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Abstract

Breasttumour progression invoks complex interactionsbetween malignant cells
and the tumouw microenvironment It is increasingly apparent that immunity is a critical
determinant for tumour progression. T regulatoryréd lymphocytes which dominate
tumour infiltrating lymphocyte populations,are implicated in facilitating tumour
immunoeditingprocesses and suppressiigatural Killer (NK) cedinti-tumour function To
investigate such cellular interactiongexperimentation traditionally involves using
reductionist 2-dimensional culture systems that do not recapitulate tgatial dimensions
of the in vivo microenvironment. Three-dimensional (3D) culture systems conversely,
recreate these dimensionsallowing tumour cells to assume agphenotype more

representative of the tumoumicroenvironment

Given that immunity is a critical factor in deterrmg tumour progressiora novel 3D
culture systemwas establishedo investigate the interactions betweelkeclymphocytesNK
cells and hormona@lependent (MCF7) or hormoneindependent (MDAMB-231) breast
cancer cellsLymphocyte subpopulations were magdivally isolated, with the efficacy of the
sorting procedure verified using flow cytometry. To generate 3D cultures, cell populations
were resuspended in growth facteeduced Matrigel and cultured for 72 hours. This culture
system proved effective for RNAextraction for downstream applications; for
immunolocalisation of selected tumour biomarkers {ER -i¢ B C &al}ahd EGFR) for
gualitative analysis; and for acquisition of cytokine datam(lL 22, IL-6] TNF" ~ -d. @2,
CCL4 and CXCLB8) for quantatmultivariate statistical analysis.

Immune mediationwas shown to induce the disruption of cebll associations,
altering the expression of biomarkers and secreted cytokine profiles. Collectively, these
results reflect tumour cell subversion BK cdland/or Treclymphocyte function to promote
tumour progression by generating an inflammatory microenvironment. While hormone
dependent and hormonéndependent breastancercells differed in their specific response

to immune mediation the mechanisms by lwch they elicited responses resulted in similar
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outcomes ¢ that of enhanced evasive and invasive capacity. It is necessary to further
elucidate the relationship between the investigated cytokines, biomarkers and immune cells,
to understand their interactns and potentially provide more information for therapeutic

intervention, given that these factors may contribute to tumours not responding favourably

to combined modalities of therapy.
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CHAPTER |I1

(HAPTER General Introducion

The incidence of cancer in developing countries is rising, with statistata indicating that

by 2020the majority of cases will be cancer of the breast (Krugred Apffelstaedt 2007). It

is estimated that of more than 1 million women per yeaaghosed with breast cancer
worldwide, 14% will succumb to this disease (Coughlin and Ekwueme, 2009; Yeuklen
2012). Despite advances in surgical ggdures and adjuvant treatmentsincluding
chemotherapy, hormpe therapy and antibody therapyhe median overall survival rate of
patients presenting with metastatic breast cancer rensarelatively unchanged (Nicoliand

Carpi, 2008). Possibly one of the greatest limiting factors to the efficacy of such treatments is
the Machiavellian nature of the imame system in its capacity to both prevent and promote

tumour formation.

1.1 A brief history of tumour immunology

Rudolf Virchow first documented the relationship between inflammation and neopiasia
1863 in his identification of tumodinfiltrating lymphocyes (TIL) (Balkwill and Mantovani
2001). VirchowQ @ropostion that inflammation is a precursor to tumour formatiowas
challenged in subsequent years Bater revisited by modern science in the establishment of
the relationship betweenH. pyloriand gasic cancer for example(Kim et al., 2011).
Conversely, William Coley noted the effects of inflammation on tumour regression as early
as 1891 achieving cure rates of approximately 10% usirigsed streptococcal cultures in
sarcomapatients (Coley, 1932 ASYIFyy FyR {GFNYySaz wmdopnT t |1
commonlyregarded as the first cancanmunotherapy clinical trialvas not widely accepted

in clinical practicedue to the undefined mechanism of actionof succestl tumour
eradication,low reproducibility and high toxicityevels(Parish, 2003; Ichin2005). It was in

this climate that Paul Erlichn 1909 proposed that immunological processes suppressed
tumour formation (Ichim2005), provoking fierce debategarding the role of the immune

sysem in tumour prevention, promotion and regression. Despite such contestation, it was
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during this period that the forerunner theories to tumour immunology and cancer

immunotherapy were established.

Forty years latein 194% 9 Ndortedtidr\dere chalenged by F. Macfarlane Burnet and

Frank Fennewho proposedthe theory of acquired immunological toleran¢@arish, 2003),

YR (Kdza GKS 02y OS lBiirnefafid FEhNGEhO@isky thall IinplyocyesF a St ¥
which had the capacity to recognise séléntigens)were eliminated in prenatal lifea

concept for which Rupert Billingham, Leslie Brent areter Medawar later provided

empirical evidencégBillinghamet al., 1953; Woodet al.,2010) Since it was presumed that

neoplastic transformations exhiieid the same molecular phenotype as healthy tissue, it was
subsequently proposed that lymphocytes were incapable of recognising and consequently
eradicating tumours (Parish, 2003). In the late 1950s, studies showeduffaat surgical

removalof carcinogerinduced tumours, animals were able to reject a subsequent injectio

of the same tumour cells, therelgyroviding evidence for theoncept of tumoufrassociated
FyaA3aSya o¢! 10 o6tFNAAKET Hnannouv®d 5dzNAy3T GKAa L
postulated that in a Darwinian model, an extended life expectancy would necessitate
eradication of neoplastic cells to allow for a species level fitness ([munal, 2004

Malmberg and Ljunggren, 2006In light of new evidence, Burnet rejected his earlier
assertions and expdRSR 2y GKZRYF 8QF A OKQ& Ll2addz F GA2Y
immunosurveillance was borrD(nn et al, 2004; Ichim, 2005; Malmberg and Ljunggren,

2006); proposing that thymiglerived lymphocytes monitored the environment for
neoplastic celland that such cells expressed specific antigens which would in turn elicit an

immune response (Parish, 2003; Dwtral.,, 2004).

By the 1976, . dzNy/ S ®©QR2 Y IyaERQ A Y Y dzténéedrindd SHaltefigkdyirOtBat
infections were proposed as a strongeglective pressure for evolution of the immune
system than neoplasia. Moreover, with an understanding of T lymphocyte thymic selection
emerging, reports of the lack of spontaneous tumour regression, and the lack of increased
incidence of tumour formation ifmmunelINA @A f SASR AAGSAaT a&dzZJi2 NI

initial 1949 hypothesis and the immunosurveillance concept rejected (Parish, 2003; Ichim,
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2005). During this period, in 1972, Richmond Prehn proposed the concept of
immunostimulation in which he theted in a remarkably Vircheesque manner, that
spontaneous tumours elicited a mild immune response that could promote tumour growth
(Prehn, 1972 In subsequentyears, this concept was revisitedjth the identification of T
regulatory cells (Heg and onsideration of teir role in tumour progressio(Sakaguchet al.,
1995; Muransket al.,2006) As ever the field of flux, by the 1980s immunosurveillance had

been revived and cancer immunotherapys reconsidered

Following the discovery of the inheremgenetic instability of transformed cells, a large
number of TAA were identifiedvith research activity peaking in 199and a new era of
cancer immunotherapy emerged (Parish, 2003). Coupled with the development of
hybridoma technology in the 1970s, reseh into monoclonal antibodyn{Ab) targeting of
TAA was undertaken. While the use moAbs alone produced poor response rates, when
used in conjunction with radiotherapy and chemotheramjinicalresponse rates tripled
(Kirkwoodet al., 2012). Active imomisation approaches based on stimulating the adaptive
immune system of cancer patients against their own autologous tumours using whole
tumour cell, peptide, protein and dhelritic cell vaccinationshave resulted in only low

response rates (Rosenbeggjal., 2008; Kirkwooet al., 2012).

During this period adoptive cell therapy (AC&% an immunologic approach to cancer
treatment, found recognition. ACT involves the transfer of autologous lymphocytes
(commonly lymphokinectivated peripheral blood monomilear cells (LAK cells), or CO8
lymphocytes), activatedh vitro into irradiated hosts in order to induce tumour regression
and prevent the recurrence of cancer (June, 2007). Rosenberg and colleagues, in 1986
published the first account of tumour regrEen in mouse models treated witbx vivo
expanded TIL (Rosenbesgal., 1986; Rosenberet al., 2008). Muul and colleagues, in 1987,
then discovered that TIL could indeed recognise TAA in humisiosl (et al, 1987,
Rosenberget al, 2008). In1988, Rosemerg and colleagues published the first account of
adoptive cell therapy and nespecific imnmunomodulation (the use of exogenous cytokines

to induce antitumour activity) in a clinical setting, wherex vivo expanded TIL and
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exogenous IL-2 administration induced regression of advanced metastatic melanoma
(Rosenberget al, 1988; Rosenbergt al, 2008; Kirkwoodet al, 2012). Irradiation later
became an essential component of ACT, depleting the hostzgf Ifmphocytes This T
lymphocyte subset, identifiedoy Sakaguchi and colleagues (Sakaguethial., 1995;
Mougiakakoset al., 2010), is not only responsible for maintaining peripheral-sgéfrance

via suppression of seteéactive conventional T lymphocytes (Beyer and Schultz, 2006) but is
also implicatedin the maintenance of tumour tolerance (Muransdi al, 2006). The gkc

lymphocytecompartment has thus been the object of much research to date.

Despite the advances made in ACT through th2 @htury, it has yet to beonsideredas a
viable treatmentoption for cancers. It is now recognised that the relationship between TIL
and the tumour itself is far more complex than previously imagitieeas an understanding

of the complexity of tumourigenesis that lead to the development of the immunoediting
conceptin the 2F" century, put forth as consisting of three phasesmination, equilibrium
andescapg(Dunnet al, 2002;Dunnet al.,2004). The first phaselimination, encompasses
the danger theory of immune recognition and immunosurveillance inedndy detection and
eradication of transformed cells. Danger signals, including cytokine production and the
expression of stressmduced signals, elicited by transformed cells and the affected stroma
lead to the recruitment of immuneells thatin turn mayeradicateneoplastic cell§Dunnet

al., 2002;Dunnet al., 2004; Prestwictet al. 2008).However,cancer cells can evade and
subvert normal immunosurveillance processes thereby initiating #ubclinical phase
equilibrium, where tumour variants with redted immunogenicity undergo a Darwinian
selection process and may become dormant for a period of years (Btuain 2002;Dunnet

al., 2004; Prestwichet al 2008). The final phasescapeoccurs when tumour cells
circumvent the immune system and becomenidally detectable (Dunet al., 2004). The
mechanisms by which tumours can escape immunological contraldeacteduction of
immunogenicityresistance to immunenediated cytotoxicity and the induction of tolerance

in immune cells (Prestwickt al, 2008). Trec lymphocytes are implicated in facilitating

tumour immunoediting processes by liaising with neoplastic cells to promote reduced
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immunogenicity and by actively suppressing duathour functions of cytotoxic T

lymphocytes andNatural Killer NK) cells(Ghiringhelliet al.,2005; Mougiakakost al.,2010.

An understanding of the concept of immunoediting in light of TIL interactiath
transformedcells is essential to effective ACT, considering that ACT is conducledcally
advanced cancer casewhere tumours have already passed the final phase of
immunoediting,escape The efficacy of ACT in melanoma has been suggested as being due
to the immunogenicity of melanoma itself and the innate amtnourigenic capacity of
recruited TIL (Zhou and Zhgr2004; Rosenbgret al., 2008§. However,ACT has had poor
results in the treatment of a number of other tumour types includibgeast cancer
indicative of an incomplete understanding of the tumour microenvironment and the

interplay between various celypes in the progression of this disease.

1.2 The tumour microenvironment

The vast majority of cancers are epithelial in origin and are thus classified as
adenocarcinomas. While the accumulation of genetic mutations allows for the
transformation of normal epitalial cells to a cancerous phenotypehe reciprocal
interaction of cancer cellsvith stromal componentsncludingfibroblasts, endothelial cells,
immune cellsand the extracellular matri{ECM)has equally important implications for
tumour initiation and progression de Visser and Coussens, 200%ygaet al, 2011). A
variety of secretedgrowth factors, cytokines andhemokinesform the basis of reciprocal
interactions between components of the tumour microenvironmer(tle Visser and
Coussens, 20058Such scretionsallow, either directly or indirectly, for the hallmarks of
tumour progression to occurincluding invasion and remodelling of th&CM cellular
proliferation, neovascularisation, immune evasion agxiravasation into the vascular or

lymphatic sytem for the establishment of distant secondary sites.

