expression of a-smooth-muscle actin (a-SMA), which gives
them the myofibroblast classification (fig 2.). The Fibroblast Activation Protein (FAP) is a
surface protein expressed mainly by fibroblasts in pathologic situations and is also a way of
identifying the presence of this activated phenotype [55].

Since most of the tumor mass consists of stroma, which is, to the highest extent, controlled
by fibroblasts, fibroblast changes translate in significant tumor changes. These tend to happen
as a response to several signals, namely pro-fibrotic growth factors released by the cancer
cells. The key mediators of this process include tumor growth factor B (TGF-B), fibroblast
growth factor 2 (FGF2) and platelet-derived growth factor (PDGF) [56]. TGF-B is one of the
main modulators of CAF roles in the outcome of cancer. While this growth factor promotes the
activation of fibroblasts, as discussed, its action seems to be dual: some works have shown that
increased expression of TGF-B boosts disease progression while others observed an increase
in cancer initiation and metastasis of mammary tumors when manipulated CAFs lacking the
expression of TGBR2 (the receptor of TGF-B) were present [57]. These variations suggest that
there might be a dependence of the tumor-stroma interaction on the fibroblast phenotype.

Another relevant growth factor is the PDGF, which is also secreted by cancer cells resulting
in cancer progression. PDGF promotes fibroblast proliferation despite its inability to induce the
activation of such cells [58]. Also, the fact that cancer cells have no receptor for this growth
factor suggests that its relevance is confined to a paracrine effect on microenvironment cells.

FGF2 is a growth factor that is produced and mostly associated with fibroblasts (hence its
name) and fibrotic events, playing a significant role at the tumor microenvironment. In fact,
recent studies with colorectal cancer cells and fibroblasts have shown a direct relation of FGF2
signaling and the promotion of cancer cell migration and invasion [59].

The complex signaling that might take place through the action of different growth factors
within the tumor stroma hints at changes on the microenvironment as responsible for different
tumor-CAF crosstalk outcomes. Therefore, there is a very relevant need of characterizing tumor
microenvironment subtypes and of looking at these cells in different stages of tumor evolution.
This information might shine a light on whether or not CAFs evolve and change their phenotype
and action as tumors develop, opening ground for new CAF-targeting therapies upon specific

stages of the disease.

CAFs are able to promote tumor initiation and progression once stimulated by cancer cells.
The overexpression of, e.g., TGF-B or hepatocyte growth factor (HGF) by fibroblasts has been
linked to the initiation of breast cancer [60]. Also, grafting normal fibroblasts versus CAFs with
cancer cells demonstrated that the emergence of prostatic neoplastic lesions happens only in
the presence of CAFs [61]. Such results have been replicated in different cancer types [62],
showing that fibroblasts partially promote cancer growth through the induction of angiogenesis

and recruitment of bone-marrow derived endothelial cells. These results show that normal



fibroblast function is important for epithelial homeostasis as opposite to cancer initiation but that
activated fibroblasts can lead to the promotion of tumor initiation and growth.

Fibroblasts can also influence tumor progression after it is initiated by communicating with
cancer cells [59]. Recently, events such as the upregulation of heat shock factor 1 (HSF1) in
CAFs have been identified as promoters of changes in HSF-1 driven cancer cells [63].
Furthermore, the Yes-associated protein 1 (YAP1) in CAFS enhances ECM stiffness and
promotes cancer cell invasion [64].

Another mechanism through which CAFs influence tumor progression is by the promotion of
EMT. Epithelial-to-mesenchymal transition (EMT) is an event through which epithelial cells lose
contact with adjacent cells, gaining new properties similar to those of mesenchymal cells. EMT
depends on the expression of specific transcription factors such as Snail and ZEB, leading to
the changes in cell behavior and cell differentiation [65]. This reprogramming is initiated by
extracellular cues, namely TGF-f signaling and likely modulated by fibroblasts present at the
tumor microenvironment. This transition is highly relevant in the field of cancer since cancer
cells usually gain the ability to invade adjacent tissues and migrate through the acquisition of an
EMT phenotype. Once cells reach new tissues, the reverse process occurs, MET
(mesenchymal-to-epithelial transition), and so these cells can once again establish themselves
in an epithelial fashion in the metastatic foci [66]. EMT can also play a role in the recruitment of
CAFs. In tissue fibrosis, it is well established that epithelial cells undergoing EMT due to
microenvironment cues lead to the accumulation of fibroblasts [67]. This suggests that the EMT
cells go through in cancer might also be related with the recruitment of fibroblasts. Of note, this
action can be performed by the cancer cells but also by healthy cells from the epithelia that
might undergo EMT changes due to microenvironment signaling [54].

Furthermore, the immune response in the vicinity of tumors is also modulated by CAFs.
These fibroblasts have immunosuppressive activity through the secretion of chemokines. In the
case of pancreatic cancer, FAP* CAFs secrete the chemokine CXCL12, which hinders the
function of T cells. When CAFs are depleted, the immune response is restored leading to
cancer cell death [68], [69]. This occurs mainly through the action of cytotoxic T cells, which are
the main executors of cancer cells.

Importantly, fibroblasts have also the ability of producing MMPs, proteases able to degrade
the ECM. These proteases are also very relevant to promote cancer cell invasion. In particular,
MMP3 (also known as stromelysin 1) is produced by activated fibroblasts and is able to cleave
the invasion-suppressor cell-cell adhesion molecule E-cadherin. This cleavage is capable of
inducing EMT and promote the invasion of cancer cells [70]. Activated fibroblasts also produce
MMP1 that gives rise to a similar outcome of invasiveness [71]. Moreover, fibroblast signaling is
also responsible for causing cancer cells to produce MMP7 promoting tumor progression [72].
Additionally, fibroblasts’ exosomes have been gaining importance in promoting cancer

progression and remodeling of the stroma. In fact, fibroblast-derived exosomes have been
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identified as inductors of cancer stem cell features and more recently shown to contribute to the
chemoresistance of colorectal cancer through this induction of cancer stemness [73]. Fig.3

summarizes the main roles of CAFs in tumor development.
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Figure 3 - Cancer-associated Fibroblasts and their pro-tumorigenic roles - CAFs contribute to
the development and progression of cancer through several other microenvironment components, altering
the ECM, promoting Angiogenesis and inhibiting the immune response.

Altogether, these properties make CAFs perfect partners in tumor development and
progression. However, their role doesn’t end once a tumor is established. In fact, CAFs have
been shown to interfere with the therapeutic efficiency of molecular, cytotoxic and hormonal
therapies. This effect is not always in the direction of increased resistance as in some cases
CAFs increase the sensibility of cancer cells to conventional therapies [74]. The instability of
cancer cells, associated with high mutation rates is one of the main reasons why most therapies
have failed. In comparison, CAFs are genetically stable cells from the microenvironment, which
places them in a privileged place as targets for anti-cancer therapies. Nevertheless, the most
significant challenge to face is CAFs heterogeneity within different and similar cancer
microenvironments, with properties that can make them tumor-suppressive or tumor-promoting,

rendering cells drug-resistant or drug-sensitive - hence the fundamental need to understand



CAF profiles and their interaction not only with tumor cells but with other microenvironment
components.

Knowing this, the topic of CAF heterogeneity has to be addressed. As reviewed above,
several markers can identify activated fibroblasts. These include fibroblast-specific protein
(FSP1), FAP, vimentin, a-SMA and PDGFR. Moreover, the fibroblast-myofibroblast spectrum is
also quite complex and plastic, with some markers being more specific for certain stages of

activation than others (fig. 4).

Fibroblast Proto-myofibroblast Myofibroblast

Figure 4 - Schematic representation of fibroblast markers according to the state of activation
[75]- Several markers are related to the more and less activated fibroblast phenotypes. Also, some
markers are only present in specific stages of the fibroblast-myofibroblast spectrum.

It is also important to notice that these markers are not specific for activated fibroblasts and
are also present in other cell types. Therefore, the identification of resting or activated
fibroblasts should take into account other factors such as context, morphology and spatial
distribution. Furthermore, not all activated fibroblasts are expected to express these markers at
the same time or amount [76]. It is yet unknown if different fibroblasts subsets might have
different overlapping markers and perform distinct functions. A very recent review [77]

hypothesized that fibroblasts, similarly to T-cells, can be activated into distinct subsets with
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diverse activities, proposing a subtype classification. The fact that these possible branches of
fibroblast activation is still very little explored, makes it extremely relevant to look at CAFs not
as a single type of cells but as composed of different subtypes. CAFs can have a tumor-
restraining role or the interconvertible tumor-promoting action, secrete growth factors that
mediate tumor evolution or specialize in ECM-remodeling roles. All of these actions might
contribute differently to the outcome of different tumors.

On the other hand, as a tumor evolves, there are changes that occur at the
microenvironment level, which might result into different fibroblast subtypes being present in
distinct stages of tumor development. Understanding such changes might shine light on the
precise effect of CAFs during tumorigenesis, invasion and metastasis and open way for new
microenvironment-targeting therapies. This knowledge will tell if different stages of cancer are
associated with functionally different fibroblasts that might contribute differently to the outcome
of tumors (through growth gactor secretion, matrix remodeling or other mechanisms of invasion
promotion) or if, opposed to this, CAFs remain functionally similar along tumor progression,

something yet unknown.

1.4 - Tumor-associated Macrophages

Another cell type that is frequently present near tumors is the macrophage. Macrophages
are cells from the immune system that differentiate from monocytes according to the needs of
different tissues. Therefore, they are inherently heterogenic, i.e., different tissues having
different cellular microenvironments lead to different macrophage profiles [78], [79]. Extended
research has been conducted as an attempt to identify these profiles, leading to the popular
division between pro-inflammatory, classically activated, M1 macrophages versus the pro-
healing, alternatively activated, M2 macrophages [80]. This elegant distinction of different
activation profiles of macrophages was initially proposed by Mantovani et al. [81] and was
based on some specific markers that were thought to be responsible for differences in
macrophage response to stimuli. The M1 classic profile is related to the inflammatory
phenotype, with IFN-y being the main M1-promoter cytokine. Combined with
lipopolysaccharides (LPS), these two molecules are paradigmatic in the M1, pro-inflammatory
activation of macrophages [82], [83]. Regarding the alternatively activated marcophages, it has
always been seen as a more complex profile, with a subdivision into three subtypes, already
proposed in the initial model by Mantovani. While all three subtypes share an anti-inflammatory
profile, M2a was defined as the main alternative (opposite to the classic M1) profile, associated
with the cytokines IL-4 and IL-13. M2b and M2c were characterized as having a more
significant role in immunoregulation. M2c macrophages, also considered as deactivated ones,
have IL-10 as the main modulator cytokine [81].

In order to evaluate macrophage polarization, several markers have been studied along the

years. The most common, but not unique, are CD86, CD16 and CD32 for M1 profiling; arginase



receptor and mannose receptor (CD206) for M2 identification [84], [85]. CD163, a scavenger
receptor protein, has also been linked to the M2 phenotype, namely the IL-10 induced M2c-like
[86], [87]. All of these markers are usually combined with CD14 as a monocyte/macrophage
lineage marker [88] differing however the selected markers between mice and human samples.

Functionally, macrophages are continually screening different tissues - eliminating
pathogens, damaged cells and promoting the repair of different matrices. M1-like macrophages
are crucial to eliminate pathogens, infected or cancer cells, through the promotion of an
inflammatory response. On the other hand, the M2 profile (alternatively activated) represents
the pro-healing phenotype, encompassing the promotion of ECM remodeling, inhibition of the

inflammatory response and eventual promotion of tumor growth [89].

