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Abstract

The triple-negative breast tumor border is well-documented as a striated boundary, with
linear ECM leading away from the tumor body. While it is known that linear collagen is
pro-oncogenic, there is no explanation available on its formation. This thesis will focus
on understanding and filling this knowledge gap. A tumor border is simulated in vitro by
co-culturing fibroblasts, adipose derived stem cells, and MDA-MB-231 cells.
Decellularization after one week reveals a linear extracellular matrix made chiefly of
collagen type VI, which enhances invasion of reseeded cells. Further investigation
shows that a juxtacrine culture of adipose derived stem cells and MDA-MB-231 creates
high levels of CCL5, to which the fibroblasts react by producing pro-oncogenic, linear
collagen VI. Inhibiting CCL5 within the co-culture results in an extracellular matrix which
contains significantly less collagen VI, and is unorganized. Congruently, invasion of
reseeded cells is not enhanced. In conclusion, these data represent an unreported axis
between cell types of triple negative breast cancer. Specifically, cancer-derived CCL5
acts on fibroblasts in a paracrine manner, which stimulates production of linearized

collagen.

Lay summary

Invasive breast cancer is extremely common as a type of breast cancer diagnosed
every year. It is characterized by a metastatic tumor, sometimes spread to lymph nodes
and other organs like the lung and brain. The original tumor in the breast has an outer
shell with very thin, spiny extensions of collagen pointing outwards into the healthy
breast. These threads of collagen mark the transformation of a non-invasive tumor to a
metastatic body; expanding the range of the tumor and allowing access to blood
vessels. There are multiple collagen types in the body, however, these spiny outgrowths
contain a high amount of collagen type VI. The work of this PhD has been to establish
which cells make the linear collagen VI, and the chemical messengers which instruct
the cells to do so. This project has shown that a molecule called CCL5 is pivotal to the
construction of linear collagen by healthy cells of the breast and breast cancer cells

working together. Applying this work to the hospital situation, blocking CCL5 in patients
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with breast cancer may stop the tumor from creating the invasive outer border of linear

collagen, and presents a new, unexplored treatment option.
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Introduction

The breast - organ
Breast tissue origin and overview

The human breast is a modified apocrine sweat gland, which sits on the chest wall
between ribs number 2 and 6, anterior to the fascia of the pectoralis muscles. Although
present in both males and females, the female mammary gland is highly developed and
is essential as a reproductive organ (1). Origin of breast tissue occurs between week
four and six of embryonic development, along the mammary ridge (‘milk line’), which
extends from the axilla to the groin. Any extra (‘accessory’) mammary structures, e.g.
breasts or nipples, are found along this line. The phase of building ducts and glands is
called ‘branching morphogenesis’. This begins in utero at equal rates for both genders,
is paused during childhood, and restarts in puberty under the correct hormonal
environment, found predominantly in females (2). Pubertal hormonal balance is
dependent on sufficient adipose tissue deposits in women. This is classically exhibited
in female athletes/gymnasts who undergo delayed puberty due to maintenance of low

body weight during pubertal development (3, 4).

Normal breast anatomy

The gross structure of the breast is a tear drop shape, beginning superiorly in the deep
fascia of the axilla, and extending inferior and medial along the anterior chest wall.
Internally, the breast has an arborized structure, with lobes of functional parenchyma
called ‘alveoli’ separated by planes of soft tissue (5). These stromal septae partition the
breast and follow a course anterior to the nipple-areola (mammilla) complex. Arising
from the subclavian artery is the internal thoracic/mammary artery, and is the main
blood supply for the breast (6). As the artery runs inferiorly, it bifurcates at the level of
rib six/seven into the superior epigastric and musculophrenic arteries. Concordantly, the

large internal thoracic vein and lymph nodes follow the same course as the artery (7).
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Lymph nodes collect in the axilla and act as important sentinel check points in the

diagnosing and staging of breast cancer (8).
Acinar structure

‘Acinus’ is the term given to a cluster of epithelial cells, as in sweat glands or alveoli in
the lung (acinus is Latin for ‘berry’, plural acini) (9). The functional unit of the breast is
the acinus, made of a drainage duct connected to a collection of luminal epithelial cells
which have a baso-apical polarity axis. The secretory apical pole of the cells face a
hollow lumen, and the basal pole is attached to a basement membrane, made chiefly of
collagen IV and laminins, connected by the glycosaminoglycans perlecan and nidogen
(10). The epithelial cells secrete milk and are bound to one another at the apical surface
by tight junctions (zonula occludens) (11). Surrounding this spherical structure are
myoepithelial cells, which serve to physically squeeze the acinus, pushing the milk

product out through the acinar duct (12).

Pathology
Breast cancer

The breast tumor is the most common tumor worldwide (13). Diseases/pathologies of
the breast tissue are wide ranging in structure and severity. Non-neoplastic,
inflammatory, or proliferative diseases are considered benign, and generally managed
conservatively, if at all (14, 15). For example, fibroadenomas, typically found in young
women, are hard, round and well defined. In this case, the pathological structure does
not anchor itself in surrounding tissue, and are so motile they are sometimes referred to
as ‘breast mice’. Fibroadenomas usually involute during menopause and do not
progress from their benign state (16).

Epithelial hyperplasia is the increase in numbers of epithelial cells, with cells of the duct
most commonly experiencing hyperplasia (the first steps in developing ‘ductal

carcinoma’). However, so long as the multiplying cells remain within basement
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membrane of original structure, they are considered benign and not yet evolved to
malignancy (17). Epithelial to mesenchymal transition (EMT) is a term used to describe
cells transitioning in embryonic development, and also in cancer progression.
Specifically, it is a morphologic change in the affected cells, featuring detectable
characteristics like loss of E-cadherin, and increases in vimentin and N-cadherin (18). A
wide array of carcinomas arise once EMT occurs. Malignant lesions include in situ
carcinoma (ductal/lobular origin), invasive carcinoma, medullary carcinoma, and
papillary carcinoma (19). Ductal carcinoma in situ (DCIS) is the phase before invasive
carcinoma; ‘in situ’ referring to the fact it has not broken through the basement
membrane of the host lobule/acinus. Ductal invasive carcinoma (DIC) implies EMT has
occurred, and the cancer has become malignant. Not only is DIC the most common, it
also has the poorest prognosis. Lobular invasive carcinoma (LIC) is the second most
common (10% of all breast cancer cases) (20).

DIC can lead to collagen deposition, ‘desmoplasia’, in the breast, making it difficult for
radiographers to distinguish healthy tissue from cancer tissue (fibrotic tissue is referred
to as ‘hyperechoic’ for its amplified signal) (21). These carcinomas are directly
contrasted by the self-isolated fibroadenoma, in that the invasive tumors build
extensively into the surrounding healthy parenchyma. The histological presentation of
the cells at the border of the DIC/LIC tumor are in single file, along tracts of linear
collagen. The rows of cells are organized in lines directed away from tumor into local
parenchyma (22, 23).

This observation is critical, as it is the cellular manifestation of a much larger fibrotic

process at play, discussed later on in “Tumor associated collagen signatures’.

Triple negative breast cancer

Triple negative breast cancer cells lack receptors for three factors; progesterone (PR),
estrogen (ER) and human epidermal growth factor (HER2) (24). The fast speed of
growth and brain/lung metastatic targets of this cancer subtype makes it the most lethal
form of breast cancer. Within the TNBC classification there are 4 different types;
mesenchymal, luminal, basal-like 1 and basal-like 2 (25). TNBC expresses EGFR (26),

and activates pathways involving mTOR (27) and Src (28). The lack of hormone
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receptors on the cell membranes mean no classic hormonal treatment is applicable.
The TNBC tumor presents itself as ‘basal-like’, meaning its pattern of expression is
similar to normal basal epithelial cells (29). Histologically, the cells of the tumor are
small, round, and mostly uniform. Importantly, the cells are commonly seen in a single-
file format, leading away from the center of the tumor (30). Once again, this observation
echoes throughout the literature and will be addressed in ‘Tumor associated collagen

signatures’.

Demographics and epidemiology

10-20% of breast cancer diagnoses are TNBC (31). Despite the frequency of TNBC, it is
a heterogenous disease which makes consensus across large scale epidemiologic
studies difficult. However, studies conducted in smaller cohorts share several main
findings. In terms of population prevalence, TNBC is generally seen to develop in
women under the age of 40 (32). There is also evidence for higher disease presence in
women of color, specifically African-American women, and lowest disease presence in
Filipino women (33). Genetically speaking, cancer cell receptor deletions resulting in
TNBC are most likely to arise in carriers of the BRCA1 mutation (34). Similarly, TNBC in
a first-degree family member significantly increases the chances of diagnosis (35).
Prolonged breast-feeding serves as a protective physiologic event against TNBC (36).
However, the buildup and tear down of breast anatomy opens up the tissue to
oncogenic risk; specifically, women in the first 5 years post-partum (37). The mere act of
breast stroma and parenchyma involution can lead to a rare event called pregnancy
associated breast cancer (PABC). It affects 3 per 10000 births, but is so notable due to

its low survival rate (38).

Risk factors

Multiple risk factors exist for developing TNBC. The highest risk is a mutation in the
BRCA gene, commonly discovered through genetic counseling (39). BRCA codes for
the protein BRCA1 which aids DNA double stranded break repair (40) by binding with
RAD-51 at the site of DNA lesion (41). Such unrepaired damages lead to a variety of

cancers, primarily of the breast. Another risk factor is women who do not have children.
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Women who have children in the first 20 years of life are 50% less likely to develop
TNBC compared to nulliparous women (42). Specifically, only full term pregnancies
protect against breast cancer in later life; women who have aborted the pregnancy have
no benefit against cancer development (43). The mechanism of this protection is not
fully understood, but it is believed to be enhanced IGF1 signaling through the cocktail of
hormones specific to pregnancy, which epigenetically alters the epithelial cells (44).
Another recently recognized and correlated factor is breast density. Not only does
dense breast tissue obscure potential lesions from radiologists (45), but the
desmoplastic environment alone is enough to stimulate cancer development (46).
Similarly, obesity puts women at risk for multiple diseases, including cardiac /pulmonary
disease, musculoskeletal complications, and a range of cancers including breast cancer
47).

High circulating estrogen levels have also been linked to BC development. Estrogen
has a profound proliferative effect on breast ductal epithelia (48). While endogenous
estrogen has been linked epidemiologically and experimentally to BC (49), exogenous
estrogen can be equally as effective in promoting BC growth. Bisphenol A (BPA), found
in many plastics, which leaches out into food and drink products, enters the circulation
where it acts as a xeno-estrogen, causing ductal density and further sensitivity to
estrogen (50). High levels of circulating BPA have also been correlated with increased
breast density (51).