Although there exists a considerable amount of research linking the prevalence of TILs or

subsets thereof with good prognosis, there is an increasing body of evidence indicating that
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tumour cells are at only able to induce tumour tolerance and suppress or evade cytotoxic
lymphocyte function, but also to induce TILs to become active participants in tumour
progressionWhitesideet al.,1992; Drescher and Lynch 205gstwichet al.,2008;Emens

et al.,2012; CimineMatthewset al.,2013; Westt al.,2013)

1.2.1 The breast tumour microenvironment

Breast cancers are commonly categorised accortbrifpeir histopathological presentation,

the majority being adenocarcinomas. Adenocarcinomas are subdividedcartinomain

situ ¢ where neoplastic proliferation is limited by the basement membrane, or invasive
carcinoma ¢ where neoplastic cells have crossed the basement membrane into the
surrounding stroma (Lester, 2010). These categorisations historically vénvioirther
classifications, ductal or lobular, based on the tumour involvement of both anatomical
elements, although there is a fair amount of overlap between the two (Lester, 2010). The
degree of morphological differentiation of a tumpis proportional b prognosisand thus
impacts on treatment (Walker, 2009%ee Figure 1.1 for seminal contributions to breast

cancer management)

The majority of invasive breast tumours present as infiltrating ductal carcinoma (Walker,
2009). Histologically, wetlifferentiated tumoursindicate a better prognosis angresent

with tubule formation, small nuclei and low numbers of mitotic figures. Poorly differentiated
tumours are characterised by nests or sheets of cddlsge irregular nuclei with large
numbers of mitoticfigures and areas of necrosis common (Lester, 2010). In concert with
histological presentation, immunohistochemical assays remain the most-efiestive
method with which to visually assess receptor expression, oncogene presentation and
markers of proliération (Shyyaret al, 2006). This allows for recognition of subtypes of
invasive carcinomas. Gene profiling studies have further indicated that most types of
invasive breast tumours cluster into several magjooups thathave important biological and

clinical significancéLester, 2010).
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The major subtype of infiltrating ductal carcinonsathe Luminal A phenotypeommonly
found in postmenopausal patients. This phenotypecisaracterised as oestrogen receptor
(ER) positive and human epidermal growtletéa receptor 2(HER2/neunegative(Lester,
2010). Tumours exhibiting a Luminal B phenotypearacterised a&R, HER2/neli and
progesterone receptor HR) positive referred to as triplgositive tumours, are highly
proliferative and morelikely to undergo lymph node metastases (Lester, 2010). Targeted
therapeutics for ERtumours include thiredgeneration aromatase inhibitorgAl), selective
oestrogen receptor modulator§SERM) and selective oestrogen receptor downregulators
(SERD)examples of which ifede Anadrozole, Tamoxifen andrulvestrant,respectively
(Howellet al., 2004). Such targeted therapies are unfortunately not currently available for
patients presentingbreast tumours of thebasatlike tumour phenotype,the incidene@ of
whichwhile lowerthan that of the uminal substs, is associated with a poor prognosfdso
known as triplenegative tumours (ERPR HER2/nei), tumours of the lasatlike phenotype
have a high grade, proliferative rate and metastatic potenfisster, 2010). Such twurs
often also exhibit thebreast cancer antigen {BRCAJL mutation and overexpression of
epidermal growth factor receptor (EGFRJth increased incidence found in certain ethnic

groups and in younger cohortedleyet al.,2010;Lester, 2010Giriczet al., 2012).

Immunophenotypic assessment of breast tumours liksnonstrated the presence of a
heterogeneous TIL populatiq®&eorgianno®t al, 2003).An accumulation of deccellshave
been noted in boththe TIL populatiorand peripheral blood of breastacer patients (Bates
et al.,, 2006;Pooiet al., 2006;Bohling and Allison, 200®eckeret al,, 2012) Elevated gec
lymphocytenumbersare associatedvith poor prognostic significance in EiRvasive ductal
carcinomaand HER/neu® carcinomas(Pooi et al, 2006; Bateset al, 2008) While Rec
lymphocytes intriple-negative breast cancerbave traditionally been linked with poor
overall survival(Bohling and Allison, 2008; CimiMatthews et al, 2013) recent data
indicates that adominant Treg lymphocye infiltrate conversely correlates with good

prognosis in triplenegative cancers (West al., 2013).
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Treclymphocytes are further implicated in the suppression of NK cell function (Ghiringhelli
al., 2005; Mougiakako®t al., 2010) While depletion ofthe TrecCcOmpartment hasbeen
found essential forACTefficacy (Muranskiet al., 2006; Mougiakako®t al., 2010, other
studies have queried the necessity of such, implicatimgre complexprocesses in the
suppression of cytotoxic lymphocyte function (Killeva et al., 2010) Nevertheless, the
scarcity of NK cells in TIL populatidi@eorgiannoset al., 2003; Macchettiet al., 2006)
despite an elevated presence time peripheral bloodof breast cancer patient@Mozaffariet
al., 2007) may indicate inadegate NK cell homing mechanisngstumour sites(Albertsson
et al., 2003) and possibly the dominance of adaptive immune respondasnour cells
induce a tolerogenianicroenvironment,either by direct suppression or by subversioh
normal immunologicafunction. Notably, he cytotoxic function offIL and peripheral blood
NK cellss impaired in breast cancer patientpresenting with infiltrating ductal carcinoma
being particularly reduced in BR/neu® tumours (Dewenet al., 2009; Mamessieet al.,
2011) Alterations in NK cell phenotype notablydependent on tumour stage, with NK cells
exhibiting poor cytotoxic capacitgominating NK populations in advanced breast cancer
immuneinfiltrates (Mamessieret al., 2013) The prognostic significance of NK celldieast
cancer has yet to be established (Robetial, 2012) but gene expression studies have
indicated that signatures associated with NI are predicative of relapdeee survival in
primary breast cancer patients (Ascierad al, 2013). The scaity of NK cellsand the
dominance of geclymphocytesin TIL populations may be linked to breasincerimmune
evasionand tumour tolerancestrategies where the induction of a local inflammatory

response i€mployed for tumour progression.

It is becomilgy increasingly apparent that tumour cells subvert inflammatory processes to
maintain tumour progressignand that these processeme in turncritical determinants of
tumour progression and response to therapja number of secreted growth factors,
cytokines and enzymes contribute to tumour progression and invasion (Le Bitoux and
Stamenkovic, 2008) by mediating the interplay between stromal cellular components,

including cells of the innate and adaptive immune system, with malignant cells
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The breast tumoumicroenvironment and certain breast cancer cell lines frequently express
members of theinterleukin (U)-1 cytokine family which transduce pmflammatory and
anti-inflammatory signals via theitogen-activated protein MIAP-kinase pathway (Nicolini

et al., 2006; Dinarello, 2008). Members of thellfamily induce matrix metalloproteinase
(MMP) function as well as the secretion of chemokimeduding CCL2, CCL4 and CXCLS8
which recruit other leukocytes that assist in tissue remodelling (Le Bitoux ande®itovic,
2008),resulting in a feedback loogssential for metastasis. Furthermore;liltogether with

IL-6 and tumour necrosis factor (TNRunctions synergisticallyas aproinflammatory axis
(BenBaruch, 200B ElevatedIL-6 serum concentration in brest cancer patientsorrelates
with poor prognosis and in those patients presenting with hormoependent invasive
tumours,is associateavith resistance to hormone therapy (Baumgarten and Frasor, 2012)
Heightened expression of TNFX | f a2 | &aa2OAl S Rs ligkkdiwith LJ2 2 NJ
endothelial cell activatiorand may thus playa role, together with transforming growth
factor b (TGFb), in enhancingthe metastatic profile of tumour cellfLe Bitoux ad

Stamenkovic, 2008; Baumgarten and Frasor, 2012)

TGFb, which is an important linkn cytokine production and immune evasidaimplicated
in both tumour suppression and tumour progression (Yahgl., 2010). In its role irearly
tumour suppression, GFb inhibits cytokine and chemokine production and induces
apoptosis. However, T@Fis a known preoncogenic factor, and iestablishedtumours
induces dysregulation of the cell cycle, angiogenesis and immune escapee(¥&ng010).
TGFb is alsoinvolved in epitheliatmesenchymal transitions, where epithelial tumour cells
assume a more invasive phenotype characterised by a loss of -bpiall polarity and cell
cell adhesion (Moustakas and Heldin, 201Zumour cells and surrounding stromal
componens secrete large amounts of TBFIn this context,TGFb is implicated in direct
suppressin of cytotoxic T lymphocyteand NK cellfunction, in the recruitment and
subvesion of Treg lymphocyte function (Park et al., 2009) and in mediaton of Tgreg
lymphogyte inhibition of NK cellunction (Ghiringhelliet al., 2005; Chikilevat al., 2010). kec
lymphocyte function is also closely associated with the glydepmomucinl (MUG1),

implicated in playing a dual role in immunoregulation (Konowalchuk and Agra0a2).
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MUG1 hasbeenfurther linked with breast tumour progressipmlependent on phenotype,
via signal transduction pathwaysssociated with migration (Walsh et al, 2000;
Mukhopadhyayet al.,, 2011). MUEL expressions regulated by Type | cytokinescinding IE
2, 1:12, interferong (IFNg) and TN 6! Y RNJR I of &IF 2066), yehffifrhing the

importance of the immunoregulatory cytokine axis in tumour progression.
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1.2.2 Recreating the tumour microenvironment

Ex vivo experimentation has been instrumental in deconstructing the vivo
microenvironment,attempting to account for confounding variables in clinicopathological
data. The relevance of expenentation conducted on established cell lines to clinical
management of cancers is an-going debate. Primary breast cancer cell lines established
from patients is a time&onsuming expensive procesgpersonal observation)Moreover
obtaining patient sarples on initial presentation and biopsy is essential to ensuring a
collection of cellgrior to exposureto any therapeutic agentsWhile established cell lines
are prone to genomic instability, olecular profiling indicates that numerousell lines
including breast cancer cell linespimic the genomic heterogeneity and genomic copy
number alterationsof their primary tumour phenotypealbeit presenting greater complexity
(Neveet al.,, 2006; Kacet al., 2009) Such datdahus suppors the use of establishedell lines

in experimental models to gain an understanding of the physiological processes of breast

tumourigenesis.

Dominating in vitro experimentation are zlimensional (2D) culturesystems thathave
provided a plethora of information otumour celldar processes inctling differentiation,
migrationand proliferation. In 2D culture systems, tumour cells are cultured as a monolayer
on glass or plastic and typically assume a planar structure witinduced apicabasal
polarity (Baker and Chen, 2012Buch polarity is characteristic of an epitheliké
morphology; lwever,in vivg mesenchymalike tumours are essentially stellate with no
conceivable apicdbasal polaity. Cell geometry affectsignallingpathways and in turn
affects migration and diérentiation processes, such that induced polarity in 2D systems

may not accurately recapitulate tha vivoenvironment (Weigelt and Bissell, 2014).

In order to compensate for the disadvantages of 2D culture systems, many studies have
focused on establishg xenogafts or orthotopic graftsin immunocompromised host
animals (Walsh et al, 2000; Pegram and Ngo, 2006>anapathyet al, 2010) Results
obtained fromsuchmodelsgenerallyserve aghe translationallink between basic science

and clinical medice. Notwithstanding the expenseand specialised animal husbandry
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services required for the establishment of suchvivo models, theytoo present caveats
Many tumour cell lines (and most primary tumour cells) fail to engrafin
immunocompromised hosts, aotable example being ER2heu’ cell lines in athymic mice
(Pegram and Ngo, 2006\ygaet al, 2013. While some studies have overcome this
limitation by engineering BR2/neu cell linesable to engraf(Pegram and Ngo, 2006), this in
itself adds an additioa layer of complexity to the experimerfurthemore, in drug testing
physiologial responsebetween host animals and human subjediffer to the extent that
by 2010, reports indicated that only 11% of drugs assesséu wivo animal models were
succeshll in clinical trials and approved for therapeutics by teited States of America,
Food and Drug AdministratiofLevitzki and Klein, 2010)Transgenic modelare useful for
investigating inherited cancers buto not mimic most human cancers and theirrye
transgenic nature implicates eange of responsesdistinct from normal Of paamount
importance to this studys that the mentioned animal models generally fail to account for
the complexity of immune responses involved in tumour progression (PegramNaod

2006)

Threedimensional (3D) culture systems are a proposgdrmediary betweenreductionist

2D cultue systems and xenograft models (K2905) By recreating the spatial dimensions
associated with then vivoenvironment, 3D culture systems alldwmour cells to assume a
morphology more representative of thie vivotumour environment than those cultured in
2D systemsKennyet al, 2007; Krauseet al, 2010; Pintoet al., 2011). Morphological
presentation in 3D culture systenesrrelateswith molecular and genetic phenotypes as per
the tumour microenvironment (Haret al., 2010). Thus, 3D culture systems allow for a
complex recapitulation of the tumour microenvironment that is cost effective and without
the specificlimitations presented by animahodels (Swamydast al., 2010; Pintoet al.,

2011).

The methodology employed to create 3D cultures predicates on the establishment -of cell
cell associations in a geometric spathe establishment of multicellular spheroidas been

particularly useful fo drug delivery studies (Nygat al,, 2011). Spheroids are characterised
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as tumour celaggregats with actively proliferating cells dominiaig the periphery, a core of
nutrient-deprived and thus potentially necrotic cells, and the ability to secré@eM
components including fibronectin, laminin and collagen (Nygaal, 2011). The earliest
R20dzYSyid SR SadlrofAakKYSyid 27F OStf faloweSyr A Ra =
the liquid overlayculture method,exploited the spontaneous aggregation ofrtaur cells in

a liquid medium (Kim2005). However,the smallnumbers of spheroids generated for

subsequent experimeéation are a limiting factor dboth techniques

The gyratory rotation technique used in spinner flask and roller tube culture systems, an
the more advanced rotatory cell culture system both generate larger quantities of spheroids.
These techniques maintain cells in suspension allowing fortapenus spheroid formation
(Kim,2005) Some tumour cells however, do not spontaneously aggregatethe addition

of microcarrier beads to such culture systeare used to induceellcell adhesion(Nygaet

al., 2011) Both techniques also present limitations: the gyratory rotation technique
produces high shear forces affecting the architecture ofucat spheroids and the rotatory

cell culture system, while significantly reducing the sheatds, is an expensive technique

for the generation of relatively simplomotypicspheroids(Kim 2005).

Compared to spheroid cultureshree-dimensional scaffals allow for thereconstruction of

the complex geometry of the tumour microenvironmegiKim 2005) Bioengineered natural
scaffolds includéwydrogels thatare pimarily composed of watethowever, their capacity to
mimic the tumour microenvironment preditas on the addition of ECM components
including collagen type I, hyaluronic acid and lam{iggaet al.,2011) Synthetic scaffolds,
made from synthetic polymers including polylactide and polyglycolide, are biodegradable
andwhenmixed with ECM componesitprovidea more biologically relevant culture system.
However, their synthetic nature is a limitation to the recapitulation of the tumour
microenvironment (Nygaet al., 2011). With increasing evidencé¢hat tumour progression
requires interaction of ECM omponents with tumour cellsdirecting migration and
proliferation and further providing a medium for paracrine and autocrine secreted factors,

many studies have used cskcreted ECM scaffolds for the establishment of 3D culture
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systems Celtsecreted EM scaffolds commonly used include fibroblarived ECM (Nyga

et al, 2011) and the commercially available Engelbsgitim-Swarm tumourderived ECM
(Matrigel) (Kleinman and Martin, 2003)Vhile fibroblastderived ECM lim&the growth of
certain breast cacer cell lines (Nygat al, 2011) Matrigel converseljhas been shown to
support breast tumour cell behaviourmore reminiscent of than vivo microenvironment
(Kennyet al., 2007; Haret al., 2010) Threedimensional studies have focussed primarily on
homotypic cultures investigating breast cancer cell invasion (PoinckEtwal., 2011;
Chandrasekaraet al., 2012; Yu and Machesky, 2012) or heterotypic cultures investigating
breast tumour cell and fibroblast interaction (Olseh al., 2010) (Table 1.1) Few studies
have assessed lymphocyte invasion capacity in 3D cultures (Albedssbn2007; Edsparr

et al.,2011) and notably, assessment of the literature to date has yielded no research on the

heterotypic interactions betweemmune andbreast cancecells in such a system.