In spite of being widely adopted, this dual, almost binary division between macrophage
phenotypes has been losing strength with time. This is mainly due to the general belief that
macrophage populations can be anywhere on the M1-M2 spectrum and not only on one side or
the other. This has led to several attempts of macrophage polarization reassessment [83], that
now culminate on M1-like and on M2-like classifications representing shifts on macrophage

phenotypes as a response to the whole conjugation of stimuli in a given tissue at a given time.

With such heterogeneity and different roles according to tissues’ microenvironments, it is
not surprising that macrophages modulate and are modulated by the microenvironment of
tumors. In fact, the notion of tumor-associated Macrophages (TAMs) is not recent [90]. These
tumor microenvironment cells have been associated with pleiotropic functions that can result
into different tumor growth and progression outcomes. The direction of tumor inhibition or
opposite to it, tumor promotion, depends on the actions of macrophages, which are a
consequence of their differential activation.

At the tumor site, TAMs promote malignancy by inducing tumor cell invasion. The M2-like
macrophages, induced by anti-inflammatory stimuli, traced back to other cell types such as B
cells and CAFs [91], are able to promote cell invasion [92], [93]. This occurs via a paracrine
loop of tumor-originating CSF1 and macrophage-derived EGF that directs tumor cells together
with macrophages along collagen fibers in the direction of the vasculature [94]. This is
accompanied by the TGF-B signaling that drives EMT in tumor cells promoting migration. This
pre-metastatic event is further amplified by the production of VEGF by TAMs, which stimulates
angiogenesis, increasing the targets for intravasation (fig.5). The latter occurs through a
complex named the Tumor Microenvironment of Metastasis (TMEN) [94].

As a result of this interaction, the presence of TAMs in the microenvironment of certain
tumors has direct implications in the prognostics of patients as seen, for example, with bladder
[95] and colorectal [96] cancer. Furthermore, there are different interactions between anti-

cancer therapies [97], [98] and tumor associated macrophages, with some tumors becoming
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resistant due to macrophage influence and others relying upon these same cells for effective
healing [99].

This duality exists because macrophages in early neoplastic microenvironments are, in fact,
more pro-inflammatory and tumoricidal (through cytotoxic T-cell stimulation), being capable of
suppressing tumor growth. However, as the time of exposure to tumor cells increases,
macrophages are subverted into a permissive state which then directs this process in an
opposite fashion: suppressing the immune system and promoting tumor evolution [100]. This
inherent duality hints at the possibility of molding macrophages’ plasticity back to restore their
antitumor properties allowing them to escape the grasp of tumor cells. In order to achieve this, it
is necessary to fully understand the interaction of macrophages not only with tumor cells but

also with other cancer microenvironment cells, such as fibroblasts.
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Figure 5 - Macrophage-directed cancer cell Invasion - The tumor associated macrophage (TAM) is
stimulated by CSF-1 from cancer cells and promotes the invasion of the cancer cell by paracrine EGF
signaling. This loop signaling directs cancer cells and associated macrophages to the vicinity of blood
vessels after TAM-originated TGF-$ influences tumor cells to go through EM transition, bolstering their
ECM-migrating abilities. VEGF is also produced by tumor macrophages resulting into an increase of
target-vessels for the intravasation of tumor cells to take place.



1.5 - The CAFs-TAMs crosstalk

As a matter of fact, medical data has shown that CAFs and M2 macrophages markers are
co-related with the prognostics of patients with colorectal cancer [101], providing some
evidence that some relation between both cell types might exist.

In wound healing and fibrosis situations, the fibroblast-macrophage interaction has been
shown to be relevant in extracellular matrix remodeling processes and similar events [102],
[103]. Since tumors can be seen as wounds that do not heal, this evidence suggests indeed
that interactions between fibroblasts and macrophages take place at the tumor
microenvironment level.

At least in some specific settings, this interaction within cancer microenvironments has been
observed. In aggressive prostate carcinomas, CAFs were shown to promote the recruitment of
monocytes as well as their differentiation into M2-like macrophages with the secretion of
stromal-derived factor 1 (SDF1) [104]. An active collaboration between CAFs and M2
macrophages in the activation of endothelial cells, leading to de novo angiogenesis has also
been reported, and this cooperation bolsters the escape of cancer cells and ultimately facilitates
metastasis [104].

A recent work on the fibroblast-macrophage interaction has led to the development of 3D
co-cultures as a way to model lung cancer and better understand the impact of these
microenvironment cells [105]. In this experiment, the researchers found that the presence of
both fibroblasts and macrophages had a clear impact on the expression of MMP1 and VEGF,
molecules that play clear roles in matrix degradation leading to cell migration, and
angiogenesis, respectively.

Another work with breast cancer cells and co-culture systems aimed at identifying functional
changes of cancer cells [106]. Researchers concluded that fibroblasts model the surrounding
microenvironment, promoting tumor cell spreading and motility while restricting their 3D-growth
capacity. The presence of macrophages, on the other hand, showed a disruptive effect on the
influence of fibroblasts and enhanced the formation of spheroids by the tumor cells.

Furthermore, CAF-TAM cooperation has also been revealed in the development of bladder
cancer [107] and neuroblastoma [108].

All these evidences combined suggests distinct interactions between tumor associated
macrophages and fibroblasts, with a clear impact in the progression of cancer. However, it is
not yet clear how both cells interact in such conditions and what results from that interaction,
i.e., what changes can fibroblasts induce in macrophages, in polarization and downstream
cancer cell invasion and migration, and vice-versa. Unraveling the results of fibroblast-
macrophage interaction in phenotypical and functional changes related to the behavior of
cancer cells is crucial to understand where the immune subversion arises from and what

pathways should be targeted in metastasis-preventive therapies.
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1.6 - Objectives and Chapter Description

The main goal of this project was to understand the effects of normal and activated
fibroblasts (including carcinoma-derived fibroblasts) on macrophage polarization and the
downstream consequences on cancer cell behavior. This was achieved through phenotypical
and functional analysis of fibroblasts (activated and non-activated) and macrophages, when
alone or cultured in the presence of the other cell type.

The second chapter of this document provides a detailed description of materials and
methods used throughout the work. The obtained results are presented and discussed in
chapter 3:

Firstly, the growth of fibroblasts from the CCD-18co line (colorectal fibroblasts) for activation
with a TGF-B protocol as well as the isolation of cancer-associated fibroblasts from colorectal
cancer biopsies was attempted. The achievement of fibroblast cultures as well as the
confirmation of fibroblast cell line activation is discussed in the first section of results.

After establishing fibroblasts , monocytes were isolated and differentiated into
macrophages. Upon co-culturing macrophages with more and less activated fibroblasts (even
without stimuli, fibroblasts showed some degree of activation), we peered into morphological
changes of macrophages as well as M1/M2 surface markers expression and polarization shifts.
The analysis of macrophage polarization and discussion can be seen in section 3.2.

Section 3.3 shows the functional confirmation of these phenotypical results: the outcomes of
fibroblasts and fibroblast-polarized macrophages on cancer-cell invasion (decisive step for
metastasis to occur), using a matrigel system and colorectal cancer cell lines.

Finally, section 3.4 deals with the possible molecular mechanisms behind these changes.
Since TGF-B is a very important modulator cytokine for fibroblast and macrophage markers, it
was expected that its levels on different single and co-cultures could change accordingly, and
so it was analyzed through ELISA and gRT-PCR.

HGF, another very important cytokine previously known to be highly secreted by the
CCD18-co cell line was also evaluated. Since macrophages showed some promotion of
fibroblast-induced invasion, the levels of HGF in the different co-cultures were analyzed and
discussed in section 3.4.

Altogether, this knowledge will be crucial to the development of stromal-disruptive therapies
by exploiting possible tumoricidal actions between both macrophages and fibroblasts, crucial
microenvironment cells in a synergistically anti-metastatic way, promoting inflammatory
phenotypes, inhibiting cancer cell invasion and blocking pro-metastatic events, i.e., and
suppressing pro-tumoral changes

Chapter 4 is composed of a summary of the main points of discussion as well as the
concluding remarks that can be extracted from the integration of all the obtained results. This
leads to chapter 5 where the main limitations of the work as well as the future directions in the

context of the macrophage-fibroblast studies are pointed out.



Chapter 2

Materials and Methods

2.1 Cancer-associated Fibroblasts Isolation

CAFs were isolated from colorectal cancer patient biopsies as previously described [109].
Briefly, colonic samples of patients were collected and preserved in falcon tubes with 10 mL
DMEM (Gibco) supplemented with a high concentration of antibiotics and kept at 4°C after
extraction. From here samples were taken to the flow hood and washed with PBS with
antibiotics. Considering these samples are highly populated with bacteria from patient’s
intestine, the inclusion of antibiotics in the PBS used for washing was an addition to the referred
protocol.

Following 30 minutes of incubation with PBS with antibiotics, samples were cut into 2mm?
pieces and placed in T-25 flasks with FBS carrying a high concentration of antibiotics. It is very
important that pieces do not exceed this size, since it allows a higher surface/volume ratio
which translates into more area of contact with the TCP from tissue culture flasks and promotes
the outgrowth of fibroblasts.

This medium was replaced by FBS with lower concentration of antibiotics once samples
were free of contamination. This process can take more or less time depending on the sample
and the patient, but usually samples are contamination-free within 2 or 3 days. After 10 days in
culture, fibroblasts start to outgrow from the tissue and onto the flask surface. At this point, FBS
was removed and replaced by a more selective medium FBM (fibroblast basal medium) with
FGM-2 (fibroblast growth medium) bulletkit (Lonza). This specific medium was developed to
promote the growth of primary fibroblasts, favoring these cells and not others that are present in
colorectal samples (such as endothelial cells). At all points, cells were kept in the incubator at
the standard 37°C, 5% CO2.

After around 40 days of fibroblast growth, fibroblasts were grown out of the tissue and
confluent all around the flasks. At this point, primary cultures of CAFs that were well established

were selected for further characterization.



Materials and Methods

2.2 Fibroblast Characterization

CAFs and fibroblasts characterization was carried out resorting to different techniques. To
guantify fibroblast activation, protein was extracted in order to carry western blot analysis of the
expression of a-SMA (myofibroblast marker of activation) and vimentin (mesenchymal marker).
The expression of e-cadherin (an epithelial marker) was also assessed in order to evaluate the
purity of the primary cultures and to assure that cells were not epithelial. Further information
regarding the material and methods used for western blot analysis can be found below. The
purity of primary cultures was also evaluated with flow cytometry, through a quantification of the
Epithelial Cell marker EpCam. Flow cytometry analysis is also described in an individual

section.

2.3 Cell Lines

The fibroblast cell line that was used was CCD-18Co which is composed of fibroblasts
derived from human normal colon. In order to assay cancer cell invasion, RKO and HCT116
cells derived from human colon carcinoma were used. All these cell lines were purchased from
the American Type Culture Collection (ATCC). Cells were maintained at 37°C, 5% CO2 in
DMEM (Gibco) for CCD-18Co and RPMI (Gibco) for tumor cell lines, supplemented with 10%
FBS, 100U/mL penicillin (Pen) and 100ug/mL streptomycin (Strep) (Invitrogen). The addition of

FBS and Pen/Strep leads to complete medium, most normally used in cell cultures.