Smoking significantly increases breast cancer risk. Specifically, breast epithelial cells
acquire a fibroblastic morphology when exposed to cigarette smoke (52), via polycyclic
hydrocarbons produced by burning. Polycyclic hydrocarbons act as bulky adducts to

DNA. They bind and physically twist DNA to cause physical base pair mutations (53).

Therapeutic options

TNBC tumors are extremely intractable and difficult to treat. Given the high Ki67
expression of TNBC cells (54, 55), the best course of action currently is a rigorous
regime of chemotherapy, coupled with surgery and radiation (56).

Surgical options are centered around ensuring an RO resection. RO is defined by a
histological examination of margins left in situ by the surgeon, showing zero detectable
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evidence of disease (57). For instance, a positive margin (described as R1) increases
the risk of cancer recurrence from the minimal residual disease left in the body (58).
Different pharmacological courses of treatment exist. One such option includes taking
advantage of the DNA reparative Poly-ADP ribose polymerase (PARP) enzymes (59). It
so follows that hindering the DNA repair process using PARP inhibitors along with
administering cytotoxic agents can effectively damage the rapidly hyperplastic cancer
cells to a lethal extent (60). Paclitaxel (Taxol) represents a gold standard for TNBC
pharmacological treatment, and is frequently given in combination with Bevacizumab
(Avastin) to TNBC patients (61). Together they act to destabilize mitotic microtubules
and VEGEF signaling, respectively (62).

Reconstructive surgical options

There are three surgical mainstays in breast reconstruction; flaps, expanders/implants,
and fat grafting. Flaps are defined as transferred en bloc tissue resections from one
location to another. Generally, they are blocks of tissue removed from the host site,
including a length of the main supplier blood vessel. ‘Free flaps’ are removed
completely from the donor site, by severing the tissue and main supplier vessel, and
anastomosing it directly into recipient site circulation (e.g. radial forearm flap with radial
artery, transverse rectus abdominus muscle flap (TRAM flap) with the deep inferior
epigastric artery) (63). A ‘pedicle flap’ is raised from the donor site, but remains local, as
the vessel is not severed. Rather, the tissue is moved to a local recipient site,
preserving the vasculature (64). Similarly, and frequently in breast reconstruction, a
latissimus dorsi flap (LD flap) is raised from the back and swung anteriorly to create a
breast mass (65).

Another common method of creating breast masses involves implants and/or fat
grafting. These options often necessitate the initial use of a tissue expander, loosening
the skin of the chest wall for six - eight weeks (66). Fluid based tissue expanders placed
under the skin exert positive pressure to create a space for implants/fat tissue, while
suction cups placed on the chest wall uses negative pressure to draw skin away from
the chest, also creating a space (e.g. BRAVA negative pressure system). The pocket

created by suction has almost double the amount of neovascularization compared to
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pockets created with positive pressure (67, 68). This is critical when considering what
material will fill the newly created chest wall space.

Fat grafting is a procedure defined firstly by the suction of fat tissue, generally from the
abdomen. The fat tissue is then centrifuged, so it may separate into layers (cell/large
debris pellet in the bottom, blood and tumescent surgical fluid in the center, and broken
down adipose tissue on top) (69). The adipose tissue is then transferred to a grafting
device and injected wherever necessary (70), in this case, the breast. Fat grafting
generally accompanies all forms of breast reconstruction, given its ease of completion
and ability to correct minor volumetric flaws. However, with the grafting of fat, comes a
new healthy cell population which surgeons are wary of introducing to a zone which
once was cancer positive. The oncological fear of causing recurrence via fat grafting is
well-described (71), and the in vitro testing of cancer cells and adipose derived stem
cells has shown production of oncogenic cytokines (72-75). The publications with such
findings actually warn the surgeon against fat grafting, citing the pro-oncogenic impact
of adipose derived stem cells and cancer cells in vitro. However, these data are mainly
based on the classic Boyden chamber insert. This assay leaves a lot to be improved if

such a valuable surgical option is to be abandoned.

Tumor associated collagen signatures (TACS)

As discussed before, cells at TNBC tumor borders are frequently found in strings; a
single-file format which point outwards from the core of the tumor. TNBC tumors are
bordered by an invasive outer layer of linearized extracellular matrix (ECM) which grows
outwards into the healthy breast (76). Striated collagen is oriented in a way to expand
tumor growth and facilitate intravasation (3, 77, 78). However, the origin and

construction of these organized collagen structures are completely unknown.
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Figure 1: H&E stain of a triple negative invasive breast tumor, interfacing with healthy
stroma. Zoomed panel show invasive tracts of collagen interspersed with cell nuclei. Scale bar
500um University of Basel, Pathorama. (Used in accordance with guidelines;
https://pathorama.ch/vslides/index.html).

The most cogent description of TNBC tumor collagen heterogeneity was first written in
2006. Provenzano et al created the term ‘tumor associated collagen signatures’ or
TACS, to describe 3 distinctly different shells of the tumor, radiating outwards (76). The
proposed system described TACS1 as an increased deposition of collagen directly
around the tumor body. TACS2 is the middle layer, an arrangement of the collagen in
onion-like layers, encasing the tumor. TACS3 is the outer zone, a system of coordinated
perpendicular threads of collagen leading directly away from the tumor and into the
surrounding tissue (Figure 1). The group used second harmonic generation microscopy
(SHG) to visualize the TACS3 collagen pattern in intact, unfixed human mammary
glands. SHG is a non-linear microscopy technique which gives sub-micron resolution of
fibrillar collagen in vivo. It has previously been used to image uterine cervical tissue and

the linearity of collagen therein (79).
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A Year Title B Publications from 2006-2019

2006 - Collagen reorganization at the tumor-stromal interface facilitates local invasion. 6
2011 - Aligned Collagen Is a Prognostic Signature for Survival in Human Breast Carcinoma
2014 - Automated quantification of aligned collagen for human breast carcinoma prognosis
2016 - Changes of collagen ultrastructure in breast cancer tissue determined by second-
harmonic generation double Stokes-Mueller polarimetric microscopy.
- Oriented collagen fibers direct tumor cell intravasation.
2017 - Quantifying collagen fiber orientation in breast cancer using quantitative phase
imaging.
- Identification of prognostic collagen signatures and potential therapeutic stromal

targets in canine mammary gland carcinoma 4

- Tumor-associated Collagen Signatures: An Insight

- Patient-derived Interstitial Fluids and Predisposition to Aggressive Sporadic Breast

Cancer through Collagen Remodeling and Inactivation of p53. :
2018 - Second-harmonic patterned polarization-analyzed reflection confocal microscopy of 3

stromal collagen in benign and malignant breast tissues.

- Targeted matrisome analysis identifies thrombospondin-2 and tenascin-C in

aligned collagen stroma from invasive breast carcinoma.

- Biophysics of Tumor Microenvironment and Cancer Metastasis - A Mini Review.

- The Presence of Cyclooxygenase 2, Tumor-Associated Macrophages, and Collagen 2

Alignment as Prognostic Markers for Invasive Breast Carcinoma Patients.

- Collagen Alignment as a Predictor of Recurrence after Ductal Carcinoma In Situ.
2019 - Regulation of migration of chemotactic tumor cells by the spatial distribution

of collagen fiber orientation.

- The role of collagen in cancer: from bench to bedside

- Fiber alignment drives changes in architectural and mechanical features in collagen

Amount of publications

matrices
- Microextrusion printing cell laden networks of type | collagen with patterned fiber
alignment and geometry 0
° A O\
,LQQ ,Lg'\ ?’Q\D« "2,0‘\ 0‘\1 ,LQ’\ rLQ

Figure 2: List and graph of publications featuring TACS. A) List of publications resulting
from PubMed keyword search using ‘linear collagen’ AND ‘breast cancer’, ‘tumor associated
collagen signatures’ AND ‘breast’, ‘oriented collagen’ AND ‘metastatic’. B) Chronological graph
showing upgoing trend of publications featuring the keywords in (A). References (76, 77, 80-95).

Two years later, the same group devised a novel in vitro assay in which tumor explants
and/or MDA-MB-231 triple negative breast cancer cells were cultured at 2 distinct focal
points in a collagen gel. The collagen in between these points changed layout within 10
days of culture, from a stochastic pattern to an organized linear arrangement. Along
with increased cancer cell migration along these structures, it was ascertained that the
collagen alignment is governed by the Rho/Rho kinase pathway (96) Interestingly, it
was shown that higher collagen density is directly linked to higher cancer cell invasion.
Using an MMTV-PyMT transgenic mouse model of spontaneous mammary carcinoma,
higher levels of collagen were seen deposited around the tumor (TACS1 and TACS2)
leading to increased local invasion and metastasis (97). Therefore, not only is breast
density a known confounder of mammographies (98), but higher breast density itself
may be a cause of cancer development. Research from 2018 showed that cells cultured
in a less dense collagen gel led to oxidative phosphorylation in MDA-MB-231 and MDA-
MB-468, and culture in a denser collagen gel led to increased levels of free NADH, a
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product of glycolysis (99) (100). This study illustrates how collagen density can alter
cancer cell metabolism.

The affirmation of the TACS3 concept and its clinical relevance was substantiated with
a study of 196 human histopathology breast tumor biopsies. Image analysis of
histological sections showed robust formation of TACS3 collagen structures, and
samples with TACS3 were directly linked to worse patient prognoses (80). To provide
more evidence of the viability of TACS as a model, a method to mathematically quantify
TACS3 was developed. Presence of TACS3 was therein proposed as a structural

biomarker for cancer severity, which is not yet a mainstay in clinical diagnoses (81).

Purpose of this study

This research project aimed to fill a knowledge gap of how linear collagen is deposited
by triple negative breast cancer cells. Considering the fascinating decellularization
research in vitro (101), and the feasibility of an in vitro matrix deposition model (102),
experiments were designed to investigate the hypothesis: CCL5 is required for

successful linear collagen formation by cells of invasive breast cancer.
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Materials and Methods

Table 1: Reagents used for in vitro experiments

Reagent Category number Supplier

DMEM, high glucose, 41966029 Gibco

pyruvate

Fetal bovine serum 16000044 Gibco

Penicillin Streptomycin 10378016 Gibco

Phosphate buffered saline | 10010023 Gibco

0.025% Trypsin/EDTA R001100 Gibco

StemMACS™ MSC 130-104-182 MACS Miltenyi Biotech
Expansion media

MitoTracker™™ CMX-Ros M7512 Thermo Fisher Scientific
MitoTracker™ Green FM M7514 Thermo Fisher Scientific
Cell lines

TNBC cells (MDA-MB-231, ATCC® HTB-26™), Human fibroblasts (HS-27, Sigma
Aldrich cat# 94041901-1VL), adipose derived stem cells (ASC) (Poietics™, donors
29635, 31363, cat# LO PT-5006) were all purchased and used in the downstream
experiments. Cell stocks were created in the early stages of culture to maintain passage

<15. Cells at passage 15 were discarded and replaced with thawed stocks.