Table 1.1Examples of research studies directly comparing 3D scaffold and 2D heterotypic or homotypic breast cancer culture models

Investigation

Cells

3D Culture Conditions

3Dversus 2D

Reference

Gene expression profiles /
morphology

Breast cancer cell lines
numerous

Homotypic Matrigel model.
Sandwich method.

Distinct morphological
alterationsin 3D Inaeased
expression of genes involved it
signal transductiofn 3D

Kennyet al., 2007

Sensitivity to cancer drugs

Mouse breast cancer cells (4TI
and murine embryonic
fibroblasts (MEF)

Homotypic and heterotypic 3D
spheroids. Variations of
Matrigel models. &dwich
method.

3D culturesdss sensitive to
cytotoxic actions of anttancer
drug Y€l (antithypoxia
inducible factor)

Li and Lu, 2011

Invasive potential / Angiogenic
induction potential

Human breast cancer cell line
(MCF7)

Homotypic 3D culture in pous
collagen scaffold

3D cultures showncreased
secretion of bFGF, VEGF and |
8; and hcreased expression of
MMP-2 and MMP9

Chenet al., 2012

Invasive potential morphology

Human breast cancer cell lines
(MDAMB-231, MDAMB-361)
and normal breast effielium
(MCF10A)

Homotypic 3D aggregates in
Matrigel and synthetic
polyethylene glycol

In 3D BMP4nduced p21
expression (cell cycle inhibitor),
similar to 2D but morphological
changes indicate more invasivq
profile in Matrigel

Ampujaet al., 2013

Migratory and invasive
potential

Human breast cancer cell lines
(MCF7, B20) and normal
breast epithelium (MGEOA)

Homotypic and heterotypic 3D
spheroids on
polydimethylsiloxane

Increased exprgsion of E
selectin and hypoxiassociated
genesin 3D cultures

Chandrasekararet al., 2013

Invasive potential

Human mammary fibroblasts
and breast cancer cells (MCF
10)

Conditioned media. Homotypi
and heterotypic collagen | only
and collagen I/Matrigel based
3D cultures

Increase in cancer cell invasior
in 3Dmediatedby HGF/amet
interaction

Sungget al., 2013

oTIl 43 LdVHD
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1.3 Rationale for the study

The failure of ACT in breast canceflects anincomplete understanding of the tumour
microenvironment The interaction between cellular componentsin this
microenvironment idifficult to unravel from clinical observations aloriRecapitulation

of the in vivo tumour microenvironment relies primarily on the manipulation of cell lines
in 2D culture systems (Pintet al, 2011) or the establishment of cancer xenografts in
immunocompranised animal hosts (Nyget al, 2011), with both models presenting
advantages and limitations. The reductionist approach of 2D models in unravelling the
complexity of thein vivoenvironment, while having provided a plethora of information
regarding canceprocesses, has been increasingly shown not to be representative of the
tumour environment (Nygat al,, 2011; Baker and Chen, 201BR)vestigations mimicking

the breast tumour environment in 3D culture systems have focussed primarily on the
interaction ketween breast cancer cells arfdbroblasts (Kim, 2005; Olseet al., 2010;
Pintoet al,, 2011; Li and Lu, 2011Given that immunity is a critical factor in determining
both tumour progression and response to therapy, a niche exists for the development of
a 3D culture system in which to investigate the reciprocal interactions between immune

cells and breast tumour cells.

1.3.1 Aims

This study thus sought to investigate theeciprocal interactios between TRec
lymphocytes, NK cells and breast cancer cells in euBDre system. Thebjectiveswere

as follows

1. Establisment of a 3D model in which to study the heterotypic actions gl
lymphocytes, NK cells atmbrmoneindependent and hormoneependent breast
cancer cell lines (Chapter I1)

2. Validation ofthe applcability of the model for RNA extraction for subsequent

geneexpressiorassaygChapter I1)
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3. Assessient of the effects of NKcell and kec lymphocyte influence on
proinflammatory cytokine and chemokine production in the developed models
(Chapter III)

4. Application ofexploratory multivariate analysis to ascertain patterns of cytokine
and chemokine expression associated with the developed models (Chapter II)

5. Assesmient of the effects of NK and rEc influence on the expression of
biomarkers ER" ¥  al} HGFR and T®}F associated with tumour progression

using immunocytochemistrffCCYChapter 1V)



CHAPTER 119

CHAPTER Il: Establishmemtf a Heterotypic 3D Culture System: The

Interaction between TrecLymphocytesand NK Cellsin Hormone-Dependent

and Hormone-IndependentBreast CancerCell Lines

2.1 Introduction

The breast tumoumicroenvironment is an intricate network involving multiple cell types
the interactions of whiclplay pivotal roles in cancer progressidex vivoexperimentation

has atempted to construct tumour microenvironments in order to better investigate cellular
interactions; however the reductionist approach of 2Diture systemdail to recreate the
complexity of thein vivo microenvironment(Pintoet al, 2011). While 3D culire systems

are more successful in this regarstudies of breast tumourigenesis hayecussedon
metastatic processes, primarily using homotypic cultures to investigate breast cancer cell
invasion (Poinclouet al., 2011; Chandrasekaraet al., 2012; Yu ad Machesky, 2012) or
heterotypic cultures investigating breast tumour cell astdomal cellinteraction (Olseret

al., 2010).

Increasing evidence highlights immunity as a fundamental determinant of tumour
progression and response todhapy. Tumour infitrating lymphocyte populations in breast
tumours present a paucity of NK cells, which may reflect tumour cell evasion of innate
immunity (Georgiannoset al., 2003; Macchettiet al., 2006) and elevated levels ofTrec
lymphocytes(Pooiet al.,2006; Batest al., 2008 Westet al., 2013),which may reflect the
dominance of adaptive immune meahiams. Thisstressesthe need to investigate the
interaction between geccells and NK cells in breast canderorder to shed more light on
tumour escape from immunobical control which may or may not be dependent on breast
cancer phenotypeThis chapter thus presents the establishment afcel 3D heterotypic
culture system in which to investigate the interactions betwd#d cells, declymphocytes

andhormone-dependent and hormonendependent breast cancer cell lines.
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2.1.1 Matrigel: Celtsecreted ECM as a scaffold for 3D culture

The development of the now commercially available Matrigel basemshbrane extract
(Kleinman and Martin, 2005) was seminal cofribution to studies of tumourigenesis
Matrigel is a laminirrich extract established from EngelbretolmSwarm tumour cell
secreted basement membrane (Kleinman and Martin, 2005; Nstgal, 2011). In 3D
Matrigel cultures breast tumour cell morphogenesis in linkattinsically to molecular
phenotype and is more reminiscent of tire vivomicroenvironment than 2D cultures (Kenny
et al, 2007; Hanet al, 2010). Twedimensional culture systems force a polarity and
monolayer planar structure upon malignant cells, whiohvivo lose polarity and exhibit
disorganised architecture (Kenmy al., 2007).Thus 2Bnducedpolarity and morphogenesis
may directly impinge on signal transduction pathways implicated in tumour progressidn
give a false impression of tha vivo circumstances Matrigel is regarded asa more
biologically relevant scaffold for both normal mammary and cancerous mammary epithelial

cell cultures compared to synthetic scaffolds (Amptjal., 2013).

For this study, growth factereduced Matrigel (GFRMyas used to establish a biomimetic
3D system to assess the interaction between breast tumour cells lgnmphocyte
subpopulationsln addition to &minin, GFRMcontains considerable amounts of collagen 1V,
heparan sulfate preoglycans ancentactin (BD Bigciences,catalogue number 352430
GFRM as opposed to complete Matrigel was selected to limit the effects of endogenous

growth factors on cultured cells (Tal#2el) (Vaillantet al., 2011).

Table 2.1Growth factor concentrations in Growth Fdor-Reduced Matrigel (GFRM)

Adapted fromBD Biosciences, Specification Sheet, catalogue number 354230

Growth Factor Concentration
TGFB 1.7 (ng/ml)
IGF 5 (ng/ml)
PDGF <5 (pg/ml)
EGF <0.5 (ng/ml)
NGF <0.2 (ng/ml)
bFGF 0-0.1 (pg/ml)
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2.1.2 Breast cancer cell lines

The MCF cell line and the MDMB-231 cell line, established from pleural effusions of

patients presenting with mammary adenocarcinoma, are representativefiitrating ductal

carcinoma (Nevet al, 2006; Prat and Perou, 2010). The MCeell line exhibits a luminal

phenotype (ERPR); however, whereas primary tumours are subdivided into the luminal A

and B phenotypes thigs not readily dscernible in trs cell line(Neveet al., 2006, given

variation inHER2/neu expression (Lostuméial.,2006) The MDAVIB-231 cell line exhibits

a basalike phenotype more akin to the pathological baskike (B) phenotype, presenting

with the triple-negative phenotype(ERPRHER2/ne) and expressing progenitor cell
markers(Lostumboet al., 2006; Neveet al., 2006) Moreover, the basdike phenotype of

the MDAMB-231 cell lings further evidenced in its mesenchyrddte morphology and high

invasive potential, unlikehe MCF7 cell line whichis more differentiated than baal

phenotype cells and develoggght junctionsin vitro (Neveet al, 2006). Morphology in
Matrigetbased3D culturess directly linked with phenotype (Keney al., 2007). MCH cells

fall into tKS WYl a44Q Y2NLIK2f23A0Ff OFGS3I2NEBXZ RSTA
aggregate with disorganised nuclei and robust-cell adhesion. MDMB-231 cells fall into

0KS wadSttlrisSQ Y2NLK2t23A0Ft OF 6S32NBIs SEKAOG.

with notable invasive processékennyet al., 2007).

In order to compare the response of luminal and basal phenotype breast cancer cells to the
immune infiltration in a 3D culture modelhe MCF7 and MDAMB-231 cell lines were thus

selected for thistudy.

2.1.3 Natural Killer cells

NK cells, lymphocytes of the innate arm of the immune system, were first identified by their
ability to lyse tumour cells spontaneously (Arnetnal., 2006). Constituting between 106%
of peripheral blood lymphocytes (Faragada Caligiuri, 2006), NK cells can be identified

morphologically by their scant cytoplasm, azurophilic cytoplasmic granules and large
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indented nucleus. The primary mechanisms of NK cell killing, facilitated by direct contact
with stressed, infected or malngnt cells, include the activation of death receptors on target
cells and the secretion of degradative granules including perforin, a memialiangpting
protein and granzymes, a family of proteases (Smgthal, 2005). Both pathways are
capable of inducig caspaselependent apoptosis, although graneheediated Kkilling of
target cells is not entirely contingent on caspase activation. Unlike cells of the adaptive
immune systemNK cells do not undergo a selective process in which they are primed to
respondto a single antigen with a high degree of specificity, but rather are capable of
recognising and destroying a large repertoire of targets (Botéhal., 2000; Arnoret al.,
2006).

Phenotypic analysis of NK cells has demonstrated that this lymphocyte geomot a
homogenous population with identical function, but rather that differential expression of
representative markers is associated with variable function. Classical NK cells are
charactersed by the lack of th@ cell receptor{CRcomplex (CD3y and the presence of the
CD56 and CD16 markers (Miller, 2001). The function of CD56 in NK cells remains largely
unknown but is postulated to mediate cekll interactions or when dowegulated, to
indicate the acquisition of more specgd function (Miler, 2001; Farag and Caligiuri, 2006).
CD16, a low affinity receptor fammunoglobulin Gis proposed tanediate the effects of NK

cell antibodydependent cellular cytotoxicity (ADC@gainst antibodycoated target cells
(Dewan et al., 2009). The differenal expression of these cell surface molecules as
demonstrated by flow cytomeyranalysis has allowetdvo functionally distinct subsets to be
customarily recognizedCD56™"™ NK cellsare the predominant subset in peripheral blood,
exhibiting poor cytolytic capacity,high proliferative capacity andcapable ofsecreing a
number of immunoregulatory cytoking®/iller, 2001; Farag and Caligiuri, 2006]p56™ NK

cells constitutively express the CD16 marker (Miller, 2001; Farag and Caligiuri, 2006).
However,upon stimulation with 12 both in vitro andin vivq the cytotoxic capacity of the

two subtypes are comparable (Farag and Caligiuri, 2006).
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NK cell functionis mediated by the receipt and interpretation of both stimulatory and
inhibitory signals by NK Kkereceptors (NKRspand is closely regulated to prevent
indiscriminate killing of healthy cells and the induction of autoimmun(iBgttino et al.,
2000). Three major superfamilies of NKRgehaeen identifiel: the killer immunoglobulin

like receptor (KIRJuperfamilythat recognse classicamajor histocompatibility(MHQ class |
molecules; the @ype lectin superfamilythat recognise norclassical MHC class | or class |
like molecules (Faragnd Caligiuri, 2006); and the immunoglobtlike natural cytotxicity
receptors (NCRdhat allow NK cells to exert their cytolytic activity against MHC class |
deficient cells (Bottinet al, 2000; Farag and Caligiuri, 2006). Currently, three members of
the NCR family have been identifieldKp46, NKp44 and NKp30e differential expression

of which islinked with functional variatioriBottinoet al., 2000) NKp46 is expressed in both
resting and activated NK cells, with high expression in those cells exhibiting greater cytolytic
activity (Miller, 2001)ThoseNK cdk expressing a NKp46™ phenotype are associated with
reduced cytolytic function and tend tbe the minority of isolated NK cel{8ottino et al.,
2000) The NCRs are postulated to be involved in the identification and elimination of

tumour populations.