2.4 Monocyte Isolation and Macrophage Differentiation

Human monocytes were isolated from healthy blood donors as previously described [110].
Briefly, buffy coats (leukocyte-enriched byproducts of whole blood donations) provided by the
Portuguese Blood Institute (Porto, Portugal) were centrifuged at 1200g for 20 min. at room
temperature. This centrifugation separates blood components in 3 liquid portions: the upper
volume which is plasma, the lower volume which are red blood cells and a white ring of
peripheral blood mononuclear cells in between. This ring was collected and incubated with
RossetteSep Monocyte Enrichment Cocktail (StemCell Technologies) for 20 min. under
rotation. This cocktail is designed to isolate monocytes by negative selection. Cells which are
not monocytes are targeted with tetrameric antibody complexes, which in this case recognize
unwanted cells (non-monocytes, including red blood cells). Afterwards, this mixture was diluted
in PBS+2%FBS, added over Ficol-Histopaque (Sigma) and centrifuged. This centrifugation
causes unwanted cells to pellet together with red blood cells, allowing the formation of a highly
monocyte-enriched interface between plasma and the higher density medium. This new ring,

rich in monocytes, was collected, washed with PBS and centrifuged for 17 min. at 700 rpm, to



remove most of the unwanted material that comes with the aspiration of the ring. The resulting
cells (monocytes) were resuspended in complete RPMI (Gibco), ready to be cultured.

In order to allow monocyte differentiation into macrophages, cells were seeded at a density
of 1.2x10° cells/well (6-well plates) on top of glass coverslips in complete RPMI medium
(described above) with the addition of 50ng/mL of macrophage colony-stimulating factor (M-
CSF) (ImmunoTools). The use of glass coverslips is important since glass leads to better
monocyte adhesion than normal TCP. M-CSF is a cytokine which facilitates monocyte-
macrophage differentiation yielding higher differentiated macrophage numbers, with a more
macrophage-like morphology.

After seeding, monocytes were kept in the incubator, at 37°C 5% CO2 for 7 days, allowing
differentiation without any intervention. At this point, the culture medium (1.2mL/well) was

replaced by fresh RPMI without M-CSF. At this stage macrophages were set up for co-culture.

2.5 CCD-18Co Activation

Fibroblasts were kept in culture and the medium was renewed twice a week until confluence
was around 80%. At this point, cells were subcultured and the same number of cells was
divided onto two T75 flasks. This is an important step to make sure that cells can be activated
at the same time in the same confluence and that no differences arise from fluctuations of cell
number. Before reaching confluence, cells were washed twice with PBS1x to remove all the
FBS contained in the medium. FBS removal is very important since it contains several growth
factors that might influence fibroblast activation, namely TGF-p [111]. Afterwards, one flask was
filled with 10 mL of DMEM supplemented only with 1% Pen/Strep (for non-activated fibroblasts)
and the other with 10 mL of DMEM supplemented with 1%Pen/Strep plus 10ng/mL rhTGF-31
(ImmunoTools), in order to activate fibroblasts, in a controlled, TGF-B dependent manner. In
parallel, the same conditions were used in flasks with no cells as controls for the conditioned
medium. This step is important if the need to test for specific molecules’ concentration arises.

After 4 days, the media from all conditions were retrieved, centrifuged at 1200rpm for 5
minutes, filtered through a 0,2um filter and stored at -20°C. Fibroblasts were used for co-
cultures with macrophages and the level of activation was confirmed through the expression of
alpha smooth muscle actin (a-SMA) by western blot, extracting the protein of remaining

fibroblasts not used for co-cultures, as described ahead in the western blot section.

2.6 Fibroblast-Macrophage co-cultures

After 7 days of macrophage differentiation, CAFs, activated and non-activated fibroblasts
were seeded at a density of 1x105 cells/insert on 1um-pore PET inserts (Corning) and were co-

cultured with the macrophages in this transwell system allowing free flow of media and soluble
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factors. The flow is extremely important in order to allow cells to communicate with each other
through soluble factors and not physical interaction. The density of 1x10° was calculated
considering that fibroblasts divide and proliferate whereas macrophages don’t. So, after 3 days
of fibroblasts doubling their numbers, the final density is expected to be around 8x10°
cellsf/insert, which is a number close to the estimated 1x106 macrophages/well, yielding a ratio
close to 1:1. As controls for polarization, macrophages were also cultured alone (M0), with LPS
(Sigma-Aldrich), which is a modulator of classically activated, inflammatory macrophages (M1-
lilke) and IL-10 (Immunotools) which polarizes macrophages towards an alternative, anti-
inflammatory phenotype (M2-like), both at 10ng/mL [112]. These polarization controls are
extremely important since they act as normalizers for the levels of M1/M2 markers, creating a
comparison point between observed outcomes and true M1/M2 levels.

All co-cultures were done using RPMI complete medium, more suitable for macrophages,
due to the fact that these cells do not proliferate and are much more sensible than fibroblasts,
which can perfectly thrive in different culture media.

After 72h of co-culture, macrophages were detached using 400mL accutase for 30 min. at
37°C. Accutase is an alternative to the more widely used Trypsin, mimicking its action plus that
of collagenase. Accutase is usually formulated at lower concentrations and it is less toxic and
gentler and does not need to be neutralized. Slight scrapping was also applied after accutase
incubation to ensure maximum detachment. Wells were washed with cold PBS after scrapping
and removal to collect additional macrophages left on the well. Afterwards, cells were stored on
5mL PBS (1x) on ice.

Fibroblasts were lysed from the transwell inserts for protein extraction as described on the
western blot section.

Some macrophages were also used for RNA extraction using TriPure Isolation Reagent
(Roche), according to manufacturer’s instructions, for gRT-PCR analysis. Further RNA
purification procedure is described below.

All conditioned media was retrieved, centrifuged and stored as previously described, to

assess the levels of soluble factors in the different co-culture conditions.

2.7 Macrophage Morphology Screening

In order to evaluate the effect of fibroblast co-culturing in macrophage morphology, bright-
field pictures were taken prior to and after the 72h of co-culture using a ZOE Fluorescent Cell
Imager (Bio-Rad). Since these revealed some differences, further assessment was done
through immunofluorescence staining. At the end of the co-cultures, one glass coverslip with
macrophages from each condition was retrieved to a 24-well plate, washed with PBS and fixed
with paraformaldehyde for 15 min. at RT. After this, cells were kept in sterile PBS until staining.
For the staining process, fixed cells were incubated in NH4Cl 50mM for 10 minutes, followed by

a triple wash with PBS for 5 minutes. The ammonium chloride solution blocks formaldehyde



groups that might not have reacted therefore avoiding the resulting background fluorescence.
Afterwards, cells were incubated with TritonX-100 0,2% for 5 min. and washed 3 times with
PBS at the end of this time. TrixonX-100 is used here to increase the permeabilization of cell
membranes, therefore allowing antibody and reagent penetration into the cells. After these
steps, samples were blocked in 5% BSA for 30 minutes to block nonspecific antibody ligation.
After blocking, the primary mouse antibody against a-tubulin (Sigma) was incubated in BSA 5%
for 1h, according to the manufacturer’s suggested dilution. Afterwards, samples were washed 3
times for 5 min. and the secondary anti-mouse alexa488 labeled antibody (sigma) was
incubated in BSA 5% for 1h. 20 minutes before ending, 5uL of Rhodamine Phalloidin (Termo
Fischer) was added to each sample, for actin staining. At the end of the 1-hour of secondary
antibody incubation, samples were washed and mounted in glass slides with 3uL of vectashield
with DAPI for nuclei staining. Slides were sealed and stored at -20°C until measurement.
Immunofluorescence imaging was done with the Zeiss Axio Imager Z1 Apotome, using the 63x
immersion objective. Images were obtained using the apotome and through fusing of 10

different vertical planes.

2.8 Macrophage Polarization Assessment — Flow Cytometry

After retrieval from the co-culture, Macrophages were stained for flow cytometry
quantification of polarization levels. Briefly, cells were centrifuged at 1200rpm for 5 minutes, 4°C
to remove remaining accutase and medium and resuspended in 400uL of FACS buffer (PBS
with 2% FBS and 0.01% sodium Azide). This PBS/FBS buffer is widely used in cell suspensions
for cytometry since it allows cells to stay stable and live. The inclusion of sodium Azide prevents
heterophilic antibody interference which is known to cause false positives and false negatives. It
also prevents antigens from being internalized during the staining process, so it should be used
when cell function recovery is not necessary.

Afterwards, cells were stained for CD14-APC (clone MEM-18) as lineage marker, CD86-
FITC (clone BU63) as M1-like marker (Immunotools) and CD163-PE (clone GHI/61) (R&D
systems) as M2-like marker. The staining was done in 50uL of FACS buffer with the following
dilutions: CD14 and CD86 2:50, CD163 5:50. Unstained, single stained and isotype-matched
antibodies were also used as flow cytometry controls. Unstained controls are essential to set
the difference between a negative and positive response. The isotypes are antibodies that
target a non-existing protein on the cell surface, with the same heavy and light chains of the
antibody of interest. If positive results arise with the use of the isotype, it means that the
antibody is binding non-specifically to low affinity targets. The isotype control is then important

to assure that the measurement is related only to specific binding to the antigen of interest.
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The staining was done by incubating cells with the antibody mix for 40 minutes at 4°C in the
dark. Afterwards, cells were washed 3 times with FACS buffer with centrifugations at 1200rpm,
5 min, to remove antibodies that failed to bind to cells.

At the end of the washes, cells were fixed by adding 200uL of 4% Formaldehyde for 15
minutes, time after which it was removed with an additional centrifugation in the same
conditions. Stained and fixed, cells were stored in FACS buffer at 4°C until analysis.

Flow cytometry was conducted using a FACSCanto device (BD biosciences), reading 1x104
cells per condition. Analysis for quantification of surface marker expression was performed with

FACSDiva and FlowJo software.

Anti-inflammatory ratios of macrophage polarization were calculated based on equation (1).

% M2 marker CD163
% M1 Marker CD86

€y

Anti — inflammatory ratio =

2.9 Western Blots

Whole cell protein extraction were performed after washing cells with PBS1x to remove
proteins from the media. The protein extracts were obtained using RIPA lysis buffer, which
includes SDS, sodium deoxycholate and Triton X-100 as active components able to disrupt cell
membranes. This buffer was supplemented with a cocktail of proteases and phosphatases
inhibitors, as previously described [113], to avoid degradation of cell proteins. This lysis was
further amplified by scrapping cells on wells and inserts, to ensure maximum release of
intracellular proteins.

Extracts with protein alone were obtained after centrifugation at 14000 rpm for 10 minutes
at 4°C, in order to pellet cellular debris and collect the protein mix in the supernatant.

Protein quantification was done using the Biorad protein quantification kit according to the
manufacturer’s instructions. Calibration curves were obtained with standards of BSA ranging
from 0.25 to 3 mg/ml. After quantification, the volume corresponding to 15ug of protein was
mixed with laemmli buffer (1x), which contains mercaptoethanol, SDS, bromophenol blue and
glycerol. Mercaptoethanol reduces natural protein bonds, SDS denaturates the protein and
gives them negative charge so they can be separated according to their size. The bromophenol
blue dyes the sample and runs ahead of the protein in the gel. The glycerol is able to increase
sample density so that it layers in the sample well. After mixing the protein solution with this
buffer well, samples were placed in the heating plaque for 5 min. at 95°C for further
denaturation.

Once ready, samples were loaded into the PAGE gel at the volume of 15uL together with

the protein marker for weight. Gels ran at 80mV until the running front reached the bottom.



Afterwards, SDS-PAGE gels were transferred onto nitrocellulose membranes for 90 minutes at
100mV. These membranes were incubated with primary antibodies overnight at 4°C.