Cell culture

Normal culture conditions included a humidified chamber at 37°C with 5% CO,. All cell
culture work in this project was carried out at these parameters. MDA-MB-231 and
fibroblasts (HS-27) were cultured in DMEM (Dulbecco's modified Eagle's medium), 10%
fetal bovine serum, and 1% PenStrep (henceforth referred to as ‘full media’). ASCs
were specifically cultured in StemMACS rather than DMEM, with 10% FBS and 1%
PenStrep.

Cell passaging and counting

Passaging of cells was performed by an initial wash of the cells with 1X PBS (Gibco),
and subsequent incubation of 0.25% Trypsin/EDTA with a volume appropriate for the
surface area of cell culture dish used. Enzymatic incubation lasted for 5 minutes in a
37°C humidified incubator. Full media was then added to the trypsin/EDTA at double the
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trypsin/EDTA volume, transferred to a volumetric tube and centrifuged at 1200xg for five
minutes to obtain a pellet of cells. Supernatent was poured off and pellet was
resuspended according to approximate size and cell number present. Counting was
performed by transferring 10uL of suspension onto a Neubauer haemocytometer. The
solution was spread evenly over the counting grid by the haemocytometer coverslip
(103). All 4 grids were counted, added, and divided by 4 so to calculate the average.

Cell number was determined by the following calculation:

Average cell count per grid X 10,000 X volume of suspension (ml) = total cell yield

Cryopreservation and cell thawing

Cryopreservation was carried out on 900uL volumes of cell suspensions using dimethyl
sulfoxide (DMSO). Specifically, 100uL of DMSO was assed to 900uL of cell suspension,
to achieve a 10% DMSO concentration in the cryovial (Thermo Fischer). Cells were
frozen slowly using an ice box designed for -80°C storage containing isopropanol.
Liquid nitrogen storage was used for longer term stocks. Cell thawing was done rapidly,
by holding the frozen cryovial in a waterbath of 37°C, and quickly adding the melted
contents to 10ml of full media. The solution was spun down at 1200xg for 5 minutes to

obtain a pellet. Cells were then ready for expansion culture.

Cell staining

Prior to co-culture set up, MDA-MB-231 cells were stained with Mitotracker CMX-Ros
and HS-27 and ASCs were stained with Mitotracker Red Green FM according to
manufacturer’s protocol. Briefly, stock was dissolved in DMSO in a 1TmM concentration.
The stock solution was added to the culture media 1:2000 (red) and 1:10000 (green) to
an end concentration of 500nM. Cells were afterward incubated for 4h, then washed

and prepared for in vitro co-culture arrangement.

24



¢

Table 2: Plasticware used routinely for in vitro experiments

ltem Category number Supplier
Falcon® 75cm? flask 353024 Corning
Falcon® 15cm? flask 353009 Corning
Falcon® 15 ml tube 352096 Fisher Scientific
Falcon® 50 ml tube 352070 Fisher Scientific

Boyden chamber inserts (6
well plate) 0.4um pore

CLS3413-48EA

Merck

Boyden chamber inserts CLS3396-2EA Merck

(24 well plate) 0.4um pore

Boyden chamber inserts (6 | 3428 Corning

well plate) 8um pore

Pipetman Diamond tips F161630, F161930, Gilson

(10, 200, 1200uL) F161110

2-well culture insert 81176 Ibidi

Cell culture multiwell plate | 657160 Greiner Bio-One
(six well plate)

Cell culture multiwell plate | 662102 Greiner Bio-One
(24 well plate)

Parafim® P7793-1EA Merck

Co-culture arrangement — ASC/MDA-MB-231 migration

Boyden chamber experiment: this was set up as normal protocol details: 50,000 ASCs

were seeded in a Boyden chamber insert of a six well plate, which contained pores of
8um. Below, 50,000 MDA-MB-231 were seeded, allowing paracrine contact between
cell types. Media was replaced after 24 hours, and sampled for cytokine screening at 48
hours.

Novel migration assay: Per the experimental set up (Figure 3), two chambers were set

up in one well of a six well plate, one insert in each half. In each chamber was seeded
either ASCs or MDA-MB-231, so each well contained two cell types. 24 hours after
seeding, the chamber surrounding the seeded population of ASCs was removed, while
the chamber surrounding the MDA-MB-231 was left in place. The well was filled with
3.5ml media. The excess of media meant an overflow into the chamber containing the

MDA-MB-231, allowing a paracrine connection between cell types.
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The varying breast cancer (BC) cell numbers (1K, 10K, 100K BC) stands for the titration
study which was run, to assess if more MDA-MB-231 cells stimulated more migration of
ASCs.

1k BCs 10k BCs 100k BCs

Figure 3: Schematic of novel in vitro migration assay. Top: gross image of six well plate
containing two Ibidi inserts, each containing 70ul of media. Bottom: schematic showing division
of cells, and a representation of how many MDA-MB-231 cells were seeded (1000, 10,000, or
100,000).

Co-culture arrangement — matrix deposition

An initial screening of 5 co-cultures was arranged, detailed in Figure 4. After observing
initial findings, the groups were refined to three main types, detailed in Figure 5. Per
9.6cm?, the surface area of one well of a six well plate, there were 50,000 total cells. Al

experiments were carried out in six well plates.
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ASC X X X
CANCER X X X
FIBROBLASTS X X X X

Figure 4: Schematic of initial screen of matrix deposition groups, containing cocultures per
the table below. These groups were cultured and decellularized per the work flow in figure X.

Group i contained three cell types, added in equal quantity (16,666 cells per cell type).
Group ii contained 25,000 ASCs and 25,000 HS-27 cells. The Boyden chamber (0.4um
pore) was seeded with 20,000 MDA-MB-231.

Group iii had 25,000 ASCs and 25,000 HS-27 cells.

(i) (ii) (iii)
MDA-MB-231 MDA-MB-231 Fibroblasts
Fibroblasts Fibroblasts Adipose derived stem cells
Adipose derived stem cells Adipose derived stem cells

Figure 5: Schematic showing cocultures which formed the major focus of the matrix
deposition experiments. Group i contained the three cell types of this study cultured together
in a juxtacrine manner. Group ii also contained the three cell types, but the MDA-MB-231 cells
were separated in a Boyden chamber allowing only paracrine contact. Group iii was the cancer-
free culture, containing fibroblasts and ASCs cultured together in juxtacrine.

Matrix deposition and decellularization

Table 3: Reagents used for decellularization experiments

Reagent Category number Supplier Experimental
concentration
Gelatin from bovine G6650-1009g Sigma Aldrich 0.5% in distilled water,
. sterile filtered
skin type B
Glutaraldehyde 340855-25ml Merck 2%, sterile filtered,
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solution stored at 4C

Ammonium hydroxide | 338818 Sigma Aldrich Decellularization

Triton™ X-100 X100-100ml Sigma Aldrich ;8::;,"“' NH.OHA%
Triton-X solution,
sterile filtered, stored
at4C

L-ascorbic acid A8960 Merck 50mM solution
prepared in distilled
water, stored at -20C
in aluminum foil to
avoid
photodegradation

Storage solution 10010023 Gibco PBS containing 1%

(Penicillin penicillin/streptomycin

Streptomycin + (PenStrep), stored at

Phosphate buffered 4C

saline)

Preparation of plates

All plates to be used in matrix deposition experiments were initially coated with gelatin;
involving a 2 hour incubation period containing the prepared gelatin solution at 37C.
Plates were then removed from the incubator, gelatin was aspirated, and plates were
fixed immediately with GTA. After fixation of five minutes at room temperature, plates
were washed twice with PBS, and once with media. The purpose of the media wash
was to allow the amines in the FBS to quench any remaining aldehydes. Plates were

then ready for seeding and experimentation.

Culture period

Groups were cultured for seven days in total, before decellularization. During the week,
culture media was prepared so cells received 50mM ascorbic acid days two, five, and
seven. Cell layers were washed 2 x PBS on the eighth day of culture, followed by
decellularization. This was performed by slow addition of warmed decellularization
solution per Table 3 (1ml/9.6cm?), and incubation at 37°C for four minutes. Afterwards,
decellularization solution remained in the plate, and PBS/1% PenStrep was added to
the decellularized wells (at 2x the volume of decellularization solution). Plates were

wrapped in Parafiim and stored at 4°C, for up to 5 days without fixation. Before
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experimentation, all decellularized matrices were washed 3 x PBS.

Blocking experiments

In all experiments blocking CCL5, a monoclonal antibody (anti-human CCL5) was used
(kindly supplied by Professor Nelson, LMU). Experiments featuring added CCL5 were
run using purchased recombinant protein (CCL5) (Peprotech, cat# 300-06). Final
experimental culture concentration for both the antibody and recombinant protein was

10pg.ml™.

DAY 0 7 day culture DAY 7
with 50mM
ascorbic acid

»
L

Decellularization
20nM NH,OH
in 1% Triton X

- ECM quantification MATRIX

-  SEM imaging

- Cell response « ‘ \
- Mass spectrometry

Figure 6: Schematic showing matrix deposition workflow. Total time from seeding to

decellularization is eight days. Diagram runs clockwise to show 4 experimental options with
decellularized matrix.

Table 4: Kits used commonly for in vitro experiments
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Kit Category number Supplier

Pierce™ BCA Protein 23225 Thermo Fisher Scientific
Quantification Kit

RNeasy Mini Kit 74104 Qiagen

One Step RT-PCR Kit 210210 Qiagen

TRIzol 15596026 Thermo Fisher Scientific
Human Cytokine Array C5 | AAH-CYT-5-2 RayBiotech

Rabbit anti-human AHP2049 BioRad

collagen VI antibody

Goat anti-rabbit Alexa Ab15077 Abcam

Fluor®488

Mouse anti-human 526402 Biolegend
CCL5/RANTES

Goat anti-mouse Alexa Ab150115 Abcam

Fluor®647

ECM quantification

After a 3 x PBS, solubilized matrices were quantified using a Pierce™ BCA Protein

Assay Kit (#SA244529) per the protocol from manufacturer.

Cytokine array

On day five of the culture, 333l of media was taken from each of the 3 replicates. The
pooled 1ml of supernatent was tested per manufacturer’s protocol using a Human
Cytokine Array C5 (RayBiotech). Chemiluminescence was imaged after one minute of

exposure on a ChemiDoc Imaging System (Bio-Rad).