NK cells further produce a range of cytokines attemokines that aremplicated in
controlling tumour progression (Wil al., 2008). Based on their cytokine profile, subsets of
NK cells have been suggested, including type 1 NK cells, type 2 NK dekgjalatory NK
cells (Coopeet al, 2001; Chambers, 201L0However,no consensus has been reached
regarding either thephenotype of such subsets or their definitive functions. The cytokines
and chemokines produced by NK cells include: -IFN -2,L [l-8, IL-15,
granulocyte/macrophage colorstimulating factor (GMCSF), TNF, TGF | GCR3amongst
others; which allow for iteraction with other cell typesncluding malignant cells andds

cells of the adaptive immune system (Chambers, 2010).
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2.1.4 RequlatoryT cells

The identification of CD25he IL-2 receptor alpha chajp by Sakaguchi and colleagues,
established the phenotype of thexdepopulation (CD3TDA4CD25) functionally described as
the principal T cell subset responsible for maintenance oftetdfance (Sakaguclat al.,
1995; Beyer and Schultz, 2006; Mougiakalksal., 2010). The CD&D25 phenotype
NBYFAya GKS Wie kdpopddiihthbwe&yensuiggttudies Bave ddentified

the existence of functionally distinct subsets.

Natural Treclymphocytes(nTred, which form 56% of the CD4T cell compartment, are
named for their thymiederivation sans antigenic stimulus (Wang, 2006)orkhead
transcription factor 3 (Foxp3), an intracellular transcription factas been linked to the
thymic differentiation of nkeg cells; thus ndegc cells are proposed to have a
CD4CD25 ™" oxp3 phenotype Mougiakakot al., 2010;Pahwaet al., 2010). However,
given that Foxp3 is an intracellular molecule, its usefulness remains in characteratien
Tregpopulation rather than in isolation for subsequentvitro expansion procedures. CD127
has been proposed as a further marker foirgdcells, by virtue of its expression inversely
correlating with that of Foxp3 (Mougiakakesal., 2010). ThenTrecsubset is further defined
by its functional ability to firstly, mintain T lymphocyte toleranceithout the secretion of
IL-10 and TG®; secondly, to maintain the CB@D25™"9"Foxp3 phenotype, and thirdlyo
exhibit no differentiation into anyof the effector CD24 subsets or secrete any

proinflammatory cytokines (Pahwet al., 2010).

The inducible or adaptive CDZrec(iTreqd population (Whiteside, 2012) kaa proposed
derivation from circulating naive CD# lymphocytes (Pahwat al., 2012) h response to
environmental signals (Wang, 2006; Whiteside, 2012). In contrast to thesp@pulation,
iTrecfunction is purportedly not contaetlependent but is rather mediated by a number of
secreted factors (Jonuleit and Schmitt, 2003). ThedJubgoups includeaype | regulatory T
cells (Trl), TGBE T helper cells (Th3) and gElike cells (Mougiakakos, 2010). Trl cells are
defined by their ability to produce primarily-l0, negligible H2 and by the expression of

low or no Foxp3 and CD25 markers3 cells are defined by their ability to secrete primarily
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TGFb and to a lesser extent, 410 and Ik4. nkeclike cells are considered to have a similar
phenotype to nkeccells,with their derivation rather being dependent on antigetimulus
(Jonulei and Schmitt, 2003; Bachett al.,, 2005; Mougiakakos, 2010).

Defining the Ekeclymphocytelineage is however fraught with difficulties. Both cell surface
and intracellular molecules initially thought to beg&cellspecific are able to alter their
expression dependent on the environmental milieu in which they exist. There remains no
unique suite of cell surfaceolecules thatould be used to delineatesgdymphocytes from
activated effector T lymphocytes. CD25 along with other cell surface molquolessed as
Treclymphocytespecific, including glucocorticeidduced tumour necrosis family receptor
(GITR) and cytotoxiclfmphocyte antigert (CTLAY), are upregulated on CDéffector cells
upon activation (Yu and Fu, 2006; Piersetaal., 2008). Tle expression of chemokine
receptors including CD194, CD196 and CD197 also cannot distinguish betwaen T
lymphocytes and conventional T lymphocytes (Whiteside, 2012). Foxp3 has been shown to
be expressed in breast cancer epithelial cells (Droetsat, 2013), transientlyexpressedn
activated nonrregulatory CD4T cells (Wangt al., 2006) and to be upregulated in naive
CD4 T cells in response to TCR and -bGfimulation (Tranret al., 2007), notably without
inducing functional declymphocyteactivity. Furthemore, subsets of geccells are capable

of downregulating Foxp3 expression (Mougiakalgisal, 2010), which in turn would
influence the effectiveness of CD12kpression in phenotypic classification of thged
population. The efficacy of moreaently described markerscluding Hlios, a transcription

factor,and CD39 remairt® be established (Whiteside, 2012).

2.1.5 The interaction between NK cells angdglymphocytes

The immunosuppressive action ateElymphocytes againstffector T lymphocytesind NK
cells has been documented in both vitro and in vivo studies (Ghiringhellet al., 2005,
Ralainirinaet al., 2007 Salagiannét al.,2011); however, interleukiractivated NK cells have
been shown to be resistant to these inhibitory effects (@éw¥a et al, 2010). Trec

lymphocytes are activated via engagement of @R that recognises peptides presenbyd
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MHC molecules, and esiimulatory molecules. TCRs themselves not only recognise peptides
but also the MHC molecules (I or 1) to which tlaeg bound. In the case okdscells, CD4 is

a coreceptor that associates with invariant sites on MH@dleculesfound primarily on
antigen presenting celldNK cells while not traditionally regarded aantigen presenting
cells, are capable of actingnithis regard but require the expression of-stimulatory
molecules to function as sugchvith expression of these molecules induced by cytokines
including k2, 1:12 and IE15 (Chambers, 2010RestingTrecCells can suppress NK cell
cytotoxicity, implying that TCRmediated activation may not be a prerequisite fagedcell
function in this context (Ghiringhelit al., 2005).The perforin/granzyme pathway mediates
NK cytolytic function that occurs in response to cytokjnexluding IE2 and IEL5
(Ralamirina et al., 2007) Activated NK cells also release a large repertoire of cytokines;
however, the most studied NK ceteleased cytokine remains IFN a proinflammatory
cytokine that is able to activate subpopulations of the adaptive immune systermarehse

expression of MHC class | and class Il molecules (N&tcdihj2006).

Although the mechanism ofrgclymphocytesuppression of NK cell function has yet to be
completely elucidated, it is postulated thabluble factors and/oceltcell contactis required
(Trzonkowsket al., 2004 Ralainirinaet al.,2007 Mougiakakot al.,2010. Soluble factors
released by Heclymphocytes include galectin and prostaglandin, #@Rich may directly
suppress NKellfunction, or granzyme\ and perforin, whichmay induce NKell death. kec
lymphocytes are further implicated in modulating surrounding stromal components via
cytokine production to aid in NK suppressidhougiakakost al.,2010) Membranebound
TGFb, as previously mentioned, is implicated ielleell contact mechanisms ofrds
lymphocytemediated suppressionf NKcell function (Ghiringhelliet al., 2005; Chikilevat
al., 2010;Mougiakako<t al.,2010). Furthermore, gedlymphocytes aralso able tadiminish
the functional capacityof antigen presenting cefl, of which NK cells are panja contact

dependent mechanism@ougiakakost al.,2010).

Notwithstanding the immunosuppressive effects efedlymphocytes on NK cell function,

breast tumour cells themselves are capable of induairiglerogenic microenvironment and
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actively evade NK cell responses (Mamessieal.,2011).Such research highlights the need
to investigate the interaction betweerkgccells and NK cells in biomimetic systems of breast
cancer, in order to shed more light dnmour escape from immunological contrdrhis
chapter thus presents thestablishment of a heterotypic[3culture systemwith which to
explore the interaction betweenTges cells and NK cellsn hormonedependent and

hormoneindependent breast cancer cdilhes
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2.2 Materials and Methodology

Human Ethics Clearance was obtained from the Human Ethics Research Committee

(Medical), University of the Witwatersrand, Clearance Certificate Nusmb®)81036 and
M140155

In brief, the luminal phenotypehormone-dependent MCH cell line (SigmaAldrich St.
Louis, USA, 86012803passage numberPll) and the basal phenotype hormone
independent, MDAMB-231 cell line (SigmaAldrich St. Louis, USA, 9202042dassage
number P46) were propagated in monolayer dufe to establish a stock of breast cancer
cells at appropriate passage numbers for subsequertutture with either keclymphcoytes
and/or NK cells (Fi2.1). These lymphocyte subgroups were magnetically isolated from
peripheral blood mononuclear cell®BMC}¥ obtained from peripheral blood via density
gradient centrifugation (Fid.1). Following 48 h activation okdclymphocytesand NK cells,
cell populations were allocated to @mlture groupsor a 72 h incubation perio@Table2.2).
Subsequently these wltures were prepared for RNA extraction fdlownstream gene

expression assayfChapter Il) cytokine analysis (Chapter)llhnd immunocytochemical

localisationof selectedbiomarkers (Chapter vV

A B ) Activation l
PBMC Isolation from
peripheral blood
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Figure 2.1lllustration of the methodology employed prior to establishment of 3D heterotypic cultures

A) Propagation of breast cancer cell lines in ratayer for establishment of stock celB) PMBC isolation fro
peripheral blood via Ficellypaque density gradient centrifugation followed by magnetic cell sorting to
Trec@nd NK cell populations. Magnetic cell sorting efficacy was verified usingytometry. kecand NK ce
populations were activated with 42 and phytohaemagglutinin prior to establishment ofadtures.



CHAPTER 129

2.2.1 Monolayer culture of MCH and MDAMB-231 cell lines

The MCFH and MDAMB-231 cell line 4 SNB Odzf G dzZNBER Ay 5dzZ 65002
Medium (DMEM) (Lonza, Bloemfontein, South Africa) supplemented withfd® bovine
serum (FBS) (Biocom Biotech, Wwiew, South Africa, A15101) and 0.1%
penicillin/streptomycin (P/S§SigmaAldrich-Aldrich, Aston Manor, South Africa, P3528)

37 C in 5% CfOCells were subcultured upon approximat&@% confluencdoy treatment

with 0.25%trypsin/ethylenediaminetetraaetic acid EDTA (SigmaAldrich, T4049)for 5-10

min. Thereaction was stopped with the addition &Ml 1M phosphate buffered salind’8$

pH 7.4,(See Appendix A3upplemented with 1% FB3he resulting cell suspension was
centrifuged at400 Xg for 5 min The supernatant was discarded and the cell pellet
resuspended in 1ml PBS for determination of cell number and viability using the Trypan Blue
Exclusion Assay and the Btad Automated Cell Counter -PG (BieRad, Parkwood, South
Africa). The cell pellavas obtained by centrifugation 00 Xg for 5 min. MCF7 cells at
passage number 14, and MBMB-231 cells at passage number 4@ere cryopreserved at
1X1Gcells/ml in 10%dimethyl sulfoxide PMSQ (Saarchem, Johannesburg, South Africa,
186500)in FBS at80 Cuntil establishment of 3D cultures.

Images were obtained using an Olympus iX51 Inverted MicrosaithpeCellSens Software.
All images were obtained at 20X magnificatioRlates were generated usinégdobe

Photoshop Elements 10.

2.2.2 Isolation of peripherd blood mononuclear cells (PBMC)

Approximately 30ml blood from seningly healthyfemale volunteers (n=1Bbetween ages
1835 years (exclusion criteria included pregnancy, autoimmune diseases,
immunodeficiency, cancer and a previous history of came@9 ollectedvia venipuncture

in EDTAcoated VacutainerdBD Biosciences, Woodmead, South Africapticoagulated
blood wasdiluted (1:1) with PBS followed by density gradient centrifugation to obtain a
PBMC fraction. Specifically, the solution was layeredod:20 FicolHypaque (1.077g/ci)
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(GE Healthcare Biosciences AB, Sweder14411-03) and centrifuged a400 Xg for 30 min.
The resulting®BMC layewas resuspended in 1ml PBS and centrifugedC&t Xg for 5 min

at 20 C in order to remove excess Figdjlpaque. The PBMC pellet was resuspended in 1ml
PBS and the number of viable celietermined as previouslydescribed The PBMC
suspension was thereafter centrifuged 400 Xg for 5 min at 20C and the resulting pellet
resuspended in 88 PBS (pH7.2) sugwhented with 0.5%bovine serum albuminBSA
(SigmaAldrich, A9418)and 2mM EDTAhereafter referred to as sorting buffer,in

preparation for magnetic cell sorting.

2.2.3 Magnetic cell sorting

All reagents used in magnetic cell sorting were maintained at gpésature of 8C. MS
separationcolumns (Miltenyi BiotedCologne, Germany,30-042-201)for positive selection
of Treccells and NKellswere primed by flushing the columattached to the separatowith

3ml sorting buffer prior to use.

Isolating theprototypic CD4CD25 Treccell fraction

The CD2 Multisort Microbead Kit (Miltenyi Biotec]130-055101) was used fopositive
selection of the CD4lymphocyte compartment. Specificallthe PBMC fraction was
incubated with 26d CD4 Multisort Microbeadper 1XL.0’ cells for 15 min at & in the dark.

Cells were washed in 1ml sorting buffer by centrifugatiot@® Xg for 10 min. The cell
pellet was resuspended in 1ml sorting buffer and applied to the MS suspension column.
Once the reservoir wasmpty, a further 3ml sorting buffer was applied to the column. This
step was conducted three times. All unlabelled PBMC that passed through the column were
retained for NK cell sorting. The column was then removed from the separator, placed over a

collection tube and theCD4labelled cells flushed out with 3ml sorting buffer.

For removal of residual magnetically laleel cells and enrichment of the CDdopulation,
cells were incubated with 68 MACS Multisort Release agent (Miltenyi BiotE2)-055-101)

for 10 min at 8Cin the dark. The suspension was then applied to a newly primed MS column
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within the separator. When the reservoir wasnpty, a further 3ml sorting buffer was
applied to the column. This step was conducted three times. The unlabelled cells that passed
through the column were retained and the column discarded. The cell suspension was
centrifuged at400 Xg for 5 min and the resultingurified CD4 cell pellet resuspended in

1ml sorting buffer for viability assessment and cell number determinaticonductedas
previously mentioned. The cell suspension was thereafter centrifuget@tXg for 5 min

and a cell pellet obtained.