For fibroblast activation screening and characterization, antibodies against the following
proteins were used: a-SMA, Vimentin and E-cadherin (Santa Cruz). GAPDH (Santa Cruz) was
used as the housekeeping gene and membranes were also incubated with the antibody against
it.

After overnight primary incubation, membranes were washed with PBS + 0.05% Tween
(PBS-T) and anti-rabbit or anti-mouse horseradish peroxidase (HRP)-conjugated secondary
antibodies were used on membranes for 1h at RT. After this secondary incubation, membranes
were washed again with PBS-T and the detection of antibody signal was done using ECL
(BioRad).

The quantification of western blot images was done using Image-J software (FIJI).

2.10 Matrigel Invasion Assays

To evaluate the effects of macrophages and fibroblasts on cancer cell invasion, two cell
lines were used. RKO cells were used to assess the effects of macrophages and HCT116 cells
were used in the case of fibroblast. This choice of using two cell lines was taken as they proved
to respond differently to different cell signaling (S.Velho unpublished results) and so in order to
maximize the cancer cell response to macrophages and fibroblasts, the respective responsive
cell line was used. At the end of the macrophage-fibroblast co-cultures, where both cells had
mutual influence on each other, these cancer cells were seeded on the upper compartment of
Matrigel-coated inserts of 8-um pore size (BD Biosciences) at a density of 5x104 cells/insert.
Matrigel is a preparation of solubilized basement membrane extracted from mouse sarcoma, a
tumor rich in ECM components such as laminins, collagen, proteoglycans, among other ECM
molecules, and was therefore used to mimic the in vivo environment cancer cells face and must
invade through.

Beneath these cells, one glass coverslip with macrophages from different co-culture
conditions was placed on the lower compartment as well as half the number of fibroblasts
trypsinized from the 6-well inserts of the co-cultures. By doing so, the transwell system allows
free circulation of soluble molecules between macrophages, fibroblasts and cancer cells, which
can then invade more or less through the matrigel layer. After 24h at 37°C and 5% CO2, the
invasion assay was stopped, all conditioned media was retrieved and the wells were washed
with PBS 1x, fixed for 15 mins with 4% paraformaldehyde and kept in sterile PBS until analysis.

To evaluate the level of invasion on the different conditions, the inserts were washed with
PBS and the top surface of the membrane was scrapped gently with a swab to remove non-
invasive cells, leaving only a small portion with these cells to allow the distinction of the two

planes of focus on the microscope.

23



Materials and Methods

Once the porous membranes were clean, they were cut out of the insert with a scalpel and
mounted on a glass slide in Vectashield mounting medium with DAPI (Vector Laboratories) for
nuclei staining and fluorescent identification of cells. The slides were kept at 4°C until analysis
and -20°C for storage.

The number of invasive cells was counted under fluorescent light on a microscope (Leica).

The schematics of co-cultures cell transference to invasion assays can be seen in fig 6.

Fibroblast-Macrophage Co-cultures

AT L

e el

Matrigel Invasion (24h)

- Fibroblast (CCD18-co)
x Activated Fibroblast

& Macrophage

& Macrophage (from fibroblast co-culture)

& Macrophage (from activated fibroblast co-culture)
®@® Cancer Cell (HCT-116, RKO)

Figure 6 - Co-culture schematics - Macrophages were co-cultured with fibroblasts and activated
fibroblasts, as well as alone in single culture. After 72h, macrophages and fibroblasts from all different
conditions were transferred to new wells on top of which cancer cells were seeded for the invasion
analysis, during 24h.



2.11 Enzyme-linked immunosorbent assay

To measure the levels of TGF-B in the conditioned medium of co-cultures and invasion
assays, an ELISA kit with pre-coated plates (Legend Max, BioLegend) was used according to
the manufacturer’s instructions. Briefly, conditioned media samples were first treated with the
acidification and neutralization solutions and then diluted 40x. After this, the plate was washed
four times, blotting the plate against absorbent paper to remove the maximum amount of
excipient. After, the TGF-B standards and treated samples were incubated in the wells for 2
hours, at room temperature (RT), with shaking at 200 rpm. Following another series of washes,
the detection antibody solution was added and incubated for 1 hour, RT, shaking. After this,
Avidin-HRP solution was added and incubated for 30 min., RT, shaking. Following another
wash series, the substrate was added for 10 minutes, RT, in the dark and after this the reaction
was stopped and the blue solution became yellow. The absorbance was read at 450nm and
570nm, the latter subtracted to the first. The standards’ values were used to obtain a calibration
curve and were plotted on a log-log scale allowing the creation of a linear trend curve and
quantification of TGF- concentration on cultures’ conditioned medium.

For HGF measurements, the RayBio Human HGF ELISA kit with pre-coated plates was
used according to manufacturer’s instructions. Briefly, HFG standards and samples were placed
directly into each well and incubated overnight at 4°C with gentle shaking. The day after,
solutions were discarded and the wells washed 4 times, always blotting against absorbent
paper. Afterwards, the HGF biotin antibody was added to each well and incubated for 1h at RT,
shaking. Following another series of washes, the Streptavidin solution was added and
incubated for 45 minutes at room temperature. Wells were then washed for the last time and
incubated for 30 minutes with the TMB One-Step substrate reagent. After this time, the
solutions turned blue and the reaction was stopped. The absorbance was read at 450nm
immediately. The standard curve was built in resemblance with that of TGF-8 ELISA.

Both kits are based upon the same interactions, in what is called a sandwich ELISA. The
pre-coated wells have an antibody which is able to bind to the desired molecule, trapping it in
the bottom of the well. Afterwards, a secondary antibody is able to bind to this trapped
molecule. This secondary antibody possesses biotinylated residues on its FC extremity.
Through biotin-avidin interaction, the Streptavidin/Avidin-HRP binds to the biotinylated residue.
HRP (horseradish peroxidase) is an enzyme linked to avidin, able to degrade the specific
substrate producing a colored compound, which is at the end proportional to the level of the
molecule present in the assayed solution, increasing the absorbance when more substrate is
degraded, meaning more desired molecule was initial present.

All the absorbance readings were performed using a BioRad model 680 microplate reader
with 3 seconds of medium-speed shake before measurement to uniformly mix the solutions in

the wells.
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2.12 Quantitative reverse transcriptase PCR (QRT-PCR)

As previously reported, total macrophage RNA extraction was carried out after fibroblast co-
cultures, using the TriPure Isolation Reagent (Roche), in accordance with manufacturer's
instructions. Extracted RNA was quantified using a Nanodrop 1000 micro volume system.

After quantification, RNA was converted to cDNA using the gScript XLT cDNA SuperMix
(Quantabio). This mix was used at the proper dilution (manufacturer’s instructions) with 1ug of
RNA in DNase/RNase free water (Gibco). Once properly mixed, the solution was incubated in
the thermocycler in the following series: 5 minutes at 25°C, 1 hour at 42°C and 5 minutes at
85°C, maintained at 4°C until pick up.

The evaluation of TGF-B expression at the mRNA level was done through quantitative
reverse transcriptase PCR (qRT-PCR), using TagMan probes for TGF-f1 and GAPDH as the
housekeeping gene, both diluted on the TagMan Universal PCR Master Mix (Applied
Biosystems) according to the manufacturer’s instructions.

TagMan probes are built with a fluorochrome and quencher nearby each other, so that
when normally together, the quencher prevents fluorescence to be released. When there is
amplification of the desired sequence, the probe is inserted in the cDNA strand and the
fluorochrome is released from the 5 portion due to the 5’ nuclease activity of the proper
polymerase. As the fluorochrome is released from the probe, the quencher action is lost and
fluorescence is detected. The quantification arises from the amount of amplification, which
leads to higher levels of fluorescence, allowing for the quantification of a certain gene
expression (directly related to the amplification).

The housekeeping gene serves the same role as it does in western blotting: normalization
of the expression levels. GAPDH is the glyceraldehyde 3-phosphate dehydrogenase, which has
the essential function of breaking down glucose for the cell to obtain energy and carbon
molecules. This enzyme is expressed throughout all kinds of human tissues and not affected by
most genetic and phenotypic modifications of cells, being very reliable as an housekeeping
gene [114].

The gRT-PCR was performed using an iQ5 Real-Time PCR Detection System. Samples
were run in triplicate with blanks to confirm no self-amplification of probes was taking place. On
analysis, the most deviant value of the triplicates was excluded (if present), considering only the
two less variable number of cycles for the average calculation. To obtain the fold variation of
TGF-B expression, ACt (difference in cycles compared to the housekeeping) was converted to

fold variation as 2-2¢tand normalized against the fold value for macrophages alone.

2.13 Statistical Analysis

Statistical Analysis and Graphs were elaborated using GraphPad Prism (v6). One-way

ANOVA tests were performed to test for statistically significant differences between different



conditions. Multiple comparisons were made using Turkey's multiple comparisons test for
comparison between all conditions. Dunnett's multiple comparisons test was used for
comparisons in relation to a control condition (e.g. Macrophages alone). Differences were

assigned statistical significance when P < 0.05.

27






Chapter 3

Results and Discussion

3.1 Establishment of Fibroblast Cultures

One of the goals of this work was to isolate, culture and characterize cancer-associated
fibroblasts, specifically colorectal cancer-associated fibroblasts. By establishing a collaboration
with the Portuguese Institute of Oncology, it was possible to obtain samples from biopsies of
colorectal cancer patients in order to derive fibroblasts from the tumor tissue. As referred in the
methods section, colorectal samples of tumor, adjacent as well as distant normal mucosa
tissues were extracted from voluntary patients and taken to the laboratory. By using an already
developed method [109], with some alterations for contamination control, and resorting to
selective cell growth medium, patient’s tissues were cultured for several time-points and their
development was followed as seen in fig. 7.

Throughout this work, colorectal samples were obtained from 4 different patients, numbered
from 1 to 4. In all of these patients, only patient 4 showed some moderate fibroblast outgrowth
prior to day 10 in the mucosal tissues. However, just like every other sample, mucosal
fibroblasts would degenerate before allowing the establishment of a primary culture. In the case
of the two last patients, colorectal contamination was not efficiently controlled by routine
antibiotics, leading to re-emergence of contamination around day 25 and requiring samples to
be discarded.

Patient 1 and 2, however, yielded fibroblasts on the tumor tissues. These two cases showed
very different behavior in the respective fibroblasts. Patient 1 tissues allowed the establishment
of primary cultures within 30-40 days, and these fibroblasts were subcultured for successive
passages for characterization and always showed a normal growth rate, similar to cell lines, as
visualized in fig. 7P1. The morphology of these fibroblasts was also very similar to the one

exhibited by established fibroblasts cell lines (comparison with fig. 7P2).
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Figure 7 - Primary CAF Culture establishment - Biopsies from Colorectal patient's tissue were
cultured and the daily evolution was accompanied. At the first 2-3 days (A), only tissue mass can be seen.
Around day 10-12, some fibroblast outgrowth is evident, as indicated by the blue arrows (B). Around 20
days after culture, fibroblasts start to proliferate through the culture dish (C). Fibroblasts obtained from
different patients had distinct morphologies and growth rates (P1 vs P2). Scale bars: 100 ym. Flow
cytometry characterization showed negative presence of the epithelial marker EpCam-PE (E), similarly to
the unstained sample (D) on fibroblasts derived from Patient 1.

Patient 2 samples, however, behaved entirely different. Firstly, these fibroblasts had a much
lower growth rate, and took more than 50 days to occupy a T-25 culture flask to a moderate
confluence. Not only the growth rate was different, but the morphology of patient 2 fibroblasts
was also completely distinct. Some fibroblasts showed elongation while others were round and
some of them resembled large cellular complexes, spread in an egg-like shape, as the one
seen in fig. 7P2.