Atomic force microscopy (AFM)

Glass coverslips were prepared for cell culture so as to have ECM samples which were
not fixed to the six well plate. Cells were cultured and ECM decellularized as normal.
Then, coverslips were thoroughly washed with PBS, and air-dried for 48 hours. ECM
samples were removed from the well plate and were measured by POINTPROBE
PLUS® silicon tips (resistivity 0.01-0.02Q, PPP-NCHR-10) on a Dimension ™ 3100

Atomic Force Microscope (Digital Instruments).
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Scanning electron microscopy (SEM)

As with samples for AFM, samples for SEM were also prepared on removable glass
slides so as to accommodate the vacuum chamber of the SEM. As described, week-old
co-cultures were decellularized, then fixed in 3.5% formaldehyde. Dehydration was
performed with increasing alcohol concentrations (40, 60, 70, 80, 90, 95, 100%).
Coverslips were air-dried in their original six well plate overnight, followed by gold

sputter coating and imaging (Jeol JSM-6390 scanning electron microscope).

Immunohistochemistry (IHC)

IHC was performed on freshly decellularized matrices, within their original six well
culture plate. Staining protocol involved blocking samples for non-specific binding with
10% serum (goat/rabbit, dependent on primary antibody). After a series of washes, the
primary antibody was incubated in 1% blocking solution overnight at 4°C. The following
day, samples were washed 3 x PBS and incubated with the secondary antibody at room
temperature for one hour. After a 3 x PBS wash, 200ul DAPI/10% glycerol was added to
the six well plate, and a coverslip was laid carefully on top to avoid air bubbles. Images
were taken in a darkened microscopy room with a Zeiss Observer Z.1 AX10. Image

analysis was performed using ImagedJ (NIH).

Cell reseeding and imaging

Freshly decellularized matrices were washes 2 x PBS and 1 x fully supplemented
media. Each 9.6cm? well received 2ml fully supplemented media, and was seeded with
20,000 MDA-MB-231 cells. Before incubation, plates were moved carefully on the
surface of the laminar flow cabinet in a ‘+’ shape, to allow for full coverage of the matrix
by the cells, and to avoid a collection of cells in the middle. Plates were then cultured as

normal and observed daily per brightfield microscopy.

Cell/matrix preparation for mass spectrometry
From the three experimental groups i, ii, and iii, only i and iii were selected for mass
spectrometric analysis. As per established work flow, matrices derived from both groups

were prepared over the week long experimental phase, reseeded with 10,000 MDA-MB-
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231 cells, and cultured for 24 hours. Afterwards, the cell/matrix cultures were
homogenized in RIPA buffer and protease inhibitor. Samples were kept on ice until filter

aided sample preparation (FASP) on the same day.

Mass spectrometry and proteomic analysis

FASP digest was run on samples of 10ug cell/matrix extracts per existing standard
protocol (104). Progenesis QI for proteomics analysis provided quantitative protein
readout (105). Molecular signaling was interpreted via gene ontology term analysis with
Ingenuity Pathway Analysis (IPA, Qiagen)
(QIAGEInc.,https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis)
(106). Functional pathway analysis was run using STRING 11 (http://string-db.org )
(107).

V
> - - >
e il
() MDA-MB-231 (@ Protein mixture Q) Filter aided (® Digested peptides
reseeded on sample
juxtacrine cancer preparation
matrix (FASP)
@ < + "“
< (9] © Q|
e®,0 ¢ e .0 _0 -0%°0 ; ‘ ; »
e & 0 %a gt 20 \/
(®) Liquid chromatography (&) Electrospray (@ lon-peptide Mass spectrometry
peptide separation ionisation

Figure 7: Workflow showing steps of protein generation and harvest for mass
spectrometry. Generated partially with Biorender.
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Polymerase chain reaction (PCR)

Cellular RNA was extracted using TRIzol™ (Thermo Fischer Scientific), and either
stored at -80°C or processed that day. RNeasy Minikit (Qiagen) was used to isolate the
genomic material from cellular/matrix debris. Downstream reverse transcription and

PCR were performed using OneStep RT-PCR Kit (Qiagen). Primer design was

confirmed by checking across Harvard Primer Bank
(https://pga.mgh.harvard.edu/primerbank/), NCBI Gene
(https://www.ncbi.nlm.nih.gov/gene/) and NIH BLAST tool

(https://blast.ncbi.nlm.nih.gov/Blast.cgqi). Primers for CCL5, SLUG, IL-6 and MMP3 were
ordered from Invitrogen

CCL5 (Forward: GTGGCAGGCAGTAAGATAAACTTG, reverse:
CAAAAAGCTTCCCCAACTAAAGC).

SLUG (Forward: CGAACTGGACACACATACAGTG, reverse
CTGAGGATCTCTGGTTGTGGT

IL-6 (forward: ACTCACCTCTTCAGAACGAATTG, reverse:
CCATCTTTGGAAGGTTCAGGTTG

MMP3 (forward: CTGGACTCCGACACTCTGGA reverse:
CAGGAAAGGTTCTGAAGTGACC)

Histology of human samples

Three female patients underwent TNBC tumor removal, and consented for samples to
be stored and analyzed (Technical University of Munich guidelines, ethics vote
#2997/10). Three samples each from three patients were kindly given by the
Department of Pathology at the TUM, specifically featuring the tumor border. Samples
were paraffin embedded, and sections were cut at 70um. H&E staining was carried out
per existing protocols (108), and coverslips were mounted with Permount™ (Thermo

Fischer Scientific).

Irradiation of cells

In order to assess ECM deposition by irradiated cells, cells were seeded in six well
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plates as described in Figure 6, and cultured for one day to ensure attachment. Plates
were then irradiated with one dose of 5Gy in a warmed chamber, and afterwards
cultured per the normal protocol of 7 days. Viability assays were run 24 hours after
irradiation. Matrices were prepared and decellularized as normal for downstream

experiments.

Image analysis

For all cellular images, Imaged was used to normalize brightness, calculate scale bars,
compile fluorescent signals, and quantify pixel densiometry. Atomic force microscopy
images were analyzed using Gwyddion software. Roughness of matrix surface area

was quantified using the ‘Roughness Calculation’ plugin designed for ImagedJ (2002).

Statistical Analysis

GraphPad Prism software was used to run all statistical analyses herein (GraphPad
Software Inc., La Jolla, CA). Two groups were compared directly via two-tailed T-tests,
and groups of three or more were analyzed using ANOVA (analysis of variance).
Significance of P value had an upper threshold of 0.05, and error bars on all following

graphs represent standard deviation from the mean.
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Results

Novel migration assay shows a lower oncogenic response than conventional
Boyden chamber experiment

The goal of this experiment was to devise a novel method of measuring the cytokines
involved in ASC migration towards a fixed population of MDA-MB-231. This has
normally been done using a Boyden chamber containing ASCs on a culture membrane
with 8um pores, with MDA-MB-231 cultured underneath. The results in the literature
consistently show a pro-oncogenic response, however this does not match the clinical
data which show clearly no cancer relapse when ASCs are introduced into a post-
cancerous area (as in fat grafting). This novel experiment was designed to offer a
different look at the same mechanism. The resultant data are more congruent with

clinical outcomes.

Novel assay showed tropism in the direction of seeded MDA-MB-231 population

over 24 hours

24 hours after removal of the chamber surrounding the ASCs, there was migration
observed in the direction of the seeded MDA-MB-231, trapped in their insert, via
paracrine communication. This was initial proof of concept that the ASCs had freedom

to move, and did so in a directional manner (Figure 8).
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Figure 8: Directional migration of ASCs towards MDA-MB-231. Micrographs showing ASCs
(bottom panels) and MDA-MB-231 within the silicon inserts (top panels). Bottom panels show at
24 hours a migration to the MDA-MB-231 cells located above. Schematic of cell positioning on
the right hand side. Scale bar is 50um.

IL-6 and CCL2 are highly upregulated in the Boyden chamber media compared to
novel assay

Cytokine arrays were used to test the media from a pooled collective of n=3 per sample.
Notably, 2 pro-oncogenic cytokines were seen to be highly upregulated in the media
from the Boyden chamber assay, compared to the novel assay. It was only CCL2 and
IL-6 which were upregulated; mirroring to the pro-oncogenic response normally
recorded in the literature. However, the novel assay had the same cell numbers, culture
time, paracrine contact, and media conditioning time, and did not show the same

upregulation (Figure 9).
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Figure 9: Less oncogenic cytokine profile belongs to novel migration assay compared to
Boyden chamber assay. Top: schematics of both assay types. Left hand side is conventional
Boyden chamber, right hand side is novel assay, after insert for ASCs (yellow) has been
removed. Insert is surrounding MDA-MB-231 cells (red). Arrows show direction of travel. Middle:
digitalized blot of 80 different growth factors/cytokines. Red outlines the two different cytokines
between both assays. Below is the extracted blot from each different cytokine.

Seven days of culture gives quantifiable matrix

These experiments were run to assess the viability of in vitro matrix deposition, as a first

step to designing the in vitro downstream experiments.

Matrices of different groups give different quantifications

From the multiple permutations of groups which were arranged (Figures 4 and 10), this
screen test showed only one coculture which deposited smooth, linear matrix. The trio
of cell types (MDA-MB-231, ASCs and fibroblasts) cultured together in juxtacrine
contact and decellularized, produced flat matrix per SEM. When MDA-MB-231 cells

were reseeded, they collectively formed unique, road like patterns (in red box) (Figure
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10A). While this matrix was significantly less than other groups cultured (Figure 10B),

the ultimate result from this experiment was the selection of the triple co-culture for

further testing.
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Figure 10: Smooth ECM is derived only in co-culture of ASCs, MDA-MB-231, and
fibroblasts in juxtacrine contact. A) Table (above) and image grid (below) represent the
permutations of cell combinations trialed in the preliminary work for obtaining linear matrix.
Image grid contains images from gross microscopy (top row), SEM or decellularized matrix
(middle row), and brightfield microscopy of reseeded cells (bottom row). Red box around group
on the far right hand side represents the only combination of cell types that deposited a linear
matrix, and which induced road-like structures in the reseeded MDA-MB-231 cells. B) Graph
shows results of ECM quantification analyses. Significant differences represented by **p <
0.005, ***p < 0.001.
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Matrix deposited by MDA-MB-231 cells is insufficient for measurement or
experimentation

It was discovered during the multiple test runs of ECM deposition co-culture groups, that
the culture of MDA-MB-231 cells in a paracrine culture with either fibroblasts or ASCs
did not deposit quantifiable matrix, per SEM (top images) (Figure 11). Similarly, when
MDA-MB-231 cells were reseeded, there was no notable response, rather a normal

monolayer of growth (bottom images).

LJI! ASCs u Fibroblasts

MDA-MB-231 MDA-MB-231

Decellularized

Recellulari.