For the removal of Multisort Microbeads and the subsequent magneticllaggbrocedure,

the cell pellet was incubated with &0 sorting buffer, 301 MACS Multisort Stop Reagent
(Miltenyi Biotec,130-055-101)and 10vi CD25 Microbeads (Miltenyi Biotet30-092-983) for

15 min at 8C. Thereafter, the cell suspension was washed in 1ml sorting buffer
centrifugationat 400 Xg for 10 min The cell pellet was resuspended in 38&ortingbuffer

and applied to a newly primed MS suspension column. Once the reservoir was empty a
further 3ml sorting buffer was applied to the column. This step was conducted twice. The
column was then removed fronthe separator, placed over a collection tube and the
CD4CD25 cells (prototypic &eclymphocyte fraction) were flushed out with 3ml sorting
buffer. The cell suspension was centrifuged@0 Xg for 5 min and resuspended in 1ml PBS

for viability assessmérand cell number determination.

Isolating theNKp46 NKcell fraction

For positive isolation of the NK cell population, the unlabelled PBMC fraction that had been
previously collected was centrifuged4®0 Xg for 5 min. The supernatant was aspirated and
the cell pellet resuspended in 1ml PBS dell number and viabilitgetermination. The cell
suspension was centrifuged for a further 5 min4®0 Xg and a maximum of 1X2®BMC
were incubated with 261 Anti-NKp46 conjugated tdhe fluorochrome, allophyacyanin

(APQ (Miltenyi Biotec, 138092-609), in 8am PBS supplemented with 10% FBS for 15 min at
room temperature in the darkThereafter, he cell suspension was washed in 1ml sorting

buffer by centrifugationat 400 Xg for 10 min. The supernatant waspasated and a further
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wash step conducted. The resulting cell pellet was resuspendednins®ding buffer with

20m AntrAPC Microbeads (Miltenyi Biotec, :800-855) and incubated for 15 min at ®.

The cell suspension was washed in 1ml sorting buffecentrifugationat 400 Xg for 10 min
Theresultingcell pellet was resuspended in 5@Gorting buffer and applied to a primed MS
column. When the reservoir wasmpty, a further 3ml sorting buffer was applied to the
column. This step was conducted twicehe column was then removed from the separator,
placed over a collection tube and the NKp4@lls (NK ceknriched fraction, henceforth
referred to as NK ce)isflushed out with 3ml sorting buffer. The cell suspension was
centrifuged at400 Xg for 5 min and resuspended in 1ml PBS for viability assessment and cell

number determination

2.2.4 Activation and expansion of gecand NK cell populations

Magnetically isolated gecand NK cell populations were resuspended at a minimum of
1X1Gcells/1001 in Roswell Park Memorial Institute RPM) medium 1640 (Lonza,
Bloemfontein, South Africa) supplemented with 0.1®/S 10% FBS, nfy/ml
phytohaemagglutininPHA (SigmaAldrich, L1668) and 0.8ng/ml-&(Miltenyi Biotec, 130
093901) for 18 h(See Appendix A)Subsequetly, cell suspensions were harvested,
centrifuged at400 Xg for 5 min and resuspendeith RPMI 1640 supplemented with 0.1%
P/S 10% FBS and 0.8ng/mtdLfor a further 30 hafter which the establishment of eo

cultures was undertake(Domaiceet al., 2009).

2.2.5 How CytometricAnalysis of isolated degand NK cell populations

Samples of isolatedrgcand NK cell populations were subjectedfkmwv cytometric analysis
using anLSR Fortess@D Biosciencessouth Africawith 4 laser capacityto ascertain the
efficacy of the magnetic cell sorting technique and the activation proceduirgaveat must
be noted in that positive magnetic isolation can result in the downregulation of engaged
markers, thus flow cytometric analysis may undepresent the expression b the said

markers. Cells were resuspended at a maximum of Xd€lls/100v PBS. Magnetically
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isolated kec cells were incubated with 1@ CD4conjugated to APQBD Biosciences,
Woodmead, South Africa, 555349) andnl@D25 conjugated to phycoerythrifP® (BD
Biosciences, 555432Magnetically isolated NK cells were incubated witbr CD56
conjugated to phycoerythrin and a cyanine dyrECy? (BD Biosciences, 55774and 10m

NKp16 conjugated to AP@BD Bioscience$58051). Both cell populations werecubated

with their respective antibodiesfor 15 min at room temperature in the dark. Cell
suspensions were washed in 1ml PBS and centrifugetD@tXg for 5 min. Supernatants

were aspirated and the cell pellets fixed in 1% paraformaldehyde for 10 mioceh
temperature. The cell suspensions were washed inRB% by centrifugation &00 Xg for 5

min and the supernatants aspirated. The resulting cell pellets were resuspended in 1ml PBS

and stored at 4C in the dark untillow cytometricanalysis.

Singlebead staining for compensation

Singlestained capture compensation beads (BD Biosciences, 552843) were used to assess
fluorescence spHbver across channels to establish the appropriate compensation to be
applied prior to data collection. Each fluoreateonjugated antibody at the concentrations
used as above (1@ antibody/100vi PBS) was incubated with compensation beads in the
dark for 15 min at room temperature. Negative compensation beads were left unstained,
and thus used as a negative control. Brssions were washed in 2.5ml PBS and centrifuged
at 200 Xg for 10 minfollowed by fixation in 1% paraformaldehyde for 10 min at room
temperature The suspensions were then washed in 2.5ml PBS and centrifuged aigd06 X

10 min.The supernatant was aspted and the compensation beads resuspended innd00
PBS for subsequefibw cytometricanalysison the LSR Fortesdaata wasacquired with BD

FACSDiva software v6 aadalysed with-FlowJo software (Free Trial).
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2.2.6 Establishment oheterotypic 3D co-culture models

GFRM(BD Biosciences, BD354230), stored28tC, was defrosted at & overnight prior to
the establishment of caultures. All solutions and pipette tips were placed on ice and

plating of cells within the GFRM was conducted on a cooling block.

Luminalphenotype culture models (LPCM) and bgdatnotype culture models (BPCM)

were established by ceoulturing MCF cells and MDMB-231 cells respectively, with
lymphocyte subgroups (Tabk?2). Specifically, cryopreserved MZHP14) and MDMB-
231(P48) cells were thawed at room temperature and washed twice with 1m| PB® afg

for 5 min. The cell pellet was resuspended in 1ml RPMI 1640 culture media supplemented
with 10% FBS and 0.1% PAtivated Treg lymphocyte and NK cell suspensions were
aspirated and washed with 1ml PBS460 Xg for 5 min. The resulting cell pellets were
resuspended in 1ml RPMI 1640 supplemented with 10% FBS and 0.1% P/S. The number of

viable cells within each cell group was determined as previaledgribed

Thereafte, lymphocyte subgroups géclymphocytesand/or NK cells) were resuspended
with breast cancer cells (M&For MDAMB-231) at a ratio of 1:1:2 in a volume of 6615
RPMI 1640 culture media supplemented with 10% FBS and 0.1% P/S, to yield experimental
and ontrol culture groups (Tabl2.2). Low effector:target ratios were chosen to mimic the
breast tumour microenvironmentThe experimental culture groupEXP)Xonsisted of Aec
lymphocytes and NK cells, -caltured with either MCH cells or MDAMB-231 cellsat a
ratio of 1:1:2 The control groups included NK cells cultured with either MOGF MDAMB-
231 cells (NBC)at a ratio of 1:2 Treclymphocytes cultured with either MCFor MDAMB-
231 cells (AecBC)at a ratio of 1:2and MCF7 or MDAMB-231 cellscultured along(BC) As a
caveat, two further control groups were considered (NK cells alone agpglymphocytes
alone); however, given the absence of growth cytokines2)lLand the duration of the
experiment, the ceculture conditions were deemed indidient to maintain viability of these

mono-cultures.
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Cell suspensions for each culture group were mixed witmPGFRM and plateth duplicate

at ~651/well (to yield a minimum 1XZT0cell concentration) in tw®6-well plates foreach
downstream applicabn: ICC RNA extraction and cytokine analysis. The cultures were
allowed to solidify at room temperature for 5 min, followed by incubation atG7or 30
min. The cultures were then overlaid witOOmM RPMI 1640 culture media supplemented
with 10% FBS an@l1% P/Sandincubated at 37C in5% CQ@for 72 h. Culture media levels
were checked daily with a further 160 added over the72 h period following which

samples were harvested for subsequent assays

Images were obtained using an Olympus iX51 Invertéddgicope using CellSens Software
V10.All images were obtained at X@r 40Xmagnification. Adobe Photoshop Elements 10

was used to generate plates.

Table 2.2Establishment otthe Luminal Phenotype Culture Model (LPCM) atie Basal Phenotype Cultu
Model (BPCN

Heterotypic 3Dculture models based on the M@HIuminal phenotype, hormondependent) and MDMB-
231 (basal phenotype, hormorirdependent) breast cancer cell lines were developed. The experin
culture groups(EXPXonsisted of declymphocytes ad NK cells, coultured with either MCH cells or MD/
MB-231 cells at a 1:1:2 ratio @FRM The control groups included NK cells cultured with either MGFMDA
MB-231 cells (N#BC); keclymphocytes cultured with either MCFor MDAMB-231 cells ({=-BC) and MGF
or MDAMB-231 cell cultured alone (BC)

Luminal Phenotype Culture Mode Basal Phenotype Culture Model
Culture Group (LPCM) (BPCM)
MCF7 cell Ine MDA-MB-231 cell line

Experimental (EXP) Trecand NK Trecand NK
Nkbreast cancer cells control
(NKBC) NK alone NK alone
Trecbreast cancer cells control

T lone T; lone
(ThecBC) REGA REGA
(Bé?:?St cancer cells control Control¢ no lymphocytes Conrol ¢ no lymphocytes
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2.2.7 Hawesting ofheterotypic 3D culture samples

Harvesting of culture supernatants for cytokine analysis

Culture media from each well was aspirated and centrifuged0fx Xg for 5 minto pellet
any cellular debris. The supernatant waslected, snap frozen in liquid nitrogexnd placed

at -80 C until usgSee Chapter Il for further details).

Harvesting and processing of @altures for immunocytochemistry

Cultureswere rinsed in PBfrior to incubation in 361 FBS at 3TC for 1 min. Gltures were

then incubated with 361 thrombin (SANBS, Pretoria, South Africa) for approximately 30 sec
at 37 C, followed by incubation at room temperature for a further 5 min to ensure clot
formation. Sampleswvere fixed in200m 4% paraformaldehydéSigmaAldrich, P6148in PBS

for 20 min The fixativewas thereafterdrained and eosin applied directly to thweells to

allow for visualization of the samples. Samples were removed from the wells and placed into
a 0.45mm filter paper envelope for automatic tise processing. The samples were thereafter
embedded in paraffin waxMerck Millipore, Darmstadt, Germany6178232000173pand
stored at 4C until sectionindSee Chapter IV for further detail@dapted from Grahanet

al., 2009)

Optimising RNA ExtractioMethodology

Various methods of RNA extraction were attempted to determine that which would result in
the best yidd, purity and integrity of RNAt was found that the use of the Qiagen RNeasy
Mini kit (Qiagen, Hilden, Germany, 74104) with the additioproteinase K (Qiagen, 19131),
was superior to Riol (Ambion, Texas, USA, 15596), either used as per protocol or followed
subsequently by RNA elution and cleam using the Qiagen RNeasy Mini kit. Proteinase K
digestion of GFRM was found necessary todase the yield of RNA obtained, and DNA
digestion was restricted to offolumn digestion only to prevent RNA degradati(®ee

AppendixB for a description obther techniques tested).
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Specifically, culture media was removed framells and samples rinsed PBS, following
which150nt 1 ®d-mescaptdethanolSigmaAldrich, M6250)n Buffer RLTQiagen RNeasy
Mini kit) was added to eaclculture. The resulting lysateswvere transferred to 1.5ml
microcentrifuge tubedor homogeniation through a 2igauge needlei -Mercaptoethanol
was faind essential in the prevention of RNA degradation. Samples werefsymgn with

liquid nitrogenand stored at80 C until RNA extraction.

Samples werghereafter thawed on ice and incubated in 285 RNAsdree water and 5i
proteinase K at 58 for 10 m. Samples wereentrifuged at 8 000 Xg for 3 min, following
which the supernatant wasemoved and incubatedvith 300mM 70% ethanol. Each sample
was applied to an RNeasy spin column and centrifuge8 @0 Xg for 15 sec. The flow
through was discardedral 3501 Buffer RW1 added to the RNeasy spin column. The column
was centrifugedagainat 8 000 Xg for 15 sec and the flomhrough discarded.

For RNA elutior500m Buffer RPE (concentrate diluted 4X with 100% ethanol) was added to
the RNeasy spin colunwhich wascentrifuged at8 000 Xg for 15sec The flowthroughwas
discardedand afurther 500v Buffer RPE added to the RNeasy spin colufwilowing
centrifugation at 8 000 Xg for 2 min the column was removed frorthe collection tube,
placed oo a nev 2ml collection tube and centrifuged for a further 1 min8000 Xg. The
column was then removed from the collection tube, placed in a new 1.5ml collection tube
and 301 RNAsdree water added to the membrane. The column was centrifuge8 @0 X

g for 1minto obtain the RNA elute

Off-column DNAdigestion was found necessary to increase the yield and purity of the eluted
RNA. Thus, 20 of each RNA elutevas incubated with 1190 DNAse | Reaction Buffer (New
England Biolabs, Massachusetts, USA, BO03038)l Sabex water (Adcock Ingram,
Krugersdorp, South Africa) andi2ZNEB DNAse (New England Biolabs, MO303L) & 8 a

dry block heater for 10 min. A furtheniL0.5M EDTA was added &ach elution followed by
heat-inactivation at 75C on a dry block taer for 10 min. To conduct RNA cleap, each

sample was adjusted to 160 with RNasdree water followed by the addition of 350
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Buffer RLT and 250 ethanol mixed by pipetting Up to 7501 of each sample waplaced
onto an RNeasy spin colunamd centifugedat 8 000 Xg for 15 sec Theflow-through was
discardedand a further 500m Buffer RPE added to the columrich was centrifugedt 8
000 Xg for 15 sec The flow-through was agairdiscardedand the column plaed in a new
2ml collection tube. This asfollowed byfurther centrifugation at8 000 Xg for 1 min. The
column wasagainremoved from the collection tube and placed into a new 1.5ml collection
tube with 301 RNAsdree wateraddeddirectly to the column membrane. The column was
centrifuged at8 000 Xg for 1 min and the flowthrough discarded followed by further
centrifugationat 8 000 Xg for 1 min. Of the resulting solutior2,5m was aliquoted for RNA

quality control All aliquots were stored a80 C untiluse.