The fibroblasts from patient 1 had a very functional behavior and so their characterization
was possible. First of all, the purity of the primary culture was assayed, and these fibroblasts
revealed the absence of epithelial markers (fig 7 D and E) and expression of other non-
fibroblast molecules such as E-cadherin, with no western blot traces of such proteins. In that
same analysis, patient 1 fibroblasts showed reduced levels of the fibroblast activation marker a-
SMA. This result is however being compared with a cell line that might be extremely activated
and the confirmation on whether or not these fibroblasts are significantly activated would
require a comparison with normal tissue from the same patients, which failed to vyield
fibroblasts.

It could also be possible that some of the activation was lost due to the culturing process.

However, when we look at the literature, cancer-associated fibroblasts are described as



activated, a-SMA expressing, myofibroblast-like cells. Moreover, this activation, usually
screened through the expression of a-SMA, is described as perpetual and irreversible [115].
Being so, the culturing and passage of fibroblasts should not, theoretically, influence their level
of activation, which translates into their a-SMA expression.

In fact, most results that identify this myofibroblast profile in tumor tissues are focused on
breast cancer, where immuno-histochemistry results clearly show that stromal cells are positive
for a-SMA in tumor tissue sections [116]. However, there are no solid reports on the
guantification of this protein expression, only about its presence. This holds especially true for
the case of colorectal cancer and its different stages.

The fact that patient 1 and patient 2 fibroblasts showed such distinct morphology and
growth behavior, suggested that we were dealing with very different profiles. The
characterization of patient 2 fibroblasts was unfortunately not possible due to the appearance of
contamination in a very late stage, until which their low proliferation impeded efficient passage
and growth to have enough cell numbers for analysis. Further characterization would have been
essential to confirm if these cells were indeed fibroblasts and if so, whether or not the
phenotypical and cell growth differences would reflect on the expression of a-SMA or other CAF
markers.

Fibroblasts from patient 1 were used as a low activation population and hamed CAFs due to
their origin for the sake of identification. Their efficient establishment and manipulation allowed
for the inclusion in macrophage co-cultures, together with the fibroblast cell line. Some of these
fibroblasts were also frozen according to the regularly used cell-freezing protocol.
Unfortunately, upon defrosting and culturing, no fibroblasts adhered, remaining in suspension in
a very rounded morphology even for several days. This shows that this type of primary cells do
not easily endure freezing, at least with the standard protocol, and the fact that, as a primary
culture, they cannot be passed on forever, shows that CAF primary cultures are extremely
unstable and should always be very well planned in order to maximize the cellular uptime for

required experiments, avoiding excessive passages and freezing of cells.

In order to have an additional, more reliable model of fibroblasts for testing, the CCD18-co
cell line was used (fig. 8). These cells allowed more manipulation, staying stable until around
passage 10 and tolerating freezing and thawing procedures, allowing more testing and

reproducibility in comparison to primary cultures.
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Figure 8 - CCD-18co fibroblast morphology and growth behavior.

Nevertheless, the CCD18-co cell line is composed of colorectal fibroblasts immortalized
after derivation from healthy patients. This means that these are actually not CAFs but normal
fibroblasts. In order to induce CAF-like properties in this cell model, an activation protocol was
used. Therefore, TGF-f3, a well-known modulator of fibroblast activation [117] was added to the
culture medium of CCD18-co fibroblasts, and the exposure to this cytokine for 4 days allowed a
stable and durable activation, as measured through western blot for a-SMA expression levels
(fig. 13A). The only pitfall of using this protocol was that non-activated fibroblasts still showed a
significant degree of activation, even if always lower than their activated counterparts. This is
probably due to the fact that the CCD18-co line has already a certain basal degree of activation.
This protocol was attempted with different degrees of confluence but this basal activation level
was always similar among non-stimulated fibroblasts, regardless of confluency. This led to the
use of more and less activated fibroblasts rather than activated and non-activated fibroblasts.
However, the use of the CAF primary culture (with very low levels of a-SMA expression) in
some experiments, even if without replicates, allowed some validation of the effects of

activation.

3.2 Fibroblast — Macrophage Interaction

Monocytes were isolated from different healthy blood donors and differentiated to a certain
extent in vitro, point at which fibroblasts in different activation profiles were co-cultured in a
transwell system, allowing the flow of media and soluble molecules, i.e., allowing paracrine
communication, while avoiding cell-cell physical interaction. This model is widely used and fully

described in the methods section.



Using bright field microscopy, the morphology of macrophages before and after fibroblast

co-cultures as well as after their full differentiation were followed, as detailed in fig. 9.
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Figure 9 - Bright-field pictures of macrophages prior to and after 3 days of fibroblast co-
culture. Images from macrophages alone, macrophages co-cultured with fibroblasts (mac. + fibroblasts)
and macrophages co-cultured with activated fibroblasts (mac. + act. Fib.) as well as the macrophages with
polarization controls IL-10 (Mac. + IL-10) and LPS (Mac. + LPS). Green, Yellow and Red bars illustrate the
varying elongation of different cells. Scale bar: 50um.

At Oh, which corresponds to 7 days of differentiation with M-CSF, prior to the interaction
with any other cell types, all macrophages have a similar, round-shaped morphology. Some
differences between patients are expected since they consist of primary cultures originated
from the blood of distinct individuals. At this point, accompanied by M-CSF removal, fibroblasts
were added on the transwell inserts.

Macrophages that remain alone maintain a more elongated shape (fig. 9). Instead,

macrophages that were co-cultured with fibroblasts were a varying population of elongated and
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round-shaped cells, and when activated fibroblasts were present, macrophages tended to
acquire a more circular shape. Even though some donors presented several elongated
macrophages when these were co-cultured with activated fibroblasts, the elongation seemed
reduced in comparison to that of macrophages cultured alone. Also, by looking at the
macrophages exposed to polarization controls during the 72h, we can see that IL-10 stimulated
macrophages seem to be the ones with the highest elongation and the LPS-stimulated
population appears rich in small, rounded cells. Since IL-10 and LPS are known inducers of M2-
like and M1-like phenotypes [118], respectively, these changes in morphology were the first cue
indicating that fibroblasts could be interfering with macrophage polarization to some extent,
especially when activated (CAF-like). Nevertheless, these changes in morphology are based
only on the observation of cells. The solidification of these claims will only be possible upon
precise quantification of cell elongation and evaluation of macrophage cell surface receptors
expression. .

Be that as it may, the changes in morphology were further explored through actin/tubulin
immunostaining (fig. 10). Macrophages that differentiated without the interference of fibroblasts
presented an overall more elongated shape, with protuberances and outgrowths rich in tubulin.
With the inclusion of fibroblasts, this largely elongated cells were much less visible, and most
macrophages were more round, even though some protuberances an elongated portions of
these cells could still be detected, as visible in the merge picture. This change was even more
evident when activated fibroblasts were co-cultured with macrophages. In this condition, most
macrophages exhibited a round shape, the presence of elongated cells seemed to be reduced
and the size of elongations appeared to be overall small, much resembling the LPS-stimulated
macrophages of fig. 9. All together, these results pointed at a shift on macrophage morphology
through the communication with fibroblast that seems to be related to the polarization of these
cells, if we compare their morphology with that of LPS- and IL-10-stimulated control cells.

Knowing this, it must also be noticed that the communication between different cells is a
very complex process [119], which can be translated into two essential forms: contact-
dependent and paracrine (contact-independent). On the first type of cellular communication, a
membrane-bound molecule from one cell is recognized by a receptor on the other cell’s
membrane. On the second, one cell signals the other by secreting specific molecules, which
then travel to other cells’ receptors. Both of these types of communication can be very relevant
in any context, but paracrine signaling has been successively identified as critical on the
microenvironment of tumors, the cancer cell-microenvironment interaction [120] and ultimately
the behavior of cancer cells and macrophages [121]. In this case, the changes in macrophage
morphology are associated only with paracrine signaling, since this is the only one allowed by

the physics of the transwell system.
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Figure 10 - Immunofluorescence images of macrophages - Macrophages from single cultures (Mac.)
and co-cultures with fibroblasts (Mac. + fib.) and activated fibroblasts (Mac. + Act. Fib.) were stained and
pictures represent these cells’ Nuclei (Dapi), Actin, Tubulin and the Merge of all three, under visualization
at 63x magnification. Scale bar: 15um.

Be that as it may, if we look at the literature, we can see that macrophage morphology is
intimately related to macrophage phenotype. McWhorter et al. reported that M2-like
macrophages exhibited a more elongated shape in comparison to M1-like cells [122]. This
higher elongation is not representative of increased elongated cell number or changes in cell
area but increased elongation factor, i.e., increased long/short axis ratio. Furthermore, this
paper showed that not only is elongation a consequence but also a cause of macrophage
polarization by demonstrating that surface patterning controlling macrophage shape can
increase elongation and expression of M2 markers. This shows that cell morphology is
extremely important and together with the obtained results it seems in fact that fibroblast signals
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have some weight in macrophage phenotypes. To further explore these effects of fibroblast-
derived signals, the evaluation of macrophage polarization markers was carried.

Macrophages exhibit different surface markers in different contexts and when going through
different polarization events. These markers have been extensively studied in order to try and
establish a molecular signature of M1 and M2 cells. However, this dual division has evolved to
a more complex scenario where macrophages can be placed anywhere in the M1-M2 spectrum,
being identified as more M1- or M2-like depending on their expression of surface markers. To
identify to which point the changes induced by fibroblasts and observed on macrophage
morphology would relate to M1/M2 profiles, macrophages were retrieved after co-culture and
stained with a cocktail of antibodies targeting specific surface markers, namely CD14 for
macrophage lineage identification (other cellular components can be present as a residual
defect of the isolation procedure), CD86 as an M1l-like marker and CD163 as an M2-like
marker.

After proper staining, macrophages from different donors and different conditions were
analyzed through flow cytometry in order to quantify the level of the referred surface markers
(fig. 11). This technique combines single-cell measurement with the fact that cell surface
markers are quantified in live or similarly fixed cells and so these are analyzed in a very realistic

fashion.
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Figure 11 - Macrophage polarization assessment of 4 different donors. The percentage of cells
expressing the polarization markers CD163 (black bars) and CD86 (gray bars) were quantified using a
flow cytometer. The expression of each marker is represented as %Marker and macrophages from all
conditions are present: Macrophages, Macrophages exposed to LPS (Macrophages + LPS), Macrophages
exposed to IL-10 (Macrophages + IL-10), Macrophages previously co-cultured with fibroblasts (Mac. +
Fibroblasts), Macrophages previously co-cultured with activated fibroblasts (Mac + Act. Fib.) and
Macrophages co-cultured with the colorectal biopsy fibroblasts (Mac + CAFs).