Figure 11: Matrix deposited by MDA-MB-231 is insufficient in quantity for testing. Top:
schematic of cell groups seeded (MDA-MB-231 under paracrine influence of ASCs (left, blue)
and fibroblasts (right, green). SEM images of decellularized matrix deposited (middle images)
Reseeded cells on matrices shown in bottom images. Scale bar 50pm.

Matrices of different groups have different morphologies

Matrix deposition experiments evolved from the selection in Figure 10 to three groups,
henceforth referred to as groups i, ii,and iii. These three groups are further detailed in
Figure 12 below, and when cultured through the 8 day period and decellularized,
produced high levels of matrix. Moreover, the matrices across each of the three groups
differed greatly in morphology, as was visible to the naked eye (Figure 12A).

ECM generated by group i (ASCs, fibroblasts, and MDA-MB-231 cells together in

juxtacrine) was smooth and striated.
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ECM generated by group ii (ASCs and fibroblasts under paracrine influence of MDA-
MB-231) was not abundant, and showed disorganized fibril deposition.

ECM generated by group iii (ASCs and fibroblasts) was thick, meshwork, and rich.
These results were visualized and confirmed with both SEM and AFM, as a first

qualitative pass at characterizing the different matrices.

i)

-

Fibroblasts
Adipose derived stem cells

MDA-MB-231
Fibroblasts
Adipose derived stem cells

Fibroblasts
Adipose derived stem cells

Figure 12: Three co-culture arrangements deposit three differing ECMs. A) Decellularized
ECM on coverslips within the six well plate, accompanying schematics, and SEM. B) Three
dimensional graphs from AFM show decellularized layers from groups i, ii, and iii. Maximum
height of group i matrix = 0.11um, maximum height for group ii = 80nm, maximum height for
group iii = 0.13um.
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Matrices of different groups have different quantities

Quantification of protein from BCA assay showed group ii produced significantly less
ECM than groups i and iii (Figure 13C). Matrix roughness quantification illustrates how
matrix from group i (ASCs, fibroblasts, and MDA-MB-231) was the flattest, while matrix
derived from group iii (ASCs, fibroblasts) was over twice as rough, with a significance
level of **p = 0.008 (Figure 13D).
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Figure 13: ECM quantification and roughness analysis between three co-cultures. A)
Graph illustrates quantification of decellularized ECM per group. Standard deviation represented
by error bars (*p <0.05, **p < 0.01). B) Graph illustrates roughness of decellularized matrix from
values calculated by Imaged. Standard deviation represented by error bars (**p < 0.01).

Important finding: ECM deposited by group i (ASCs, MDA-MB-231, and fibroblasts

cultured side by side) was smooth, flat, with linear striations.

Matrix from healthy and cancer juxtacrine matrices have different proteomic make
up

Mass spectrometry was run to assess the protein composition of the smooth cancer-
derived ECM (group i) compared to the rough healthy ECM (group iii). The samples
analyzed included the decellularized matrices with the MDA-MB-231 cells which were

reseeded on them.

Cancer matrix has higher proportion of COL6A3

Mass spectrometry and subsequent proteomic analysis was performed on reseeded

cell/matrix lysates from groups i and iii. A scan of extracellular matrix proteins revealed
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a significantly higher amount of collagen Vla3 was present in group i compared to group
iii (yellow data point in volcano plot of Figure 14) present in group i compared to group

4+  Cancer versus healthy matrix
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Figure 14: Volcano plot illustrating differences in proteome between group i and group iii
matrices combined with reseeded cells. Yellow datapoint lying above the horizontal line of
significance represents COL6A3.

Irradiated co-culture (Fibroblasts, ASCs, and MDA-MB-231) produces matrix with
decreased collagen VI

The goal of this experiment was to test the proteomic make up of ECM generated by
irradiated cells. The two groups tested herein are same as before (Figure 14); groups i
and iii, cancer and healthy cocultures. Irradiation of the coculture groups i and iii, along
with ASCs alone, fibroblasts alone, and MDA-MB-231 alone did not significantly effect
viability of cells 24 hours later (Figure 15) allowing for further downstream testing with

the same dosage and culture pattern.
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Figure 15: Analysis of radiation on cell viability. Top: Fluorescent micrographs of cells in
non-irradiated and irradiated groups, separated per cell co-culture and cell monocultures.
Below, proportional bar graphs showing quantified live/dead cells from irradiation. Group iii
coculture and fibroblasts alone showed cell viability of approximately 97% in irradiated groups.

Irradiated cells of group i produce matrix that is low in collagen VI

Per Figure 6, the irradiation and matrix deposition protocol was followed. One week
later, the matrix was decellularized, then recellularized with MDA-MB-231. After one day
of culture, the cell/matrix combination was prepared for mass spectrometry. Proteomic
analyses show that while the three strands of the collagen VI isoform were more
abundant in the cancer matrix than the healthy matrix, these differences were not

significant (Figure 16).
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Figure 16: Schematic showing workflow for irradiated cell groups. A) Cells were seeded as
normal, and irradiated 24 hours after seeding. Cells were cultured for one week, decellularized,
and recellularized with MDA-MB-231. One day later, samples were prepared for mass
spectroscopy. B) Volcano plot showing significantly differently abundant proteins in irradiated
group i (‘cancer matrix’) versus irradiated group iii (‘healthy matrix’). Three yellow data points
below the horizontal line of significance represent the three strands of collagen VI, COL6A1,
COL6A2 and COL6AS3.

Human biopsy samples of triple negative tumors show long linear extensions of
collagen from tumor, which stain positively for collagen VI

Human biopsy samples from TNBC tumors were sectioned and stained to investigate
the tumor border in vivo. Samples were kindly provided by the Institute of Pathology on

Trogerstrasse (Professor Karl Friedrich Becker).

TACS 3 structures found in vivo
H&E stains of human tumor samples taken from the tumor border (n = 3) clearly
exhibited straight outgrowths of collagen (staining dark pink under H&E stain) from the

tumor outwards into non-cancerous tissue (Figure 17).
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Linear collagen extension

Tumor body

Figure 17: Histology taken from human in vivo TNBC tumor border. Compiled

image of 4 micrographs stained with H&E to detect collagen. Linear outgrowth extends

from tumor into parenchyma, is consistent with the description of tumor associated

collagen signatures. Scale bar 100um.

Linear collagen outgrowths stain positively for COL6

IHC of tumor samples (serially cut next to the H&E stained slides) stained positively for

CCL5 and collagen VI (Figure 18). Importantly, there is positive DAPI staining along the

outgrowth of collagen, implying the collagenous linear structures are cellular.
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Figure 18: IHC of TNBC breast tumor border. Micrograph shows co-immunostaining for CCL5
(red), collagen type six (green), and DAPI (blue). Scale bar 50um.

Cells reseeded on cancer matrix exhibit invasive behaviour
The aim of these experiments was to test the impact of the different ECMs on MDA-MB-

231 cells, specifically looking at any enhancement of invasive behavior (road-like

formation).

MDA-MB-231 cells reseeded self-organize into threads

By the fifth day of culture for the reseeded cells, the MDA-MB-231 cells growing on the
decellularized matrix of group i formed road-like structures. On the decellularized
matrices of groups i and iii, cells grew normally in a monolayer (Fig 19A). An example
of such formations is shown in Figure 19B; some reseeded cells formed sophisticated

continuous lines running 360-390um.
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Figure 19: MDA-MB-231 morphologic response to reseeding on ECM. A) Brightfield images
taken on day five of culturing reseeded cells on decellularized matrices. Scale bar 100um. B)

Example of contiguous linear cell structure orchestrated by the reseeded cells on decellularized
matrix from group i. Scale bar 100um.

MDA-MB-231 cells reseeded have insignificantly different pro-oncogenic
transcriptional activity on matrix of group i compared to group iii

PCR analysis on MDA-MB-231 cells reseeded on ECM from group i showed higher

gene expression of SLUG and IL-6, compared to MDA-MB-231 grown on matrices from
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groups ii and iii. MMP3 did not vary significantly in reseeded cells across any of the

decellularized matrices (Figure 20).
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Figure 20: PCR results from MDA-MB-231 cells reseeded on matrices from groups i, ii, and
i, with a control group of MDA-MB-231 cells seeded on untreated dishes. Cells reseeded on
matrix from group i has significantly higher levels of SLUG compared to groups ii and iii. Group i
also has similar and high expression of IL-6 compared to group ii and control. MMP3 did not
show any significant differences across all 4 groups. Error bars represent standard deviation
(**p < 0.01, **p < 0.0001).

Gene ontology term analysis of reseeded MDA-MB-231 cells reflects invasive

behaviour

The top three gene ontology terms (GO terms) which matched the MDA-MB-231 cells
reseeded on group i matrix featured ‘cell cycle’, ‘cell movement’, and ‘post-translational
modification’ (Figure 21). Functional pathway analysis using string-db.org showed
increased activity in both post-translational modification and transportation to rough
endoplasmic reticulum (through RPS21, SRP9, GFM, and MRPS12) (which have been

linked to breast cancer prognostics (109)).

48




SRP9

log(p-value)
o e ~N w

@ = c o = = = =
o 5 S £ o 2 3 2 5
3 £ = 5 L " g 3 £
a ] =) = 2 =
= s £ & £ 35 53 & &
S o o - o E® o @
= o ‘S ) S o w o 3 =
o = - = w'C [V @
= = o = a5 =c o &
2 c a ¥ T2 88 £ 5
O 9 v Jg i v D
v ] 3 < £ [a) =
=2 = ~ 0 =
w o -— = (9]
c O aE 0]
® =] |9
= @
L P-4
w
(o]
(=%

Figure 21: Gene ontology and functional pathway analysis. Top: String (string-db.org) data
output highlighting most active intracellular pathways and proteins of reseeded cells on the
matrix of group i. Bottom: Ingenuity Pathway Analysis data output showing top nine GO terms
for reseeded cells on matrix of group i.

CCLS5 is abundant in cultures where linear matrix is deposited

These experiments were run to investigate soluble markers present in the media while

ECM is being deposited.

CCL5 highly upregulated in group i co-culture

A screen of 80 different cytokines in the media of the co-cultures during matrix
deposition showed an increased level of CCL5 produced by group i (Figure 22). This

datapoint presented a clear target for manipulation in further experiments.
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Figure 22: Cytokine analysis part I. A) Three schematics showing groups i, ii, and iii. B) the
antibody detection blot for CCL5, quantified digitally in blue (top) and extracted from the
micrograph (bottom).

IL-6 upregulated in co-cultures featuring MDA-MB-231

Using the same blot, IL-6 was also screened and seen to be more abundant in groups i
and ii; the co-cultures featuring MDA-MB-231 (Figure 23).
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Figure 23: Cytokine analysis part Il. Three schematics showing groups i, ii, and iii. B) the
antibody detection blot for IL-6, quantified digitally in blue (top) and extracted from the
micrograph (bottom).