RNA Quality Control

Sampls were all analysed individually i.e. samples were not pooledNanoDrop
Spectrophotometer (Thermo Fisher Scientiti¢iimington, USA) was used to determitie
concentration and quality of eluted RNM order to blank the NanoDrop,nl RNAsdree

water was loaded on to the sample pedestal. Thereaftat 4f the RNA elute was loaded

and the ratio of sample absorbance at 260nm and 280nm, and 260nm and 230nm measured.
A 260/280 ratio of approximately twois linked with high RNA purity. Lower ratios are
indicative of phenol, protein or other contaminants. The 260/230 ratio is a secondary
measure of purity, based on the above principles. Sample concentration atl mgs

determined based on the absorbance at 260nm.

The Agilent 2100 Bioanalyzand the RNA 60@Pico LabChip KitAgilent technologies,
Waldbronn, Germany)were used to further ascertain RNA purity and integrity
determining theratio of the 18S and 28S ribosomal units. Further analysis yields a RNA

Integrity Number (RIN) close ten (the lowestbeingone) indicative of intact RNA.

Preparing the RNA ladder
The RNA laddehad previouslybeen heatdenatured at 70C for 2 min and immediately

cooled on ice. Ninety microlitres (81) RNasdree waterhad beenadded to the ladder and
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the suspensionmixed. Aliquotsthat had beenstored at -80 C were thawed on ice
immediately prior to use.

Preparing the RNA Gel Matrix

The RNA gel matrix was prepared by addingnb9@l| matrix into a spin filter. The spin filter
was then placed into a microcentrifuge tulad centrifuged atl 500 Xg for 10 min.
Aliquots were stored at 4 till use.

Preparing the gel dye mix

All reagentswere allowed to equilibrate at room temperature for 30 min prior to use. The
dye concentrate was vortexed for 10 sec and thereof addel to 651 of the previously
mentioned gel matrix. The resulting solution was vortexed to mix, followed by centrifugation
at 13000Xg for 10 min.

Loading the chip

The geldye mix (&) was loaded into indicated wells (as per manufacturers instruction),
followed by loading 8 conditioning solution into the indicated well. Thereafteriico
marker was loaded into wells designated for the RNA ladder and the samples. One microlitre
(1m) of the diluted RNA ladder was added to the designated,wéth 1m of RNA elute
loaded into the remaining sample wells. The chip was thereafter vortexed for 60 sec, after

which it was loaded into the Agilent Bioanalyfar analysis

2.2.8 Statistical analyses

With regard to the yield of lymphocyte populationsbetween-subject variability was
analysed using the KrusKalallis ANOVA by Ranks method with STATISTICAT@&2.
Spearman Rank Order Correlatitest was used to determine whether correlahs exist
between lymphocyte populationskor all analyses, p<0.05 was regardesl statistically

significant.
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2.3 Results

2.3.1 How cytometry analysis ofsorted and activated mpulations

Flow cytometryanalysis confirmed the CD@D25 profile of magneticallyisolated Rec
lymphocyte populatios, and the CD58NKp46 profile of NK cell{see AppendixCl for
unstained and compensation contralsiells exhibitedslightly altered scatter properties
possibly due to the effects of fixatipthus only those cells which exhibited the traditional
side scatter (SSC) properties, associated Wmhphocye granularity or internal complexity
and forward scatter (FSC) properties, associated Wwithphocytecell size, were analysed
further (Fig.2.2¢ 2.5A).

Postmagnetic cell sorting, two distinct subsets, designated ' 0D25% and CDA9"CD25
(Fig.2.2B) were noted, with the latter dominating the total lymphocyte populati(Bee
AppendixC2 for illustration offlow cytometiic analysis of unfixedreclymphocytes from
PBMCausinga 2 laseiBD FACSCaliuFurther investigations into the CD4 populatidfig(
2.2C) revealed negligible contaminating populations of Qie#ls (Fig2.2D). Both the CO4"
and the CD#9" population (Fig.2.2C) which collectively comprised 77.6% of the total
lymphocyte population, wre dominated by CDZ%" co-expression(Fig. 2.2E and Fig2.2F).
Following culture and activation with PHA and2]LTreclymphocytes exhibited apparent
alteration of scatter properties. Despite loss of cells outside the prototypic lymphocyte gate
(Fig.2.3A), the presentation of the CBACD25 and CD¥"'CD25 subsets were maintained
(Fig.2.3B). Further analysis of the CD4 population (EigC) reflected previous observations
with a small contaminating population of Ciglls (Fig2.3D).
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Figure 2.2Scatterplots illustratingflow cytometric analysis of a dgscell population following magnetic ce
sorting

A) SSC vs FSC showing totak@ell sorted population. Gate 1 indicateg=dcells exhibiing typical lymphocyt
scatter properties.B) APGCD4 vs RED25. Inset shows backgating on ancestral populationNéie two
distinct populations Gate B1 CO'CD25™, Gate B2 CD#"CD25. C) FSEH versus ARCD4. Inset shov
backgaing on ancestral population AD) FSEH versus PED25 based on inset parent population C1 (
population). Gate D1 indicates a small population of CD25cells. Gates D2 and D3 indicate a slight sc
of contaminating CD@D25 cells. E) FSEH vesus PECD25 based on inset parent population
(CD4™population). Gates E1 and E3 reflect small populations of @TE25 cells and COA'CD25""™ cells
respectively. Gate E2 shows the dominant proportion of €Deells are CDZ%'. F) FSEH versusPECD2!
based on inset parent population C3 (EB%population). Gate F1 represents a CB¥4CD25cell populatior
that is marginally larger than the CBH'CD25"" cell population designated by gate F3. Gate F2 indicate
dominant CD¥"CDZ%"™ population.
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Figure 2.3Scatterplots illustratingflow cytometric analysis of a geccell population following magnetic ce
sorting and activatiorwith IL.-2 and PHA

A) SSC vs FSC showing totak@ell population subsequent to sorting and activatidBate 1 indicatesggccells
exhibiting typical lymphocyte scatter propertie®) APGCD4 vs RED25. Inset shows backgating on ance
population Al. Two distinct populations are noted: Gate B1°€0B25™, Gate B2 CO#¥"CD25™. C)FSEH
versus RGCD4. Inset shows backgating on ancestral populatiorDAESEH versus PED25 based on ins
parent population C1 (COpbpulation). Gate D1 indicates a small population of CD25cells. Gates D2 a
D3 indicate a slight scatter of contaminating GIBR5 cells. E)FSEH versus PED25 based on inset par
population C1 (CO¥population). Gates E1 and E3 reflect small populations of“BI@25 cells an
CDA™CD28"™ cells respectively. Gate E2 shows the dominant proportion of &4lls ae CD28™. F)FSeH
versus PEED25 based on inset parent population C3 #jgopulation). Gate F1 represents a G¥4icD2s
cell population that is marginally larger than the GBACD25"" cell population designated by gate F3. C
F2 indicats the dominant CO#*"CD25™ population.
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Following magnetic cell sortingnalysis of the ceexpression of CD5nd NKp46 cell surface
markersdemonstrated four distinct populations based on theabtymphocyte population
(Fig.2.4A) (See Appendix2 for illustration offlow cytometricanalysis of unfixedNK cells
from PBMCs using the BD FACSCalibur These populations were designated
CD56"9"NKp48"9™:  CD58""NKp46™"™: CD568™NKp46™ and CD5B9"NKp46™ (Fig.
2.4B). Investigations into the CD56@population (Fig.2.4C) which dominated the total
lymphocyte populationrevealed a small contaminating population of CDBélls which
nevertheless exhibited NKp48 and NKp4B'™ expression (Fig. 2.4D). A relationship
betweenCD25 and NKp4®arkerswas noted The CD58™ population (Fig2.4C), primarily
co-expresed NKp46™ (Fig. 2.4E) and he notably largeCD56™™ population (Fig.2.4C)
expresed comparative levels oNKp46™"™ and NKp4B'"™* (Fig. 2.4F). Furthermore, he
majority of the CD58™* subset (Fig2.4G) co-expressedNKp46"o,

Followingin vitro activation with PHA and 12, NK cells exhibitedltered scatter properties
(Fig.2.5A) and only two distinct populationsthe CD56™NKp48™"™ and CD58™NKp46™
subsets (Fig2.5B). In both the small contaminatingCD56 population and the dominant
CD56™ population (Fig.2.5C) the majority of cells eexpressed eitherNKp46™ or
NKp46"9" (Fig.2.5D and 2.56). Thee was a noticeable reduction in the presentation of the
CD58"" subset (Fig2.5C) and corresponding cexpression oNKp46(Fig.2.5F)
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Figure 2.4Scatterplots illustratingflow cytometric analysis of an NK cell population following magnetic
sorting

A) SSC vs FSC showing total NK cell sorted population. Gate 1 indicates NK cellsgaypibél lymphocyt
scatter properties.B) APGNKp46 vs REy#CD56. Inset shows backgating on ancestral population Al
distinct populations are noted: Gate Bl CP8&NKp46™" Gate B2 CDSE™NKp46™™ Gate B
CD56™NKp46™ and Gate BACD56""NKp46™. C) FSEH \ersus PECYZCD56. Inset shows backgating
ancestral population AID) FSEH versus AR8Kp46 based on inset parent population C1 (Cp&pulation)
Gate D1 shows a small population of CDB&46 cells. Gates D2 and D3 iodte CD51NKp4€'m and CD5I
NKp46™™ NK cell populations respectivelff) FSEH versus APSIKp46 based on inset parent population
(CD58™ population). Gates E1 and E3 show small populations of €IN¥EG46 cells and CDSE'NKp48™"
cells respetively. NKp48™ NK cells dominate the CD%Bpopulation as indicated by gate BR.FSEH versu
APGNKp46 based on inset parent population C3 (CH86population). Gate F1 indicates a sr
CD56""NKp46 population. Gates F2 and F3 reflect comeanumbers of CDSE"NKp48™™ NK cellsG;
FSeH versus ARBKp46 based on inset parent population C4 (CB8%opulation). The majority «
CD568™"™ NK cells express NKp46 as delineated by gate G3.
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Figure 2.5Scatterplots illustratingflow cytometric analysis of an NK cell population following magnetic -
sorting and activation with I£2 and PHA

A) SSC vs FSC showing total NK cell sorted and activated population. Gate 1 indicates NK ceéiptgpiua
lymphocyte scatter propertied3) APGNKp46 vs REy#CD56. Inset shows backgating on ancestral popul
Al. Two distinct populations are noted: Gate B1 CHBKp46™", Gate B2 CDSBNKp46™. C)FSEH versu
PECY?CD56. Inset shows backgating on ancestral populatiorDAESEH versus APBIKp46 based on ins
parent population C1 (CD5@opulation). Gate D1 shows a small population of Cii§g46cells. Gates D2 a
D3 indicate CD58Kp46™ and CD5®IKp46™™ NK cell populations respectivell)) FSEH versus ARSIKp4i
based oninset parent population C2 (CO%6population). Gates E2 and E3 reflelcminant populations o
CD56™NKp46™ cells and CD3B'NKp46™™ cells respectively. Gate E1 shows a small proportion of &1
cells which are Kp46. F)FSEH versus ARSKp46based on inset parent population C3 (CE¥85population)
Gate F1 indicates very few CSBNKp46™™NK cells.
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2.3.2 Effects of magnetic cell sorting and subsequent activation gdymphocyte and

NK cell yield

No statistically significant differencesere found withregard to the yieldgtotal and live)of
the PBMCsand lymphocyte subgroupgollowing magnetic cell sorting and activation
procedures (Fig. 2.6), highlighting the efficacy of techniqueSubsequent to magnetic
isolation, the median yield of livexgclymphocytesand NK cells wergE6(88.5% viable) and
1.1E6 (83.2% viable) respectivefpllowing the first 18 hperiod of activationthe average
percentage live NK cell count decreased to 68%g stabilised at 62%ver the next 30 h
activation period(Fig.2.7). The average percentagedicell count for declymphocytespost-
magnetic cell sorting was 88% and stabilised78% during both activation periods For
subsequent ceculture procedures, Jeclymphocytes and NK cells were plated only if the

sample percentageiability exceead 70%and 60% respectively.