On the first, more exploratory experiment with the first donor (fig. 11 donor 1), only three
basic conditions were used in co-cultures, comparing macrophages that had developed alone
and macrophages that were in co-culture for 3 days with fibroblasts and activated, CAF-like
fibroblasts. This experiment was carried out to explore the initial hypothesis that activated
fibroblasts would induce an M2 shift on macrophages, related to pro-tumoral events. However,
we could see that the presence of fibroblasts caused a relevant decrease on the M2 marker
CD163, from 7% when macrophages were alone to 2.6% when fibroblasts were present and
1% when activated fibroblasts were co-cultured. Also here, the effect of fibroblast activation
appeared to have some effect in the expression of the M1 marker CD86, as it increased from
18.6% to 24.5% when fibroblasts were activated. This initial results pointed at a shift on
macrophage polarization, with activated fibroblasts leading to a decrease of the anti-

inflammatory potential of naive macrophages. With donor 1 as a starting point, this experiment
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was repeated with 3 more donors. On these, macrophages cultured in the presence of LPS and
IL-10 were included in order to have polarization controls of M1 and M2, respectively, and allow
the validation of data. On the macrophages from donor 2, the polarization shift was even more
obvious. First we can see that IL-10 and LPS have a reverse effect on the expression of
markers. In the presence of IL-10, the highest level of CD14+CD163+ cells is obtained with
18.3% of cells positively expressing this marker and only 4.4% expressing the M1 marker
CD86. Reversely, when stimulated by LPS, only 8.7% of the cell population expresses CD163
and 19.5% are CD86 positive. This is very important since it confirms that these markers are
very appropriate to evaluate polarization. In this same donor, the presence of activated
fibroblasts leads to a decrease of the M2 marker to 11.8% and an increase of the M1 marker to
9.3%, in comparison to naive macrophages. These more inflammatory levels are second only to
LPS-stimulated, M1-like cells, which reinforces activated fibroblasts as responsible for an
inflammatory shift. In this assay with macrophages from donor 2, the population of CAFs that
was established as a primary culture was also used to see to what extent these fibroblasts
could affect macrophage polarization. As seen in fig.11, these CAFs had very little effect on
macrophage marker’s levels, representing the condition that most similarly resembles that of
naive macrophages. Since these fibroblasts extracted from colorectal cancer patient’s biopsies
showed very little degree of activation, as represented ahead on western blot results,
suggesting that less-activated fibroblasts have no effect on macrophage polarization. This also
indicates that the activation of fibroblasts is a decisive event in what comes to macrophage
modulation. However, the introduction of CAFs was only possible in one of these experiments
with a single monocyte donor and so it lacks some repetition and solidification in order to fully
confirm these statements.

After donor 2, the experiment was repeated with two more donors and overall the same
could be observed with activated fibroblasts promoting an increase of CD86 expression and
diminishing the levels of CD163. Throughout all donors, some more or less unexpected events
were observed, such as the highest expression of the M2 marker being in naive macrophages
on donor 3 and the lowest expression of the same marker being too in naive macrophages on
donor 4. Also, the relative percentages of each marker vary greatly from donor to donor. These
variations are, however, expected. Each donor is a completely different individual with distinct
age, sex and life and so each set of cells are inherently different from the others. Because of
this, the compilation of all the donor’s information would yield a very deviating set of results and
its true significance would be lost. In order to overcome this, the information was compiled in a
different fashion. First, the anti-inflammatory potential was defined as the ratio between the
levels of expression of M2 and M1 markers. Higher ratios mean higher expression of CD163 in
relation to CD86 hence a more anti-inflammatory, tumor favoring potential. Secondly, since
each donor has different macrophages with different marker's expression levels, each

condition’s values were normalized against the simplest condition: naive macrophages. By



doing so, observed differences are a result of the effect of fibroblasts on the anti-inflammatory
profile of macrophages. This allows for a much more clear way of interpreting the information
(fig. 12).
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Figure 12 - Macrophage anti-inflammatory ratios: The ratio of CD163(M2)/CD86(M1) markers’
expression are represented and normalized against the level for naive macrophages of each donor.
Statistics: ANOVA, *P<0,05; **P<0,01; n=3.

The anti-inflammatory potential of naive macrophages (fig 12) is significantly reduced by the
presence of LPS, a known modulator of the M1-like profile, and increased when IL-10 is added
to the culture medium. Also, combining the data from all donors we can see that the presence
of activated fibroblasts significantly reduces the anti-inflammatory potential of macrophages,
giving rise to a CD163/CD86 ratio which, on average, halves that of naive macrophages. These
results are in agreement with the observed responses on macrophage morphology. First,
activated fibroblasts’ signals led to a decrease on macrophage elongation, with round cells
more similar to those stimulated by LPS, and related with more inflammatory profiles. Now,
activated fibroblasts also showed a significant decrease on the anti-inflammatory, pro-tumoral
ratio of macrophages markers.

In spite of the changes observed in these markers, which are related to different

polarizations, it is very important to mention that these surface proteins are not able to fully
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define the M1 or M2 state since the signature of both these polarization states is more complex
and relies not only on cell surface but also on the secretion of very important cytokines. So, in
order to effectively conclude that macrophages are indeed in an M1- or M2-like state, the
production of cytokines such as IL-10 (anti-inflammatory), IL-6 and TNF-a (pro-inflammatory)
[110] must also be evaluated in the future. This will allow to solidify how M1 or M2 are
fibroblast-modulated macrophage phenotypes. At this point we can only see that there is a
trend of increasing expression of inflammatory markers in comparison to decreasing anti-
inflammatory markers suggesting that the evolution is to the M1 side of the spectrum.
Furthermore, in order to ensure that these changes were indeed related to fibroblasts in
different activation states, it was necessary to confirm and quantify fibroblast activation. As the
co-cultures terminated and macrophages were retrieved, fibroblasts were also lysed and whole-

cell protein extracted for quantification.
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Figure 13 - Fibroblast Activation Results - (A) The activation of fibroblasts was measured through
the expression of a-SMA. Several fibroblasts were analyzed: CAF — fibroblasts extracted from colorectal
tissue, Act.Fib. (Pre-CC) — Activated fibroblasts prior to the co-cultures, Fibroblasts (Pre-CC)) —
Fibroblasts prior to the co-cultures (not activated with TGF-B), Act. Fib. (CC w/ Mac.) — Activated
fibroblasts extracted from the macrophage co-culture, Fib. (CC w/ Mac.) — Fibroblasts extracted from the
macrophage co-culture, Act. Fibroblasts — Activated fibroblasts seeded alone at the same time of co-
culture, Fibroblasts — Fibroblasts seeded alone at the same time of co-culture. (B) a-SMA ratios between
activated and non-activated fibroblasts after quantification from before the co-culture (Pre CC), after the
co-culture with macrophages (CC w/ Mac.) and after co-culture times but seeded alone (CC (alone)).

Through western blotting, it was possible to simultaneously characterize and evaluate the
degree of activation of fibroblasts by looking at the expression of certain proteins. First of all, a-
SMA as a marker of fibroblast activation was looked at (fig. 13A). Fibroblasts that were
activated with the inclusion of TGF-B in growth media for 4 days showed increased levels of a-
SMA expression in comparison to those of non-activated fibroblasts. This difference was
equivalent to activated fibroblasts expressing double the amount of a-SMA than non-activated
ones. However, even without the addition of TGF-, fibroblasts still expressed a quite significant

amount of a-SMA. This is a relevant limitation since this procedure with the CCD-18co cell line



does not yield activated and inactivated fibroblasts but rather more and less activated
fibroblasts. Part of this problem is compensated through the inclusion of fibroblasts from the
primary cultures, which revealed low levels of activation, with a-SMA western bands being only
visible after exposures of 10 minutes or longer. These fibroblasts, which show almost no
activation, serve then as a non-activated control. As referred, these cells were named CAFs in
the context of this work but they are probably fibroblasts that still are not cancer-associated
ones in the true meaning of the word.

Another problem that had to be resolved through western blot analysis is the maintenance
of activation. As described on the methods sections, fibroblasts were activated for 4 days prior
to the co-cultures. Once these cells are washed and transported to transwell inserts with
macrophages beneath, one problem arises: how to maintain the activation. The most obvious
choice would be to include TGF-B in the co-culture medium. However, this molecule is not
responsible for activating fibroblasts alone and is a powerful modulator of macrophage
phenotypes, as already explored. So, in order to include TGF-3, several controls would need to
be added since the validation of results and the logical induction of the effect of fibroblasts
alone and not medium TGF-B would complicate tremendously. As an attempt to remove as
many interference as possible and more directly approach the objective, activated and non-
activated fibroblasts were co-cultured without the inclusion of any additional cytokine, to see if
the levels of activation would somewhat be maintained.

In fact, fibroblasts that were analyzed after the 72h of co-cultures showed a decrease in the
absolute levels of a-SMA expression (fig. 13A). However, the difference between activated and
non-activated fibroblasts regarding a-SMA, i.e., the ratio of activated cells a-SMA in comparison
to non-activated cells kept stable and similar before and after co-culture, with activated cells
showing always around twice the levels of a-SMA (fig. 13B). This result was very positive since
the fact that a-SMA ratios kept similar allowed observing the effects of the activation level since
despite the fact that the absolute activation could be lower and results not so powerful,
observed differences between more and less activated cells would be explained by the
activation to some extent. This is an essential result to validate the effect of fibroblast activation
on macrophages. Conversely, macrophages do not appear to significantly affect fibroblast a-
SMA expression - even though the levels of expression can appear to be slightly lower in
macrophage co-cultures, this difference is far from being significant. This means that fibroblasts
are most likely activated through pathways that are independent from macrophage signaling
while fibroblast-derived communication might play a role on macrophage polarization.

Another marker that was screened was vimentin (fig. 13A). Vimentin is expressed in
fibroblasts from different origins and is not a differentiator marker of activation but rather a
mesenchymal marker of more or less activated fibroblasts, being useful as a protein that
characterizes this cell type, whose expression can moderately change with the progression

towards a myofibroblast phenotype, mainly through mechanical cues [123]. Curiously, the
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expression of vimentin increases once fibroblasts are passed from the culture flask to the
transwell inserts. This effect appears to be the same in the presence and absence of
macrophages so it should not be a result of both cells’ interaction. The most promising
hypothesis that explains this similar increase of vimentin expression is the fact that fibroblasts
are moved onto a different surface, and are no longer cultured on a TCP flat surface but a PET
grid with pores. As a matter of fact, fibroblast's expression of vimentin has been shown to vary
according to the topography of the surface they are cultured on [124]. Even though the referred
work deals with topographies on the nanometer scale, and transwell inserts have 1um pores,
which are in a greatly higher order of magnitude, the increased vimentin expression is most
likely explained by cytoskeletal rearrangements that take place once cells are cultured on the
pored inserts.

The fact that the CCD-18co cell line is high in a-SMA expression regardless of activation
might indicate that these fibroblasts are closer to the proto- or myofibroblast classification and
further away from the non-activated fibroblast. So, this marker was used to test for different
levels of activation since it is one of the main myofibroblast markers and fits this cell line very
well. Nonetheless, the classification through other markers as well as the use of less activated
cell types is still something extremely relevant to look at.

Notwithstanding this, since the goal of this work is to approach cancer-associated,
perpetually activated, myofibroblast-like cells, the use of this cell line and activation screening
through the expression of a-SMA appears as extremely proper indicating that the effect on
macrophages approaches that of deeply subverted CAFs.

At this point we see that activated fibroblasts are able to modulate macrophage polarization
and shift it towards a less anti-inflammatory profile, and, at the same time, macrophages do not
seem capable of interfering with the degree of fibroblast activation. It remains unclear the extent
to which these modifications and the interaction between these two cell types is translated in
different functional outcomes, especially in changes of cancer cell behavior. Therefore, in order
to further explore the mutual regulation of macrophages and fibroblasts, the consequences of

such process in cancer cell behavior were explored.

3.3 Outcomes in Cancer Cell Invasion

So far we know that activated fibroblasts are able to significantly reduce the anti-
inflammatory M2-like profile of macrophages, identified through higher CD163 levels. Since this
profile is the one that most resembles TAMs [125], [126], it is reasonable to hypothesize that by
shifting macrophages towards a less anti-inflammatory phenotype, fibroblasts would have an
impact in macrophage-mediated cancer cell invasion. This, however, requires functional on top

of phenotypical confirmation.