Blocking CCL5 during matrix deposition prohibits linear matrix formation

Having established a large upregulation of CCL5 in the media of group i during matrix
deposition, this experiment was to interfere with this signaling pathway to observe any
causal effect of CCL5 on the linear morphology/collagen VI content of group i ECM.
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Blocking CCL5 results in non-lethal physical isolation of cell types from one

another

When monoclonal antibody against human CCL5 was supplied to the co-culture of
group i during the seven day culture period, cells were observed as round, and not
attached to the other cells in the vicinity. Despite obvious increased phase contrast of
the cells through brightfield microscopy, a hallmark of cell culture apoptosis, a live/dead

assay showed 100% cell viability (Figure 24).

Recombinant Anti-CCL5

CCL5 monoclonal
/ / antibody
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Figure 24: Cell viability assay after treatment with recombinant CCL5/CCL5 antibody.
Top: Three schematics showing group i in its three conditions; control, CCL5 added, and CCL5
blocked. Underneath, brightfield images of co-culture reacting to each condition. Scale bar
100pum. Bottom: Viability stain on co-cultures at an increased magnification, showing full viability
(all fluorescent green). Scale bar 50um.
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Decellularized matrix formed in CCL5-depleted environment is random and non-

linear

Addition of recombinant CCL5 to group i and group iii cocultures did not induce
deposition of a matrix that was significantly different to the control in terms of physical
linearity and collagen VI staining. Conversely, blocking CCL5 in group i coculture
induced significantly less matrix formation than the control (*p = 0.041), and the
proportion of collagen VI present was also dramatically decreased (*p = 0.012) (Figure
25).
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Figure 25: Analysis of collagen VI morphometry and quantity deposited in vitro. Images top
to bottom: Fluorescent green micrographs are all staining for collagen VI. Top row = group iii during
matrix deposition, bottom row = group i during matrix deposition. Images left to right: left = control
group (no treatment), middle = recombinant CCL5 treatment, right = antibody against CCL5
treatment. Scale bar 100um.

Below: Left graph: Quantification of matrices under treatment conditions. Right graph: Collagen VI
quantification via pixel densiometry. (*p <0.05, **p < 0.01).
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Decellularized matrix formed in CCL5-depleted environment is low in collagen VI

The use of antibody against CCL5 as the matrices were being deposited resulted in an
overall decrease in collagen VI of group i matrix ( **p = 0.0049). This was coupled with
the decrease in overall ECM quantity ( **p = 0.0044) (Figure 26).

CCL5 unblocked
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Figure 26: Blocking CCL5 leads to amorphous ECM deposition by group i culture. Left to
right: Schematics of matrix deposition group i under two culture conditions; culture without CCL5
blocking antibody and culture with CCL5 blocking antibody. Middle panels show AFM
micrographs of decellularized cultures, highlighting three dimensional differences of matrices
achieved through blocking CCL5. Micrographs on the right from the SEM showing structural
differences of matrices in detail.

Decellularized matrix formed in CCL5-depleted environment does not stimulate
integrin 1 expression in reseeded MDA-MB-231 cells

The cells reseeded on decellularized matrix of group i generated with CCL5 blocker
showed decreased expression of integrin $1, with cells growing in a normal monolayer.
In comparison, reseeded cells on group i matrix generated with additional CCL5 self-

assembled into linear structures, and had higher expression of integrin 1, which after
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three days was significantly different (*p = 0.029, Figure 27). Integrin 1 strongly drives
TNBC metastasis, and can act as a prognosticator of breast cancer (110). This was the

rationale for targeted IHC stain.
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Figure 27: Integrin expression of reseeded MDA-MB-231 cells. Top left: schematics show
group i co-cultures under different test conditions. Below: fluorescent images containing co-
staining for integrin 1 (red), collagen VI (green), and DAPI (blue). Scale bar 50um. Bottom
micrographs: brightfield images of reseeded cells on treated matrices on day 3 of culture. Scale
bar 100pm. Right: graph quantifying integrin 1 staining per pixel densiometry (p < 0.05).

Fibroblasts alone under paracrine influence of MDA-MB-231/ASC coculture
produce linearized collagen VI

Since there was evidence that three cell types together generated CCL5 (MDA-MB-231/
ASCslfibroblasts), while only two cell types (ASCs/fibroblasts) did not, it was important
to parse the co-culture to see which exact cells are interacting together to create CCL5,

and which are responsible for producing the linearized matrix.
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Fibroblasts create linear collagen VI under influence of CCL5

The matrix which fibroblasts alone produce while receiving paracrine signals from a
fibroblast/MDA-MB-231 mix is randomly arranged, and stains positively for collagen VI.
However, the same fibroblast arrangement receiving paracrine signaling from a mix of
ASC/MDA-MB-231 produce matrix which is highly linear and organized, also staining
positively for collagen VI (Figure 28a).

CCL5 is generated mainly by ASC/MDA-MB-231 juxtacrine interaction

Gene expression analysis shows that a culture of ASC/MDA-MB-231 produces
significantly higher CCL5 compared to fibroblasttMDA-MB-231 culture (*p <0.05)
(Figure 28b). Conditioned media sampled while matrices were deposited (day five of
culture period) has higher levels of detectable free CCL5 in the media of the ASC/MDA-
MB-231 co-culture compared to conditioned media from a fibroblast/MDA-MB-231 co-

culture (Figure 28c).
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Figure 28: Analysis of source of CCL5, and main generator of linear collagen. A) Top:
Schematic shows Boyden chamber culture of fibroblasts/MDA-MB-231 cells in the insert, having
paracrine effect on underlying fibroblasts. Fluorescent image below is the IHC stain for collagen
VI of decellularized matrix produced by fibroblasts. Matrix is unorganized. Scale bar 100um. A)
Bottom: Schematic shows Boyden chamber culture of ASCs/MDA-MB-231 cells in the insert,
having paracrine effect on underlying fibroblasts. Fluorescent image below is the IHC stain for
collagen VI of decellularized matrix produced by fibroblasts. Matrix is linear. Scale bar 100um
B) Bar graph depicts PCR results of amplifying CCL5 from ASC/MDA-MB-231 compared to
fibroblastMDA-MB-231. Standard deviation is shown by error bars. (*p <0.05). C)
Chemiluminescent image extracted from array, corresponding to CCL5 detection blot.
Comparison groups are conditioned media from ASC/MDA-MB-231 co-culture compared to
fibroblast/ MDA-MB-231 co-culture.
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Evidence for unreported cell relationship in the creation of linear collagen of
triple negative breast tumors

To conceptually draw the relationship which can be distilled from these data, it would
involve showing the MDA-MB-231 cell population in juxtacrine contact with adipose
derived stem cells (Figure 29). This relationship would produce CCL5, which is free to
bind with CCRS5 of fibroblast populations. The subsequent cascade of CCL5 fibroblast
signaling produces a desmoplastic response, which leads to production of linearized

collagen.

Juxtacrine signaling

MDA-MB-231

-

Fibroblasts - Llnear matrix ___/

ASC

CCL5

Figure 29: Introductory schematic to main, novel finding of this PhD project.

The proposed axis begins on the left with a known cellular relationship: ASC and MDA-MB-231
cells together produce CCL5. The CCLS5 is free to act on local fibroblasts, which in turn produce
a linearized matrix which is rich in collagen VI. This aspect has not been described before, and
is the apex of this entire project.
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Discussion

The data presented in this thesis, while solely in vitro, connect research on striated
matrix (76), CCL5 (111), and collagen VI (112) of TNBC. To summarize the chief finding
of this work, linear collagen type VI is produced by fibroblasts. It is dependent on CCLS,
a cytokine produced by a juxtacrine culture of ASCs and MDA-MB-231 cells.

TACS3 in TNBC

Linear collagen radiating from the TNBC tumor is mirrored across multiple publications.
Tumor associated collagen signatures was first described in 2006 by Patricia Keely of
University of Wisonsin (76). It is a system which addresses three distinct layers of ECM
which encapsulate the TNBC tumor. TACS1 is the innermost shell, characterized by
densely packed collagen. TACS2 is a middle layer of collagen arranged in onion-like
layers. TACS3 features the well described linear collagen which leads away from the

tumor (76, 80), shown in Figure 30.

Figure 30: Example of TACS 3 in vivo, human tissue. Image shows border of invasive breast
tumor, H&E stain. Zoomed in panel is an example of a linear outgrowth of collagen, coming from
the tumor body. This is consistent with the pattern description of TACS3. Scale bar 500um.
University = of  Basel, Pathorama. (Used in accordance  with  guidelines;
https://pathorama.ch/vslides/index.html).
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While TACS is detectable using histological sections with classic picrosirius red staining
and SHG (79), a study seeking to improve SHG for TACS visualization was performed
in 2017. This work saw the value of TACS as a diagnostic model, but the general
inaccessibility of second harmonic generation microscopy. The authors therefore aimed
at performing label free, high-throughput, cheaper, more accessible spatial light
interference microscopy (SLIM). It marks a step towards normalizing TACS diagnostics
in histopathology labs (84).

It is reasonable to assume, based on the literature and data from this project, that the
TNBC tumor contains high levels of collagen type VI. In vivo literature has shown that a
col6a1” mouse crossed with MMTV-PyMT had decreased tumor hyperplasia and
slowed formation of the primary tumor (113).

Linking the known facts: linear collagen at the tumor border, and collagen VI playing a
role in tumor development, it becomes interesting to combine these two features and

consider linear collagen type VI.

Collagen VIl is generated by the triple negative breast tumor

Collagen VI is found ubiquitously around the body, and deposited in a meshwork
fashion around skeletal muscle fascicles (114). Tendons represent a location in the
body where collagen VI is found in a linear format. As such, the arrangement of
collagen is not a mesh, but a striated tension-bearing type, designed with a mechanical
off-loading purpose. Collagen VI is critical to healthy, functional tendon formation,
exhibited clearly in col6” mice (115). The linear formation of the collagen VI is governed
by a population of fibroblasts called tenocytes. Tenocytes are also responsible for
creation of tenosynovial fluid, the lubricant which facilitates smooth passage of the
tendon within its sheath (synovium), and formation of the synovium (inflamed in e.g.
tenosynovitis) (116). The collagen forming tenocytes are known to be receptive to
CCLS5, in an inflammatory capacity (117). These studies together show that collagen VI
microfibrils have a specifically linear phenotype, and are producible by fibroblasts under
CCL5 signaling. The work of this thesis builds on an similar function of CCL5 signaling
in breast cancer fibroblasts.
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Collagen VI is known as a crucial component of breast cancer tumors. It has been seen
that adipocyte-derived collagen VI concentration was high in developing triple negative
breast tumors (118). In concert with increased hyaluronan synthesis from mammary
epithelial cells, collagen VI is known to facilitate EMT. More than that, collagen VI has
been localized to the invasive front of the tumor (112).