The yield of keclymphocytesobtained correlated with that of CD4lymphocytes post
magnetic cell sortingHowever, no correlation was found between sesubsets after the
first activation procedure, withthe Tgreg Subset instead arrelating with the PBMCs
Interestingly, ®llowing the second activation proceduréhe yield of the Treg subset
correlated with that of the initialpostmagnetic cell sorting as well as that of the first
activation procedurdsee Appendi®). This data mg have further value foin vitro assays in
raising the possibility of predicting the yield gfegcells postactivation.The yield of the NK
cell subset did not correlatevith any other subset, includingsdclymphocytes or PBMCs,

either prior to or subsquent to activation procedures
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Figue 2.6 lllustraion of log yields of PBMC and magnetically isolated lymphocyte subgrogjsdividual
responses

Key:SkedSNKC subset yield postmagnetic cell sortingdl Tred A1 NK¢ subset yield following first activatio
procedure;A2Tred A2 NK¢ subst yield following second activation procedu#) lllustratesTredymphocyte
yields from PBMC and subsequent alterations in yield-postvation.B)lllustrates NK cell yields from PBMC
and subsequent alterations in yield pesttivation.
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Figure 2.™Meanlog yields of magnetically isolated lymphocyte subgroups and response-®dhd PHA

Key:A) lllustratesTreclymphocyte yields from PBM®) lllustrates NK yields from PBM&Gaxis ¢ SkedSNKC
subsets postmagnetic cell sorting; AlrddNK ¢ subses following first activation procedure; AgdéNK ¢
subsets following second activation proceduveaxis¢ log yield Both keclymphocytes and NK cells exhibi
a decrease in live cell counts at the first activation period. However, this was comperieatey the end ¢
the second activation period.
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2.3.3 Morphological analysis obreast cancer cell lines in monolayer and 3D cultures

Prior to culture in GFRM, M&Fand MDAMB-231 cells were propagated as monolayers in
plastic culture dishes to establistiosk populations. Under these condition®ICF7 cells

(Fig. 2.8A) exhibited acharacteristic polygonal morphology with vesicular nuclei and
prominent nucleoli. Cells evidenced blunt cytoplasmic connections and numerous
pseudopodia forming a cobble stonBke appearance typical of epithelial celdDAMB-

231 cellsin monolayer (Fig2.8B) were primarily spindlehaped and associated with each

other in an irregular, latticdike manner.

k

Figure 2.8Repesentative photomicrographs ofthe cellular morphology oMCF7 cells(A) and MDAMB-
231 cellg(B)cultured in monolayer(2D)

A) MCF7 cells with vesicular nuclei, prominent nucleoli abldint cytoplasmic projections (long blac
arrows) allowing for celtell connections. Note the cobble stotike appearance of the cell cluster:
Pseudopodia with ruffled edges (short black arrows) are nume®uUgIDA-MB-231 cells exhibit a spindle
shapedmorphology with long cytoplasmic connections (long black arrows) linking cells in a-likiic
network. Phase contrast microscop20X magnification.

In the 3D culture system,dbh cell lines requird between 24 h and 48 h to attach and
spread within the GFRMIn the BC control group in th& PCM (Fig2.9D), MCF7 cells
assumed aylobularpolygonal morphologynoticeably different from that of the monolayer
cultures (Fig.2.8A), with large nuclei andnumerous nucleo]i exhibiting connecting
cytoplasmic projections by 48 NVith continued culture, MGF¥ cells formed masses (Fig.

2.9). In the BC control group in the BPCM (Fig. 2.10D),-MB231 cells established
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themselves at a slower rate, assumingtallate morphology with cytoplasmic extensions.
With continued culture, MDMB-231 cells exhibited an organised lattillee network of
cytoplasmic projections (Fig. 2.10D)otably both cell lines evince some cells maintaining a
rounded morphology (Fi@.9D and2.10D).

2.3.4 The effects oimmune mediationon the morpholoqy of breast cancer cell linén

3D heterotypic cultures

Immune mediationaffected thecellcell associationsn both LPCM and BPCM the EXP
culture groups in which both lymphocyte poptitms were present, a major disruption in

the formation of either MCH cell masses or MDMB-231 cell networks was noted (Fig.
2.9A and Fig. 2.10A3s compared to the BC control groups (Fig. 2.9D and Fig 2.10D). Under
NK cell influencethere was a marke reduction in the presentation of masses (Fig. 2.9B) in
the LPCM and lattickke networks in the BPCM (Fig. 2.10B). Howeveth MCF7 cellsand
MDAMB-231 cellsunder Treglymphocytemediation Eig.2.9C and Fig2.10C respectively
showed distinctmasses and stellate networks reminiscentof the BC control groupéFig.

2.9D and Fig2.1(D respectively MCF7 cells also demonstratetthe formation of glandular
structures either tubular or acinar in shapealbeit with no lumen formatiorevident (Fig.

2.9C23 andFig. 2.©2-3).



Figure 2.Representative photomicrographs illustratinidpe cellular morphology of culture groups in the LPCM over a 72 h period

Columns:Culture groupsp) EXPB)NKBC,C) TrecBC,D) BC.Rows: 1 ¢ 3 are consecutive 24 h culture periods. At 24 h cells are roundeeDB)1 By 48 |
MCF7 cells assumed a pggnal (long arrows) or spindhaped morphology (short thin arrows), with cytoplasmic projections (arrowheads) linkil
masses. The EXP group showed few cell masses at 48 h and 72 h (A2, A3BThgrdikld (B2, B3) showed less cell masses thaBT and BC groups (
C3, D2, D3). Cells irgtBC and BC culture groups (C2, C3, D2, D3) were more granular (short wide arrows) and formed glandular structur
apparent lumen. Phase contrast microscopy, Row 1 20X magnification, RB3w@ magification.
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Figure 2.1(Representative photomicrographs illustrating the cellular morphology of culture groups in the BPCM over a 72 h period

Columns:Culture groupsA) EXPB) NKBC,C) TrecBC,D) BC.Rows: 1¢ 3 are consecutive 24 bulture periods At 24 h cells are rounded (Al1l). By 48 |
MDAMB-231 cells assumed a stellate morphology (long arrows) with cytoplasmic projections (arrowheads). The EXP culture gtedpperhimDAMB-
231 cell network formation at 48 h and 72 h (A2, A3). Thé&Ngroup (B2 and B3) exhibited network formation but not to the extent observed ingheBl
(C2 and C3) or BC culture groups (D2 and D3). Phase contrast microscopy, Row 1 20X magnificatiqrig Raxvanagnification.
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2.3.5 Hawesting of heterotypic cultures fommunocytochemistry

While ICC will be considered in detail in Chapter 1V, it is worthwhile to note the following
with regard to harvesting fosamples for fixation. The samples were all necessarily small,
given the limitations othe yield oflymphocyte populations and the expense of GFRMile

this allowed for samples to be run in duplicate for eadwnstreamtechnique and allowed

for both ell lines to be cultured simultaneously, the harvesting of such small samples from
microwells proved difficultMoreover, immune mediation affected the wosistency of the
GFRMn both LPCM and BPCM. Thus, GFRM in the EXBCN#d decBC culture groups

exhibited reduced viscosity compared to the BC contolture groups.

2.3.6 Harvesting of heterotypic cultures for RNA extraction

A number of techniques were attempted to optimise the yield, purity amegrity of the
extracted RNA, and asich,the majority of samples were sacrificed. With time constraints
and funding limitationsyeverse transcriptase redime PCR (RGPCR could thus no be
conducted for inclusion to this thesis.While the TREkol method yieléd the highest
concentration (Fig2.11), further analysis showed that RNA integritsas indefinable (Fig.
2.12). Variations to the methodology as per the Qiagen RNeasy Kit demonstrated that
proteinase K was necessary for thg@ektion of residual GFRM (F&y11). Furthermore,it

was noted thatysk in RLT buffeat 55 C followed by both off and eoolumn DNA digestion,
resulted in varying yields of RNA, but RNA integrity number (Fig.11and Fig.2.12). It

was thus established that lysaf samples in RLT bufféollowed by digestion of esidud
GFRM with proteinase Knd offcolumn DNA digestion alone presented a faiKAyield,

given the low cell numbers. The value of the primary measure of purity (260/280 ratio), as
determined using the BhoDrop, wastwo, indicative of good puritywith Agilent analysis

providing anRNA integrity number of 9.Fig. 2.11 and Fig. 212
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Figure 2.11Graghs illustrating the average RNA yield (ng/ul) and RNA purity (260/280) based on v:
extraction methodologiegNanoDrop analysis)

KEY X-axis labels (A)indicate extraction methodologysrey columngndicate omission of proteinase Rlacl
columnsindicate inclusion of proteinase K)Lysisn RLT buffer at 5% prior to extraction witlQiagen RNEa
Kit. Oncolumn DNA digestion onl\B) as per A with the addition of offcolumn DNA digestionC) TREo|
method. D) TRIzomethod with off column DNA destion.E)Lysisn RLT buffer prior to extractionith Qiagel
RNeasy Kit. Off column digestion on).As per E, addition of ecolumn digestion. Method C vyielded f
highest RNA concentratiomith methods B and E presdngthe highestRNA purityevek.
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Figure 2.12 Electropherogransummaries of RNA yield, integrity and purity using various extrac
methodologies (Agilent Bioanalyzer analysis)

A) Lysisin RLT buffer at 5& prior to extraction using Qiagen RNEasy Kitc@umn and offcolumn DN/
digestion. B) TRIzol method supplemented with off column DNA digestOnLysisin RLT buffer prior 1
extraction using Qiagen RNEasyf&libwed by offcolumnDNA digestioronly. Methods A and C incorporal
the use of proteinase K. Only method C yieldedeptable results.
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2.4 Discussion

2.4.1 The isolation of kegdlymphocytesand NK cells

The phenotypic characterisation d&eclymphacytesremains the limiting factoof any study
invedigating this subsetas previously discussedn this study, the prototypic rEc
lymphocyte population @D4CD25) was obtained using magnetieadbased technology
the most commonly employed method folymphocyte isolationfor in vitro assays
(Mandapathi et al., 2009).0One of the limiting factors of this isolation method is tihability
to ascertain levels of marker expression. Whiewf cytomety isolation overcomes this
problem and allows for increased sample purityif too is still plagued by arbigry
designations as to what levels constitute high and low expreseioselected markers
(Whiteside, 2012).

In this study flow cytometiic analysisaffirmed the selected profiles of magnetically isolated
Treclymphocytes. It was noted thaED4 expressiomas clearly delineated into CB4and
CD2"" subsets These subsets were found in association w@D28™ and CD25
(comprising both dim and bright expression), respectiviebllowing activation with K2 and
PHA, %&eclymphocytes maintained thesehenotypic populations. While upregulation of
/| 5upZ GKS h-2@éeptdrys carifmonly EsSociatdd with2lsignalling (Chenet
al., 2011), CD25 expression has been shown to be reduced following peifisatidn of the
cell membrane (Leet al., 2011). Wile the fixative used in this study does not incorporate a
detergent fixation in paraformaldehyde dods a degree, permeabilise the cell membrane.
Furthermore, pregulation ofCD25s alsoevidenton CDZ4 effector cells upon activation (Yu
and Fu, 2006Piersmaet al., 2008). Thus,studies investigating th@recsubset must take
cognizance that without a definitive phenotype, isolated populations mn@ntain

contaminating effector cells

Flow cytometricanalysis of magnetically isolated NK cells dematstt three distinct
populations regarding the expression of CD56 aJ@mel four populations when NKp46 was

consideredpost-magnetic cell sorting. However, following activation witi2land PHA, cells
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presented with either a CD8BNKp46™"™ or CD56™NKp46™ phenotype. NKp46,which
functions as a mediator of cytotoxicity against virally or malignantly transformed clls,
expressed in both resting and activated NK cells with proposed high expression iH€D56
cells (Bottinoet al., 2000; Miller,2001; Kochet al., 2013. The results indicatehat the
NKp48™" phenotypeis however, maintained in a CD56' populationas well CD56"™ NK
cells are considered to have poor cytolytic capacity, high prolifezatapacity and are
proposed to behe dominantcytokinesecretingNK subsethowever,the downregulation of
CD56 is proposed to be indicative of the acquisition of specialised fun@doier, 2001;
Moretta, 2011) Other studies have indicated that the CO%Bsubsetis in fact the major
producer of proinflammatory cytokines and chemokinggon target cell recognitionof

particular interest to this studyFauriatet al., 2011; Moretta, 2011).

2.4.2 The establishment 08D heterotypic culture modeb

Molecular profiling of the MCF and MDAMB-231 cell lines has confirmed their
representation of infiltrating ductal carcinoma, specifically with reference to their respective
luminal and basal phenotypes (Newet al, 2006; Kaoet al, 2009). Furthermore,
morphological presentation in 3Bulture syséms correlateswith molecular phenotypess

per the tumour microenvironmen{Hanet al., 2010).In this study, he majority of MCH
cells cultured in the LPCllssumed a globular morphologgssociated with their luminal
phenotype In the EXReulture group in which MCH cells were under bothgEclymphocyte

and NKcelkmediation some cells displayed a spindilee morphology commonlyassociated
with a mesenchymadike phenotype Mesenchymalike morphology, reflected by MDKB-

231 cells in the BPCN& associated with a more aggressivefile (Zuoet al., 2010). While
MCF7 cells are noted as being relatively weakly invasikex (and Kdpal, 2008), these
results indicate that under the appropriate spatial and cellular stimuli, selected cells are
capable of differentiating into a more invasive phenotype. Epitheli@senchymal

transitions are linked to metastatic events, which in turn involve considerable interaction
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with the surrounding stroma inducing the upregulation MMPs and cytokine secretion
(Krauseet al., 2010).

In the BC control group, in which MCIFeells were cultured without immune mediation, cells
formed putative tubular and acinar glandular structuréedicating a cavitation process
despite the lack of definitive lumin@o Amaralet al., 2011} aphenomenon noted in other
studies (Krauset al., 2010. The formation of glandular structures, specifically with lumen
formation, is indicative of a morevell differentiated tumour (Krauseet al, 2010)
traditionally associated with better progsis. The more aggressivafiDAMB-231 cells
formed a lattice-like network in the BC controWhile this morphological association was
distinctly dissimilar to another 3D study in which MDUB-231 cells formed stellate clusters
(Ampujaet al., 2013); our esults do reflecinvasion tunnels formed biMDAMB-231 cells,
allowing leading cells to migrate within the tunnirough the GFRMY{u and Machesky,

2012, a process dependent on upregulationNdMPs

MMP expression facilitates the migration ofdlacivatedNK cells through GFRM (Edsparr
et al.,2010). In this studythe possibility oMMP inductionwas highlighted by the reduction
in viscosity of GFRM iaulture groups under NKellkmediation (EXP and NRC culture
groupy, and to a lesser extent undélreglymphocyte mediationjn both the LPCM and
BPCM systems. NK cell presenas further associatedwith the disruption of cell masses
(MCF7 cells)and networks (MDAVIB-231 cells), regardless okdslymphocyte presence
While it is tempting to assetthat this reflects NK cell cytotoxic function, the complexity of
the culture system is suggestive efents that are more complicatedreclymphocytes are
noted for their abilityto suppressNK cell cytotoxic functiomith or without prior TCR
activation in vitro and in vivg in a TGHb-mediated manner(Ghiringhelliet al., 2005;
Ralainirinaet al.,, 2007) Tumour cells themselves, have also been shown to evade NK cell
cytotoxicity viaTGFb dowregulation of theMHC clas$-related-protein A(MICA) ligang and
their corresponding NK receptors, NKGHEHarket al., 2009} and by using MM to cleave
the intercellular adhesion molecule (ICAWwhich facilitates targeting of transformed cells

by NK cell¢Fioreet al.,, 2002).We propose that keast cancer dés subvert both immune cell
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subsetsto induce tumour toleranceand potentially to facilitate tumour progressionthe
results presented in Chapter 8hd Chapter I\Vcorroboratethis assertionhowever,further
research is required to determine the ptomourigenicor anti-tumourigenicprofile in the

experimental systems.