So, in order to confirm if the previous results could be translated into functional changes on
macrophage behavior, the interaction with cancer cells and responses in terms of invasion were
assessed.

At the end of 72h of co-cultures, one coverslip with macrophages from each condition was
transferred to a new well, as well as fibroblasts retrieved from different conditions, on top of
which cancer cells were seeded on the matrigel inserts. With this setup, cancer cells must be
able to degrade the matrigel coating, which mimics in vivo ECM, in order to reach the bottom
side of the insert. The RKO cell line was chosen to evaluate macrophage-mediated invasion
since these cells were previously shown to properly respond to macrophage stimuli [113]. In the
case of fibroblasts, the cell line that was used was HCT116 since this one is responsive to
fibroblast signals (S. Velho unpublished results). This test served the purpose of evaluating not
only the fibroblast invasive potential but also the effect macrophages could have on fibroblast-
mediated invasion.

Macrophages were already known to promote RKO cell invasion in their naive, MO state
[113]. In fact, when in the presence of macrophages that did not go through co-culture with any
other cell type, the invasive ratio of RKO cells increased on average to double the value of
these cancer cells alone (fig. R14A). However, when macrophages were co-cultured with
fibroblasts, the invasive cell ratio lowered and when activated fibroblasts communicated with
macrophages it significantly decreased to half the ratio obtained with naive macrophages,
similarly approaching the numbers of invasion of unstimulated RKO. This reduction in the
capacity to stimulate cancer-cell invasion reinforces the data obtained on macrophage
phenotype changes — the inflammatory, M1-like shift caused by activated fibroblasts greatly

diminished the pro-invasive behavior of macrophages.
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Figure 14 - Cancer cell invasion results - RKO invasion (A) in response to naive macrophages
(RKO + Mac), macrophages previously cultured with fibroblasts (Mac. (Fibroblasts)), macrophages
previously cultured with activated fibroblasts (Mac. + (Act. Fib.) and RKO invasion levels alone, normalized
against naive macrophage-derived invasion. HCT116 invasion (B) in response to fibroblasts
(HCT116+Fibroblasts), activated fibroblasts (Act. Fib.), fibroblasts previously cultured with macrophages
(Fibroblasts (Mac.)), activated fibroblasts previously cultured with macrophages (Act. Fib. (Mac.) and the
colorectal biopsy fibroblasts (CAFs). Statistics: ANOVA, *P<0,05; **P<0,01; n=3.

At the same time, fibroblasts increase the invasive potential of cancer cells. The HCT116
cell line is a less invasive cell line, requiring stimuli to reach higher invasive numbers. By
comparing the invasive ratios of these cells in the absence or presence of fibroblasts, we can
see that both more and less activated fibroblasts appear to bolster HCT116 invasion (fig. 14B).
More curiously, the interaction with macrophages appears to increase the pro-invasive potential
of fibroblasts, with non-activated fibroblasts leading to a significant increase of HCT116
invasion when previously co-cultured.

Regarding the effect of activation, the results are not so clear. On one hand, fibroblasts and
activated fibroblasts appear to lead to similar invasive ratios and the test with the CAF
population, which were the least activated showed no effect on HCT116 invasion, with an
invasive ratio almost equal to HCT116 alone. This points at increased activation leading to
increased invasion. On the other hand, when co-cultured with macrophages, normal fibroblasts
lead to an average invasive ratio more than 2 fold that of HCT116 alone while activated
fibroblasts do so to a slightly lower extent.

These results show us an interesting and mutual macrophage-fibroblast modulation, with
fibroblasts playing a curious dual role: on one side, these cells inhibit the pro-invasive response
of anti-inflammatory macrophages, reducing cancer cell invasion to half. On the other side,

fibroblasts on their own promote the invasion of cancer cells, especially when stimulated by



macrophages. This result clearly shows how complex the tumor microenvironment and the
signals and regulatory pathways between all cell types can be. It also tells us that it is extremely
important to understand not only the effects of each cell type on the behavior of cancer cells but
also how this behavior is influenced by the interaction between the referred cell types. The
integration of all this knowledge is essential in the development of future microenvironment-
disrupting therapies.

Notwithstanding this, knowing the outcomes of the mutual interaction between these two
cell types in terms of phenotype and function is still not enough to pave way for efficient
therapeutic targets. It is necessary to know the mechanisms through which these cells
significantly impact cancer cell behavior, i.e., the molecular cues that promote tumor-favorable
outcomes and are behind the modulation of the microenvironment, which might be blocked to
effectively disrupt the pro-tumoral progression. This necessity is addressed on the following

section.

3.4 Molecular Signals at the Macrophage-Fibroblast level

The transforming growth factor-beta — TGF-B is a long-known cytokine [127] that has been
extensively studied in the most varied of contexts, biological tissues and cellular events
including, evidently, cancer [128]. Moreover, TGF-f3 is a very powerful modulator of fibroblasts
and macrophages. In the case of fibroblasts, it is the cytokine used for activation and so it self-
proves its importance in this case since, as shown at the beginning of this work, it clearly
modulates fibroblast activation. On the other hand, TGF-f is also able to modulate the
polarization of macrophages. Being a naturally anti-inflammatory cytokine, it plays an important
role in the alternative, anti-inflammatory polarization of macrophages [129]. Additionally, both
fibroblasts [130] and macrophages [131] are able to produce and secrete TGF-B, making it very
important to consider what can be happening downstream or upstream from the TGF-§ signals
in this case.

When in culture, fibroblasts and macrophages secrete factors to the culture medium, which
then becomes conditioned culture media. This conditioned media can be retrieved and
analyzed for the presence of different soluble molecules that concentrate with time, through
ELISA. Knowing this, at the end of the 72h of macrophage and fibroblast co-cultures, the media
were retrieved for analysis of TGF-f3 levels.

When macrophages, fibroblasts and activated fibroblasts are cultured alone, the
concentration of TGF-B is very similar, slightly above 1.5 ng/ml (Fig. 15A). Most likely, a
relevant portion of this is TGF-3 from the FBS present in the culture medium, which contains
significant amounts of this cytokine. Be that as it may, once fibroblasts and macrophages are
co-cultured, a curious decrease in the concentration of TGF- can be observed. This slight

decrease is quite unexpected since when these cells are alone they lead to similar levels of the
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cytokine and, theoretically, when co-cultured they should both contribute with TGF-$ secretion
leading to higher, not lower values. This would hold true, of course, if this growth factor was
produced in the same rates in both situations. However, since co-cultures revealed lower
concentrations, we suspected that some inhibition or degradation could be the reason behind
this decrease in TGF-B levels. However, the use of co-cultures’ conditioned media does not
allow deducing how the secretion of any molecule is dependent on a specific cell type of that
same co-culture. To overcome this caveat, TGF- mRNA expression levels were quantified

using macrophage RNA extracted from blood donor 1.
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Figure 15 - TGF-B Analysis - TGF- concentration (ng/ml) as measured through ELISA (A) on the
cultures and co-cultures of Macrophages, Fibroblasts, Activated (Act.) Fibroblasts, Macrophages with
Fibroblasts (Mac. + Fibroblasts) and Macrophages with activated fibroblasts (Mac. + Act. Fib.). gRT-PCR
levels of mRNA in macrophages, macrophages co-cultured with fibroblasts (Mac. + Fibroblasts) and
activated fibroblasts (Mac. + Act. Fib.) The values are represented as fold expression. Statistics: ANOVA,
*P<0.05. N=4 for ELISA, N=1 for gRT-PCR.

In fact, the expression of TGF-B at the mRNA level seems to increase to 1.5 fold when
macrophages are co-cultured with either fibroblasts or activated fibroblasts (fig. 15B). Even
though this result is only obtained from one donor and would require additional replicates in
order to solidify this claim, it appears that macrophage-wise the TGF- expression increases
when fibroblasts are in the vicinity. However, mRNA levels might not translate into fully secreted
proteins, and this increase in mMRNA does not necessarily imply that macrophages are releasing
more TGF-f to the culture medium. Nevertheless, this increase on mRNA levels of the cytokine
is very indicative of the fact that, at least, the production of TGF-3 at the macrophage level does
not diminish by fibroblast interaction.

Considering both these approaches, once TGF-f concentration is lower in co-cultures
despite its mRNA synthesis being higher on macrophages in the same condition, we can

consider that TGF-B is subjected to possible inhibition/degradation effects, plausibly at the



fibroblast level. However, it can also be due to increased consumption of this cytokine since
more cells are present.

So, as far as TGF- goes, it seems that there might be some decrease at the fibroblast level
or simple increase in consumption, but overall it does not seem to be the main cytokine behind
the modulation of macrophage phenotype because although it slightly decreases in co-cultures,
no difference between activated and normal fibroblast co-culture can be seen whereas in
macrophage phenotype and invasion induction there was a much more clear difference
between these two cases. Further work should address other types of modulator cytokines that
can be at play in the change of macrophage phenotype, e.g. IL-10, which is used as a
polarization control due to its high capacity to induce M2-like changes [132].

Since the invasion of cancer cells was not only affected by changes in macrophages but
also in fibroblasts, it too makes sense to explore which pathway might be behind the increased
fibroblast-induced cancer cell invasion when these are previously in communication with
macrophages. This fibroblast line was previously shown to predominantly produce hepathocyte
growth factor (HGF). Additionally, several works have shown that HGF is intimately related to
fibroblasts and the induction of cancer cell invasion in several contexts [133]-[135]. This makes
HGF a candidate as the fibroblast-secreted cytokine promoting cell invasion, which could be
upregulated upon interaction with macrophages. To verify this possibility, an ELISA was

performed to quantify the levels of HGF in the conditioned media from co-cultures.
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Figure 16 - HGF Analysis HGF Analysis — The concentration of HGF in conditioned media from
macrophages, fibroblasts, activated (act.) fibroblasts cultures, macrophages with fibroblasts (Mac. +
Fibroblasts) and macrophages with activated fibroblasts (Mac. + Act. Fib.) co-cultures. Evaluated through
ELISA, HGF levels are represented in ng/ml. Statistical analysis: ANOVA, * P<0,05; **** P<0,001; n=3.
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Results and Discussion

As initially expected, the production of HGF is very much increased in scenarios where
fibroblasts are present (fig. 16), since these cells are the most likely to produce it. However,
despite the fact that the level of HGF significantly increases when we compare normal
fibroblasts with the ones co-cultured with macrophages, this does not hold true if we look at
activated fibroblasts, since their HGF production appears to be similar with or without
macrophages. Furthermore, the increase that is seen in non-activated fibroblasts with
macrophages is not superior to that of activated fibroblasts single cultures, whereas in the
invasion values there is a much more clear difference between these two scenarios (fig. 14B)
This evidence shows that HGF is probably not the mechanism through which fibroblasts
promote higher levels of invasion when co-cultured with macrophages. The answer to this might
rely on other fibroblast-derived molecules that might be promoting cancer cell invasion, namely
one of several MMPs these cells produce[136]. Moreover, the fibroblast-macrophage interaction
has already been implied on the MMP production, even if the other way around [137].