In terms of liquid biopsy research, MMP generated collagen VI fragments can be used
as a reliable blood biomarkers in cancer patients compared to healthy controls (119).
Collagen VI is a heterotrimer made of a1, a2, and a3 chains. The cleaved C5 domain of
the a3 chain results in a peptide called endotrophin (ETP) (120). ETP is a pro-fibrotic
chemoattractant, capable of guiding EMT and pro-angiogenic cell behavior. ETP can
also induce chemoresistance to cisplatin, making it a therapeutic target (121). It appears
the nature and location of collagen VI, and its degradation products, could confer an
array of pro-oncogenic features to a growing tumor. In the data presented by this thesis,
collagen VI was abundant in a non-biased screen of extracellular molecules from the
cancer juxtacrine matrix by mass spectrometry. Using that result as a guide, targeted
collagen VI antibody staining was extremely positive in the matrix made by group i;
ASC/fibroblast/MDA-MB-231 cells cultured together. Also, the linear collagen at the
tumor border of human biopsies stained positively for collagen VI. These results hint at

the cell types responsible for the formation of collagen VI in TNBC.

Triple negative breast cancer cells use CCL5 for chemotaxis and linear collagen
formation

CCLS5 is a member of the C-C chemokine family, is also known as RANTES (‘regulated
on activation, normal T cell expressed and secreted’). It acts as a potent
chemoattractant of tumor associated macrophages (TAMs), eosinophils, basophils, and
T cells (122). CCL5 is a ligand for G-protein coupled receptors CCR1, CCR3 and
CCR5. However, in breast cancer signaling, the main receptor/ligand pairing is
CCLS5/CCRS5 (123).

CCL5 is an important factor in the binding of endothelial cell membranes (124)
specifically, acting together with the transmembrane proteins CD44 and syndecan-1
(CD138) (125, 126), to bind T-cell membranes to lymphoid endothelia. It was observed
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in the CCL5 blocking experiments that the blocking antibody in the co-culture resulted in
fibroblasts, ASCs and MDA-MB-231 cells physically isolating themselves from one
another. It can be hypothesized that the normal cell-binding role of CCL5 is also
hindered here. Extrapolating, the last set of results show high CCLS5 production only by
membrane-membrane contact of ASCs and MDA-MB-231 cells together. It is possible,
based on this evidence, that there is a positive feedback loop in place; where CCL5 is
required to attach the membranes of ASCs and MDA-MB-231, allowing the cell types to
produce free CCL5 from the juxtacrine relationship.

In normal physiology, CCL5 is in high concentration in breast milk, specifically in early
colostrum (127), and is responsible for attracting maternal circulating leukocytes into
breast milk for neonatal transfer (128). This indicates overall that the breast is able to
create large amounts of CCL5 under the correct stimuli. In the tumor, CCL5 is highly
produced and can act in a range of pro-oncogenic ways (129, 130). It has been
validated that tumor associated CCL5 is significantly sourced from local mesenchymal
stem cells (111). The literature is unified regarding the pro-invasive, pro-metastatic
impact of CCL5 on breast tumors (122, 131). For instance, CCL5 in situ within the tumor
biopsy has been correlated with stage Il breast cancer (132). Meanwhile, the amount of
freely circulating CCL5 was reported to increase with each invaded lymph node in
breast cancer patients (133-135). In this project, an antibody against CCL5 is used to
successfully disrupt the formation of linear collagen type VI. Extrapolating to in vivo
studies, this might be an explanation for why administration of monoclonal antibody
against CCL5 (intraperitoneally in mouse) showed a reduction in breast tumor
metastasis (111). There are multiple research pathways exploring the reduction of CCL5
as a breast cancer therapy. The HIV drug Maraviroc acts as a competitive antagonist for
CCR5, aimed at limiting T-cell CD44 signaling via CCL5 (136). Research in silico (137)
and in vivo (mouse) (138) have shown the theoretical and practical usage of Maraviroc
on reducing both primary tumor growth rates and metastasis. Even a patent for the
pivoted use of Maraviroc to TNBC treatment was filed in 2012 (patent #CA2873743A1).
However, as with the majority of studies manipulating CCL5, the structure of the tumor
is not examined or considered. The effect of CCL5 on the creation of linear matrix has

never been described, nor unfortunately has there been much attention paid to the
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possible impact of CCL5 on tumor construction. This thesis aims to connect these fields

of work together for the first time.

TNBC uses structural linearity to promote invasion

In the years that followed the work describing TACS, there have been satellite studies
eluding to the collagen signatures put forth in 2006. In 2016, a novel gradient based in
vitro model was described, involving a 2mg/ml collagen type 1 gel loaded with MDA-
MB-231 cancer cells, interfaced with a more rigid 10mg/ml Matrigel, separated by a
basement membrane analogue. It was seen that MDA-MB-231 cells not only
manipulated the collagen type 1 into a linearized format, but these collagen fibers
directed the breast cancer cells out into the acellular, denser Matrigel (78). Importantly,
this same study ran the model with non-invasive MCF-7 breast cancer cells, and
observed weak cellular migration and invasion. In corroboration with this, a 2018 study
observed microstructural statistics on the fibers penetrating dense Matrigel. They noted
that oriented fibers in vitro can efficiently transmit long-range cellular tracks, enhancing
migration of cancer cells (139). In 2019, a study was run on the supportive role of non-
malignant cells themselves in guiding cancer cell protrusions into controlled 3D
environments in vitro. The novel models involved tumor spheroids containing cancer-
associated fibroblasts (CAFs) and cancer cells in a 1.9mg/ml collagen type 1 solution.
Cancer cells (pancreatic, lung adenocarcinoma) bound to cancer associated fibroblasts
(CAFs) via integrin a5p1, providing force which converted to cancer cell invasion into
acellular collagen gel (140). This study showed cancer cells traveling with linear
extensions of fibroblasts, which adds to the framework of the tumor using physical
linearity to invade. In the data of this thesis, there were road-like structures formed by
the reseeded MDA-MB-231 cells. It is likely the cells are preferentially growing along the
linear structures, however, it does show how matrix can be a blueprint for cell invasion,

even in vitro.
Linear collagen VI benefits tumor progression

Since this is a relatively new field of research, started in 2006 (76), there can be many

different interpretations as to why the invasive breast tumor would benefit from linear
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collagen outgrowths. Returning to keystone cancer publications can help to guide
scientific analysis. Hanahan and Weinberg (141) identify ‘activating invasion and
metastasis’ as one hallmark of cancer. TACS3 is an extremely clear tableau of this
particular characteristic. Similarly, ETP, a breakdown product of collagen VI, serves as
a pro-angiogenic, which fulfils the hallmark of ‘inducing angiogenesis’. ‘Avoiding
immune destruction’ is achieved by cancer cells reaching the healthy extracellular
milieu. TACS3 structures also serve to expand the three dimensional tumor range,
especially in breast tumors which are known for rapid growth (142). Another
characteristic of tumor development per Hanahan & Weinberg is evasion of growth
suppressors. Contact inhibition is a phenomenon which arrests cell division when cell
density reached a critical threshold (143). The formation of physical structures which
allow the tumor to ferry out cells gives a neat option for a tumor to avoid critical
hyperplasia, which would normally have to battle contact inhibition.

It has been known for a decade that linear collagen at the tumor border helps the tumor
to reach nearby blood vessels and all the resources therein (144), thereby avoiding
hypoxia related stresses, accessing oxygen and a gateway to metastasize (145).

On a clinical level, it is advantageous for the tumor to very discreetly extend itself
through the healthy parenchyma and stroma, especially since TACS3 is difficult to
detect. TACS3 affords the tumor a better chance of surviving the treatment combination
administered, and recurring, which generally happens between 1-3 years later (146,
147). For these reasons, it is beneficial for the tumor to build such opportunistic, linear

structures.

Irradiation reduces cancer cell growth and induces formation of a less oncogenic
ECM

Irradiation frequently accompanies chemotherapy in the treatment of TNBC, and when
performed, is associated with better survival rates of patients (148). Doses of radiation
range from 1000-5000cGy (149), which is fractionated over the course of five to six
weeks (150). The cells in the irradiation data of this research received a one-time dose
of 5Gy, consistent with the literature (151), and which did not significantly affect the

viability of the cells, seen in the presented data within this thesis. Considering the anti-

63



Q) T

cancer effect of irradiation, it is interesting to observe that the irradiated cells
themselves tend to produce a matrix which is lower in collagen VI than its non-irradiated
comparison. This hints at the influence of radiation on the cells in making a
microenvironment which is less oncogenic than its non-irradiated comparison. A
valuable next experiment would be to test CCL5 production by an irradiated co-culture
of ASCs/MDA-MB-231, to investigate if this stage in the linear matrix deposition is
impacted by irradiation. After all, a reduction of CCL5 means a decrease in a sequelae
of pro-oncogenic events which is known to be a result of radiation in TNBC (152).
Importantly, ASCs have been seen to be relatively robust in their response to irradiation;
both in the present data and literature (153). This helps explain the high therapeutic
efficacy of fresh ASCs in grafted fat under irradiated skin, which serve as tool to rescue

the fibrotic phenotype of chronic dermal radiation damage (154).

ECM turnover is balanced by proteolysis and suppression of collagen production
The tumor is a heterotypic structure with high microenvironment plasticity. While CCL5
is known to act in a paracrine manner for monocyte and macrophage attraction to the
tumor (155), the work of this thesis eludes to a specific, non-fibrotic paracrine effect of
MDA-MB-231 on the resident non-cancer cell populations. Considering the traffic of
cells into and out of the tumor mass (129), it would make sense the microenvironment
of the tumor is not purely pro-fibrotic. MMP1 (156) and MMP9 (157) are proteases
upregulated in triple negative breast tumors, and work in concert with pro-fibrotic
cytokines to balance turnover as the tumor expands (158). However, the data listed in
figures 12 and 13 of this thesis show little/no matrix deposited by the fibroblasts/ASCs
under paracrine influence of MDA-MB-231 alone. This could reflect a relationship
whereby collagen production is not stimulated as strongly when TNBC cells act in a
paracrine manner with the classic collagen producing cells. Considered from an in vivo
perspective, this would translate into strategic cessation of ECM production, creating a
looser microenvironment and facilitating ease of passage for infiltrating cells and
chemokines; a hallmark of invasive tumors (159). Similarly, the penetration of TACS3

structures coming from the tumor boundary itself would be unencumbered by a less
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dense zone surrounding the tumor. There is evidence that fibrosis is pro-oncogenic
(160), but not necessarily that cancer itself is extremely pro-fibrotic (161). Data within
the current thesis highlights that not all paracrine mechanisms of breast cancer are pro-
fibrotic, allowing the assumption that there is a balancing system against heavy pro-

fibrotic mechanisms.