Through another point of view, one can also argue that the increase in HGF can have a
contribution of macrophages since these show some HGF level and the fact that it increases in
co-culture can be due to any of the two cell types. Notwithstanding this, there are two main
reasons on why this should is not very important: first, Sakaguchi et al. showed that the
expression of HGF is most likely related to the anti-inflammatory, M2-like phenotype of these
cells [138]. Since we can see that co-cultures with fibroblasts are, in principle, leading to
increasingly inflammatory macrophages the odds of the HGF increase being responsibility of
the macrophages are relatively little. Second, these macrophages are not present in fibroblast
invasion tests and so the HGF they produce is of little relevance when it comes to the final

outcome.



Chapter 4

Discussion Summary and Concluding
Remarks

During this work we have isolated and established primary cultures of cancer-associated
fibroblasts, which allowed to see that these cells behave very differently between different
patients. However, most biopsy samples failed to lead to primary cultures due to cell
degeneration or contamination rising along the way. The primary culture of fibroblasts that fully
worked revealed cells with relatively low activation levels. These cells served as an important
contrast in comparison to the CCD-18co cell line, which revealed some baseline activation
regardless of the activation with TGF-3. Hence, we were able to test the action of more and less
activated fibroblasts from this cell line and also these CAFs with low a-SMA expression. All
things considered, this primary culture population revealed itself very useful but future work
should focus on improving the isolation and establishment of primary CAF cultures, in its true
meaning.

Through the co-culture of macrophages and fibroblasts, it was possible to screen the effects
of paracrine communication between these cells. By analyzing the levels of a-SMA expression,
it was possible to see that the activation ratio of fibroblasts endured the 72h of co-cultures,
validating the possibility of performing such a test without the inclusion of TGF- in the medium,
and all the additional controls it would require. By looking at macrophages, it was shown that
when fibroblasts, especially activated, were present, there was a change in morphology with
apparent reduction of macrophage elongation. Since macrophage elongation has been linked
with the anti-inflammatory phenotype of these cells, the change in morphology hinted at a shift
on macrophage polarization. By using flow cytometry to look at two important markers of
macrophage polarization: CD163 as an anti-inflammatory, M2-like marker and CD86 as the
opposite inflammatory, M1-like marker, we could see that when co-cultured with activated, CAF-

like fibroblasts, the expression of CD163 decreased in comparison to increasing CD86,
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evidencing a pro-inflammatory shift to the M1-like side of the spectrum, which should be further
confirmed through analysis of cytokine’s profiles.

Since fibroblasts were clearly influencing the profile of macrophages, moving them from the
TAM-like anti-inflammatory phenotype to a more inflammatory, anti-tumoral profile, it was
necessary to assess if this change would effectively impact the behavior of cancer cells. By
using a matrigel system and cancer cell lines, it was possible to see that activated fibroblasts,
which shifted macrophages towards a more inflammatory phenotype, led to significantly
diminished macrophage-induced cancer cell invasion, as compared with naive, non-stimulated
macrophages, with only half the invasion numbers once activated fibroblasts influenced these
cells. This result proves to be somewhat unexpected since these CAF-like fibroblasts should in
principle promote a TAM-like phenotype, and the opposite can be observed here.
Simultaneously, fibroblasts on their own promoted the invasion of cancer cells, substantially
more when previously co-cultured with macrophages. This effect revealed a dual action of
fibroblasts — anti-invasion modulation of macrophages while pro-invasive on their own. This
dual behavior is a perfect example of how complex the microenvironment of tumors and the
signaling involved can be. It is extremely necessary to understand not only how each
constituent plays a role in the behavior of cancer cells but also to integrate all the
microenvironment components and understand the crosstalks between them. Failing to do so
and prematurely developing microenvironment therapies might lead to unpredicted negative
outcomes. A good example of this is anti-angiogenic therapy. Angiogenesis is a very important
hallmark of tumor development, as previously discussed, and without proper blood supply
tumors are not able to grow. This knowledge led to the development of the now popular anti-
angiogenic therapies, which aim at preventing tumor growth by blocking angiogenesis through,
e.g., inhibiting pro-angiogenic factors [40] or by directly targeting new endothelial cells [139],
which makes sense since these cells are not so able to develop resistance, unlike tumors.
However, what happens at the microenvironment level is extremely more complex. Once blood
supply is diminished, oxygen drops to lower levels. While conceptually positive, since cancer
cells can’t survive without proper oxygen supply, what happens is that these cells respond and
adapt by invading the adjacent tissue, in order to reach more oxygenated areas [140]. In other
words, a therapy that was designed to prevent tumor growth comes with the secondary side
effect of accelerating cancer cell invasion and, most dangerously, metastasis.

To further explore the mechanisms through which fibroblasts and macrophages interact as
well as how the responses of cancer cells might be modulated, it is necessary to study
molecular pathways through which these cells might communicate. The concentration of TGF-3
in conditioned media was very similar between all the single cultures of macrophages and
fibroblasts. However, when co-cultured, TGF-f3 levels were slightly decreased, which suggested
that inhibition/degradation, or even increased consumption was taking place. Through gRT-

PCR it was possible to see that macrophages had higher levels of TGF-B mRNA when co-



cultured with fibroblasts, with a 1.5 fold increase. Even though mRNA does not necessarily
translate into secreted protein, it appears the inhibitory effect on TGF-B happens plausibly at
the level of the fibroblast or simply overall consumption. Either way, TGF- levels between co-
cultures with activated and non-activated fibroblasts showed no difference whereas the
macrophage phenotypes were visibly different between these two conditions, which indicates
that this cytokine is not the main modulator behind the observed macrophage polarization
shifts.

Regarding the action of fibroblasts, we can see that the levels of HGF in the conditioned
media of fibroblasts cultures and co-cultures overcomes that of macrophages, and a slight
increase of HGF concentration can be seen when non-activated fibroblasts are in the presence
of macrophages compared to when alone. However, this small increase leads to HGF levels
similar to those of activated fibroblast conditions, which had lower cancer cell invasion, so HGF
doesn’t seem to be the macrophage-regulated signal of fibroblast-induced cancer cell invasion.

Therefore, we can see the macrophage-fibroblast interaction as pictured in fig. 17:
Fibroblasts modulate macrophages towards an increase of inflammatory marker’'s ratio,
significantly leading to a decrease of macrophage-induced cancer cell invasion. At the same
time, the pro-invasive action of fibroblasts is reinforced through macrophage signals. Further
analysis is needed in order to understand which pathways are regulating the behavior of cancer
cells and, most importantly, which signaling pathway(s) allow(s) these cells to modulate each

other’s behavior.
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Figure 17 - Fibroblast-Macrophage Mutual Regulation - Fibroblasts, especially when activated, are
able to increase CD86 and decrease CD163 expression on macrophages leading to lower cancer cell
invasion. At the same time, macrophages can stimulate fibroblast-derived cancer cell invasion. Further
assessment is needed to understand the interaction between both cell types (?) as well as the signals that
direct the invasion of cancer cells.

Finally, it is very important to state that, in the scope of this work, we are only looking at the
interaction and outcomes of two isolated components of the tumor microenvironment. We can
already see that this simple view is already quite complex, with this knowledge requiring further
complementation. However, we must consider that, in the context of cancer microenvironment,

macrophages and fibroblasts are never alone and in exclusive communication. For one, it is
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necessary to consider the lack of cancer cell signals, since these are thought to be the origin of
all cellular subversion that takes place in the microenvironment. Also, very importantly, tumors
are far from being composed of cells alone and as previously explained there is another layer of
extreme complexity — the ECM. All the cells of the tumor mass are embedded in this matrix and
it is not only complex and dynamic but essential for cells to behave in a certain way. Aguilera et
al. showed, in a recent work, that the signals from ECM molecules are capable of leading to
entirely different cancer outcomes [141]. Here, this group used a model of pancreatic ductal
adenocarcinoma to reveal that VEGF inhibition induced hypoxia leading to a mesenchymal
transition of cancer cells, higher levels of TGF- expression, collagen deposition and an overall
increased tumorigenesis. They also showed that collagen signaling is a critical factor for the
pro-tumoral action of TGF-B (a very common cytokine whose tumorigenic effect here is relying
on ECM signals). Furthermore when collagen signaling was increased in mice lacking SPARC,
a protein that reduces collagen binding to cell surface, tumor progression was accentuated,
revealing how important and significant signals from the ECM are and the need to consider
them in microenvironment research. In this work, the absence of ECM and cancer cell signals,
might be the reason why CAF-like fibroblasts do not correlate with TAM-like macrophages. This
is not negative, at all - a step like this is essential to isolate the component responsible for the
CAF and TAM phenotypes — by looking at two components and increasingly adding others, it is
possible to know where the subversion derives from, even if it only exists once the whole

system is integrated.



Chapter 5

Future Directions

In the future, the CAF isolation, being the process of this work with the most limitations,
must be addressed. To try and obtain primary cultures with a better yield, larger tissue samples
might be more prone to release higher CAF numbers, and these might be acquired with a
partnership with colorectal surgery. If this does not work, the protocol might need to be refined
or changed to another one that promotes CAF separation through more advanced procedures
such as the use of beads that might allow positive selection of these cells, through specific
markers such as FAP or FSP1. It will also be very important to characterize CAFs from different
patients and different stages of colorectal cancer by looking at differences in activation (looking
at markers other than a-SMA), proliferation and cancer cell invasion, among other responses.
This will allow to pinpoint when fibroblast activation starts taking place and how it evolves in
time, knowing the consequences of such event.

Regarding the fibroblast-macrophage effects, the interaction must be further studied in
order to identify which pathways regulate both cell types and which signals might be important
to downstream effects on cancer cell behavior. The characterization of macrophage polarization
should also be complemented by assessing the cytokine profile of these cells, in order to be
able to strongly conclude about their M1-like or M2-like polarization. The analysis of cytokines
such as IL-10, IL-6 and TNF-a will be essential. Still in the macrophage-fibroblast studies, these
can be extended to see macrophage effects on fibroblasts by polarizing macrophages towards
M1 and M2 profiles and then seeing the consequences of these profiles on fibroblast behavior.
Furthermore, in the co-cultures and invasion assays, an analysis of the production of MMPs will
also be very important since these are molecules that significantly impact the metastatic
advance of cancer cells, and are extremely associated with macrophages and even more with
fibroblasts. Differences in MMP production and secretion might be behind some of the observed

results. Furthermore, other important cytokines that might be behind macrophage/fibroblast
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modulation and downstream cancer cell invasion must also be pursued, some of which are also
important for the macrophage characterization, such as IL-10.

Macrophage-wise, the effects of fibroblasts on macrophage differentiation and not only
polarization might also be looked at by including fibroblasts on early points after monocyte
isolation. Obviously, this will require the inclusion of TGF-B in culture to sustain fibroblast
activation for several days, which we opted not to pursue in this work in order to have a more
clean and direct approach, minimizing the interference that derives from the inclusion of such a
modulator cytokine.

Finally, the inclusion of other components from the microenvironment will be extremely
important. Including cancer cells or cancer cell signals through the use of conditioned media will
be one way of complementing this work. Additionally, ECM signals will also be extremely
important in this context. This can be obtained by introducing ECM molecules such as collagen,
performing similar experiments with fibroblasts or macrophages embedded in, e.g., a 2D, or
even more realistic 3D collagen matrix. By following these steps, a more complex
characterization and knowledge on CAF-TAM mutual regulation can be achieved with results
that will increasingly approach the real in vivo cancer microenvironment situation. This will hold
true especially with the integration of all the main microenvironment components and
observation of changes in cell phenotypes and ultimately of the metastatic behavior of cancer
cells. Having this knowledge and pinpointing the related molecular pathways will shine a light
on how to tackle and prevent the microenvironment subversion as the cancer cell niche,

envisioning new ways to deal with and treat cancer and, especially, metastasis.
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