The ASC and MDA-MB-231 juxtacrine connection is highly oncogenic

There are many descriptions of the paracrine role of mesenchymal stem cells in cancer
development, and a wealth of scientific evidence testing it. However, it is difficult to say
anything definitive about the cellular relationship, partly due to the complex nature of
stem cell research and patient-to-patient variability (162). The ASC is of mesenchymal
origin, but resides within adipose tissue to give rise to a range of soft tissue/connective
tissue structures (163, 164). Like MSCs, ASCs can differentiate along lineages of
adipocytes, chondrocytes, muscle cells, and vascular endothelial cells (165). There is a
complex reciprocal dialogue between MSCs and MDA-MB-231, for instance, MSCs are
powerful metastatic drivers of MDA-MB-231, via MCP-1 (166). It has been seen that
MDA-MB-231 can cause CCL5 secretion from MSCs through NF-«B signaling (167).
NF-kB pathway is a known driver of CCL5 expression through p50 (168), alongside Jun
N-terminal Kinase (JNK) signaling (169) and mitogen activated protein kinases (MAPK)
pathway (170). These signaling pathways are known to be upregulated in MSC/MDA-
MB-231 interactions (171, 172). In terms of functionality, an admixture of MDA-MB-231
and MSCs orthotopically injected resulted in increased production of CCL5 and highly
metastatic tumors in vivo, while MDA-MB-231 and fibroblasts together did not lead to
increased primary tumor development or lung metastases. This indicates a unique
partner role of the stem cell to the cancer cell (111). This same study determined that
only a juxtacrine, not paracrine, relationship of MDA/MB-231 and MSCs resulted in an
upregulation of CCL5, mirroring the same finding here in the cytokine array studies.
Overall, there is a large body of evidence that resident stem cells and TNBC cells act
together through various pathways to produce CCL5.

IL-6 has been reported as another cytokine secreted in concert with CCL5 by MSCs, to

potentiate a pro-invasive TNBC phenotype (173). And, congruent with present findings,
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was highly upregulated in the media of group i (cancer juxtacrine group). Importantly, IL-
6 is seen produced by fibroblasts downstream of CCL5 (specifically, synovial
fibroblasts) (174). The findings of this thesis indicate that knock-on fibroblastic IL-6
production was activated by triple negative breast cancer cells, and thus it becomes

important to consider the effect of CCL5 on construction of fibroblast-generated ECM.

CCL5-stimulated fibroblasts are sufficient generators of collagen VI

IL-6 is a known driver of fibrosis in inflammation (175), scar tissue deposition (176), liver
cirrhosis (177), and gastric cancer fibrosis (178). As an intervention, it has been seen
that strategic blocking of IL-6 in vivo ameliorates lung fibrosis (179). IL-6 shares the
same desmoplastic function in breast tumors (180, 181), which can act as a positive
feedback loop for breast cancer, as BC development has been seen to be triggered by
obesity associated breast fibrosis (182).

CCLS5 acting in concert with IL-6 is known to occur in the breast cancer setting, and has
been examined before. Specifically, Maraviroc (anti-CCL5) and tocilizumab (anti-IL-6)
used as a combination therapy were together more effective than either drug alone in
reducing tumor size and metastasis in vivo (183). Since IL-6 is known to induce
collagen deposition, and since the data presented in this thesis elude to a mechanism
where the collagen is linear only with CCLS, it raises the question of whether CCL5

plays a role in spatially guiding the collagen deposition stimulated by IL-6.

Rationale for future development of this research field

As it stands, TACS3 as a tool appears to strongly fit the purpose of invasion and
metastasis (78, 80, 141). It so follows that identifying the exact makeup of the TACS3
collagen could be of direct clinical and surgical benefit. However, the existing scientific
literature does not have sufficient depth. For instance, the literature involves in vitro
collagen gels made of collagen type 1. The in vitro assays therefore bias the study of
TACS towards collagen type 1, rather than de novo creation of collagen as a tumor
model (140). Meanwhile, in vivo collagen labelling is not specific to collagen type, but
limited to picrosirius red staining and SHG (77). The exact proteomic makeup of the

TACS are unknown. The research platforms needed to investigate TACS further will
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require a larger animal model to allow accurate ECM formation (e.g. pig), and in vitro
work which allows de novo creation of ECM, rather the prescribed collagen isoforms
and structures. To be more direct, this work is pointing directly at the blocking of CCL5
as a mainstay of TNBC treatment. Given the lack of side effects from blocking the CCL5
pathway, and since the existing drug is highly tolerable to the patient, a clinical trial of
the CCR5-blocking HIV drug Maraviroc in TNBC has precedent (184). From a surgical
standpoint, the molecular identification of TACS3 could change what is considered an
RO (margin negative) resection. Considering that an RO resection can still recur up to
12% after 10 years, there is room for improvement, and a precedent for further TACS
investigation (57). If histopathology shows TACS3, it is probable there are already
metastases, and cancer cells disseminated further in the breast (81, 96). There is
compelling reason to direct attention towards adjuvant/neoadjuvant therapeutics to limit
TACS3 development.

Consequences for surgical practices derived from this research

The field of breast cancer surgery is wide and changing annually. Two major points to
link this thesis with are 1) fat grafting, and 2) RO resections.

1) The fear of introducing adipose tissue to a post-mastectomy/lumpectomy zone, via
fat grafting, has been well documented (163). The in vitro work of most publications has
used a Boyden chamber to illustrate the pro-oncogenic cytokines upregulated in the
paracrine relationship between ASCs and MDA-MB-231. The preliminary experiments
of this thesis tested the Boyden chamber assay with another migration assay of my own
design, which was published in 2019 (185). The goal of this work was to assess the
relationship of the ASC and MDA-MB-231 cell in a new way. The novel migration assay
did not recapitulate the pro-oncogenic paracrine profile of the classical Boyden chamber
assays. However, further experiments of the ECM arm of this thesis, showed that once
connected, a pro-oncogenic effect of juxtacrine ASC/MDA-MB-231 is seen in the form of
CCL5 upregulation. It seems that while the ASCs are migrating towards the cancer cell
population, there is not a detectable oncogenic paracrine profile, compared to the

extremely upregulated CCL5 production when the ASCs finally arrive at the cancer cell

67



Q) TUTI

membranes. These in vitro assays have shed light on the dual-nature of the
paracrine/juxtacrine relationship of ASC/MDA-MB-231, and helps to explain the
disparity in the literature.

Fat grafting has a valuable place in breast reconstructive surgery. Specifically, post-
radiation, skin can become extremely fibrotic and accompany loss of underlying volume.
Fat grafting underneath can restore skin quality and elasticity, along with replenishing
lost volume (154, 186, 187).

2) In terms of surgical excision of breast tumors, the goal of the oncologists is an RO
resection; meaning the margins around the removed tumor are microscopically
examined, and there are no detectable cancer cells present. Classically, ‘no ink on
tumor’ is the criteria used by pathologists to confirm full removal of cancer cells. Briefly,
the surgeon excises tissue suspected to contain the tumor in its entirety, and stains the
sides of the tissue with different colors of ink, so as to orient the pathologist. The tissue
is handed over to the pathologist who processes it for histology immediately, while the
patient is still on the table. The rule of thumb is that if no cancer cells are seen to touch
the ink, and are 1Tmm away from the inky border, an RO resection has been achieved
(58, 188). This work is performed within a 30 minute window, and based on the ink
color, the surgeon is spatially guided in real time which aspect of the tumor may need to
have a deeper cut. This universally used standard is based purely on cellular detection
rather than ECM anomalies.

As the current ‘ink on tumor’ criteria focuses purely on the cellular tumor border, it is
important to address how this technique might evolve with ECM tumor border. The work
of this thesis readdresses the concept of ‘ink on tumor’; asking if a further histological
investigation step for collagen type VI should be also performed. Remnants of TACS3
are cellular themselves, and it is worth asking if TACS3 are potentially camouflaging

cancer cells from histopathologists.
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Figure 31: Situation of TNBC tumor in vivo, highlighting breast tissue planes. (Left)
schematic showing breast tumor in situ, represented by pink color. Lines from pink tumor body
indicate collagenous outgrowths/tumor moving along planes of soft tissue in the breast. Made
with biorender.com. (Right) micrograph isolated from histology section taken at the tumor
boundary, H&E staining, representing how the tumor appears at the edge. Dotted line
represents the tumor boundary, tumor lies to the right of the line, TACS3 linear collagen on the
left.

Limitations and future aims

The work of this project is mainly in vitro, with one in vivo arm which correlates human
histology with the findings of lab experiments. This work is limited by the lack of an
animal model. While there is an intervention arm (CCL5 blocking), it too is in vitro, and

there is no pharmacological aspect to this work (e.g. drug use (Maraviroc)).

The literature indicates using Maraviroc as an agent to limit tumor formation. This could
feasibly be considered at any point in the breast cancer therapeutic plan, as it is a
relatively innocuous drug and could theoretically be used in every case worldwide to
inhibit tumor formation/metastasis/recurrence. The use of animal models should be

limited to large animals (e.g. pigs/sheep) given the detail needed on the tumor boundary
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— a difficult parameter to study in the miniscule mouse mammary gland. However, an
animal model would enable intervention studies as well as full structural analysis of the

tumor and mammary gland; not possible in human studies.

A range of clinical science can arise from this work. Surgical resections could include
collagen VI staining. Study on the anti-fibrotic paracrine effect of MDA-MB-231 could
enlighten tumor heterogeneity and drug targeting. A study with CCL5 and radiotherapy
could help decrease the fibrotic nature of irradiated breasts; a known barrier to accurate

diagnostics (189).
Conclusion

The most coherent hypothesis to be supported by the present dataset is that there is a
paracrine relationship between ASCs and MDA-MB-231 cells, which produces CCLS5 in
high amounts. The CCL5 acts on fibroblasts, to stimulate the production of linear ECM,
high in collagen VI. It is already known that CCL5 plays a pro-oncogenic role, via
chemoattraction of cells to the tumor. The chief supposition of this in vitro work is that
there is another, unreported role to CCL5 in TNBC; the construction of linear collagen VI
at the boundary of the tumor. This collagen format is known to the world as TACS3, and
before now, there was no explanation for its formation. The work of this thesis has
provided a link for the first time to CCL5, collagen VI at the tumor boundary, and TACS3

linear collagen formation.
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