Initially we planned to usR FgPCR to identifplterations in gene expressi@ssociated with
metastasis and cell death. Howev#re majority ofsamples werdorfeited in optimising tle

RNA extraction procedurélhe vast majority of studies usingatrigel for invasion assays
(Pollardet al., 2003; Selanderet al., 2004; Jin et al, 2010; Chandrasekaraet al., 2012;
Hooveret al., 2012) or to establish xenografts, typicatipnductedfurther assessments using
immunohistochemistry (Elstneat al.,, 1998; Pollarcet al., 2003; Engelmanet al., 2008; Tate

et al., 2012) There is a distinct paucity of studies extracting RNA for further analysis from
Matrigel 3D cultures (Table.3. With the number of availabl&NA extraction kits on the
market, it is understandable that different research groups use different kits. However, few
researchers report in detail, any variation to their extraction methodology or the methods of
RNA quality controlconducted. The advent of the MIQE (Minimum Information for
Publication of Quantitative Redlime PCR Experiments) guidelines in 2009, aims to ensure
the repeatability of experimentation (Bustiat al., 2009). Details asential to reporting
nucleic &id exraction methodsinclude modification to extraction procedures or kits and
additional DNAse or RNase treatments for example. It is further suggestad while
absorbance ratios as determined using spectrophotometry (NanoDrop) provide an indication
of RNApurity, the integrity of the RNA be investigated using microfluidic analysis (Agilent

Technologies Bioanalyzer).

This study found that the TRIzol technique, whether used in conjunction with the Qiagen
RNeasy Mini Kit or not, did not yield RNA with sdéaibtegrity for further analysisSome
studies haveadvocatedthe removal of cell colonies from Matrigalith EDTA(Table2.3)
prior to extraction. However, it was of concern that EDTA treatmesmauld alter gene
expression beyond the dictates of the-cdture system As such, this methoevas not

attempted. The efficacy of sample lysis in RLT buffer followed by extraction using the Qiagen
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RNeasy Mini Kit was determined; however, unlike other studies, it was necessagjude
proteinase K for digestionfaesidual GFRMcomparableto the protocol for RNA extraction
from fibrous tissue (Tablg.3). Similar to other studies (Tab&3), it was determined that
only one DNA digestion (effolumn in this study) was necessary to remove residual DNA but
also toensure no further damage to the integrity of the RN precise method for RNA
extraction from GFRM ecultures incorporating MIQE guidelinean essential step for

downstream gene expression analys$ias thus been determined.



Table 2.3 Examplesf references consulted illustrating variability in RNA extraction methodology

: RNA purity/integri

Culture Method Cels RNA extraction method purity/integrity Reference
method

Matrigel coated flasks Human liver stem cells TRIzol N/A Herreraet al.,2006

3D Matrigel culture Breast epithelial cells Colonies isolated with PBS/ED| N/A Leeet al.,2007

¢ 15-30 min for further RNA
extraction

TRIzol

(Methodology article)

3D Matrigel culture

A host of breast cancer cell line

Colonies isolated with PBS/ED]
Qiagen RNEasy MiniKit with on
column DNA digestion

Optical density at 260nm
Agarose gel electrophoresis

Kennyet al., 2007

Matrigel coated dishes Small hepatocytes (rat) ISOGEN N/A Konet al.,2006

3D Matrigel culture Normal mammary epithelium Lyse in lysis buffer. Heat N/A Grahamet al.,2009
samples to 55C before (Methodology article)
homogenization and
cryopreservation.
Stratagene Absolutely RNA
microprepKit

3D Matrigel culture YT cells and freshly isolated NK| Qiagen Fibrous Tissue Mini Kit| NanoDrop Edsparret al.,2010

cells Spectrophotometer

3D Matrigel culture

A host of breast cancer cell line

Qiagen RNesy Mini kit with on
column DNA digestion

Agarose gel electrophoresis

Hanet al.,2011

3D Matrigel culture

A host of breast cancer cell line

PBS/EDTA 15 min
Qiagen RNEasy MiniKit

N/A

Ampujaet al.,2013

6SIl I LAdVHD
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2.5 Conclusion

This study developed aovel heterotypic 3D coculture system for the investigatioof
interactions between Hec lymphocytes, NK cells and either hormedependent or
hormoneindependent breast cancer cellsTumour cells cultured in 3Ddisplayed
morphologiesand celicell associatiosdistinct to that observed in 2D monolayer culturdss.
was further evident that immune mediation, primarily NK ceihfluence, induced the
disruption of cell masses (M@Fcells) and networks (MBI B-231 cells). It is proposed that
the alteration of celcel associations reflects amnhancel invasive tumour profile,
dependent on breast cancer phenotype, witlnieast cancer cells subverg immune cell
subsets to induce tumour tolerance and potentially to facilitate tumour progression.
Previous studies havehewn thattumour cells in 3D culture exhibit a molecular phenotype
and physiologic behaviour thatmore accurately reflects thein vivo tumour
microenvironment. In order to shed light othe mechanisms and results @afnmune
mediationof breasttumours, thisstudy has demonstrated the effectiveness of RNA isolation
for subsequent gene expression anady3he ensuing chapters will illustrate ttedéficacy of
this culture system for analysis mhmune-mediated alterations irtytokine profiles (Chapter
[ll) and the expression of selected tumour biomarkers as determined using

immunocytochemistry (Chapter V).
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CHAPTER Ill: The ImmulMediated Cytokine Profile of Hormone

Dependent and Hormondéndependent Breast Cancer Cell Lines in al8D

Vitro System

3.1 Introduction

The breast tumour environment is an intricate network with tumour progression
involving complex cellular interactions mediated by cytokines. Cytokines are proteins
that regulate aspects of cell function associated with survival, differentiadnd growth,

via paracrine or autocrine actions (Leonard, 2008). Most cytokamsas immune
mediatorsimplicated in both anttumourigenic and préumourigenic functions, acting in
an additive, synergistic or antagonistic capacity (Nica#nial, 200). While many
cytokines are referred to as interleukindefko ¢ indicating an association with
leukacytes), not all interleukins are secreted by leukocytes or for that matter affect
leukocytes aloneSromal components and immune cells also secrete kyies,exerting
their functions on similar cell types (Leonard, 2008). Tunsmareted cytokines and
chemokines ultimately induce a chronic inflammataepvironment that is in turn
manipulated to allow for tumour progression (Lorusso and Riegg, 200&udm an
environment,selective forces favour those tumour cells with reduced immunogenicity,
enhanced survival capacity and superior imm@awasion/subversion capability (Durt

al., 2004).

Tredymphocytes in the tumour microenvironment faciliimmunoediting processes by
liaising with tumour cells to promote reduced immunogenicity and actively suppress anti
tumour functions of cytotoxic T lymphocytes and NK cells (DeNardo and Coussens, 2008).
The suppression of NK cells lyedlymphocytes has been gtulated to involve ceitell
contact and both bound and soluble T8FTrzonkowsket al., 2004; Ghiringhellet al.,

2005; Ralainirinat al., 2007). While NK cells primarily exert their amtmour functions

in a direct celimediated manner, their abtl to produce an array of cytokines allowing

for interaction with other cell types, including malignant cells angsTells of the
adaptive immune system (Chambers, 2010), may in fact be their principal role in

controlling tumour progression (Miller, 200Wilket al., 2008).
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Of particular interest to this study are-8, I-6 and IE12; type | cytokineshat exhibit a
functional homology. Higlevelsof IL-6 are foundin breast tumour samples and in breast
cancer cell lines (Honmet al,, 2002). IE6 functions via gpl30-mediated activation of
signalling pathways, inducing the upregulationaoti-apoptotic and angiogenic proteins
within tumour cells. Importantly H6 increase oestradiotl7b hydroxysteroid
dehydrogenase typé that converts oestrone to estradiol, thereby inducing hormore
dependent proliferation and metastasis (Purol@t al, 2002). As part of the type |
cytokine family, 6 exhibits a functional homology with-112 andIL-2, both of which are
noted for their capacity to activate T lymhpcyte subsets and NK ce(Nicoliniet al.,
2006).

Under cytokineinfluence,CD56"™ NK cells and CD%8 NK cells are capable of altering
their phenotype, with CD38%™ NK cells acquiring a CD55phenotype under H2
stimulation, and CD358" NK cells acquiring a CD%8™ phenotype under H12
stimulation (Farag and Caligiuri, 2006). NK cells presenting with a”€bp&enotype
have poor cytolytic capacity and a high proliferative capadigditionally regarded as an
immunoregulatory subsetCD58"™ NK cells produceytokines and express lympheid
homing molecules thatmay indicate interaction with cells of the adaptive immune
system (Farag and Caligiuri, 200B6)owever, other studies have indicated that the
CD56™ subset is the major prucer of proinflammatory cytokines and chemokines
upon target cell recognition (Fauriat al, 2011; Moretta, 2011). The {12-induced
activation of NK cells elicits the production of {§NINF and other proinflammatory
mediators thatact to inhibit angbgenesis, amongst other functions (Nicognial., 2006).
This suggests that immunoregulatory cytokines in disease states may have an important

role in manipulating the response of NK cells.

IFNg, a type Il IFN protein mainly produced by Cells, CD8cells and NK cellds able
to activate subpopulations of the adaptive immune system and increase expression of
MHC class | and class Il molec&oliniet al., 2006) WhileexogenoudFNg has anti
proliferative effects on breast cancer cell linésgluding the MCH cell line, hormone
dependencywas shown not to affect its capacity (Nicoltial., 2006).IFNg is further
able to induce a cytokine cascade includingdLIL-6, TNFM | V' R . Iterléuking, IL-
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1 and TNF are implicated as a cohort amplifying-ipfammatory processes (Ben
Baruch, 2003). The breast tumour microenvironment and certain breast cancer cell lines
frequently express members of the-1Lcytokinefamily tha transduce preinflammatory

and anttinflammatory signals via the MA#&nase pathway (Nicolinet al, 2006;
Dinarello, 2008) Expression of v hcorrelateswith poor tumour differentiation and
decreasing expression of BR® | A 3K & S NHzY AR ooitefity witla High2 v a
rate of breast cancer relapse and itpsoposedthat the effects of ILlb signalling may

vary with breast cancer hormorgependency status (Nicoliet al., 2006). Members of

the IL-1 family are further associated with the inchion of chemokine secretion (Le

Bitoux and Stamenkovic, 2008).

Chemokines are a group of cytokines with leukocyte recruiting and trafficking properties,
responding to inflammatory cytokines and promoting inflammation @Banuch, 2003).

In the tumourenvronment, infiltration of leukocyte subpopulations has implications for
tumour progression. Of particular interest to this study are CCdl& known as
monocyte chemoattractant protesl (MCR1), CCL4 and CXCL8 (also known-8g [Lhe
potent chemoattracant property of CCL2 for monocytes and NK cells is associated with
anti-tumour functionality (Conti and Rollins, 200#owever,elevated levels of CCL2 are
linked to MMP activity and thus havequally importantimplications for metastasis.
Moreover,CCL2s associated with poor prognosis in breast cancer patients-B2ench,
2003; Rollins, 2006; Le Bitoux and Stamenkovic, 2008) tuvitbur derivedCCL2 shown

to reduce the efficacy of -Tell mediated anttumour activity (Vitielloet al., 2004).
Togethemwith CCL2 and CCL4, CXCL8 shows high efficacy aareyimgenic factor and is
implicated in tissue remodelling vMMMP induction (Vicari and Caux, 2002; B®aruch,

2003; Mantovangt al., 2010).

Experimental measures taken to deconstruct the tumour roeavironment are
dominated by twedimensional culture systems. However, thrdienensional culture
systems are more able to reflect the physiological behaviour of tumour cells (Baker and
Chen, 2012). Under the mechanical stresses associated with suchrecsltenarios,
tumour cells create hypoxic hapots and are able to suppress cytotoxic T lymphocyte

functions ina manner reminiscent of than vivo environment (FedeMenguset al.,

2 7
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2008). For this reason, westablished a 3D culture system in which teastigate the
interactions between lymphocyte subpopulations and breast cancer (Chapter Il). This
chapter deals with investigations into the cytokine response elicited by the combined
interaction of NK cells, prototypic CID25 Treclymphocytes and breascancer cells
(either hormonedependent or hormonendependent) in a 3D culture systenthe
associations between multiple cytokinegere investigated with mltivariate exploratory
statistical techniquesallowing the unravelling of patterns associated lwlymphocyte

subpopulations in a recreated breast tumour microenvironment.
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The BiePlex Pro cytokine assay (Btad, Parkwood, South Africa, M50000175D) was

used to detect the presence of the following ckioes: IE1b, 1L-2, 11-6, IL-12, IFNg, TNF

hs /[ wHE [/ [n

FYR -1y

0L ySt RSAAIYSR

Plex 200 system and BRlex Manager softwaréBio-Rad, Parkwood, South Africa)

3.2.1 Sample preparation

Cryopreserved samples (n=68) were defrosted on Table 3.1 To ensure that no

precipitates were present, samples were centrifuged at 10 0gdox 10 min at 4C and

the supernatant retained. Twgroups ofblank controls consisting oRPMI 1640 culture
media supplemented with 10% FBS and 0.1% P/S and Géititioned RPMI 1640

culture media supplemented with 10% FBS and 0.1% P/S were also prepared. Samples

were usedundiluted and plated in duplicateOnly one cytokine plate was used.

Table 3.1Culture groups irthe Luminal Phenotype Culture Model (LPCM) athiek Basal Phenotype Cultu

Model (BPCM)

Heterotypic 3D caulture models based on the M@HIuminal phenotype, hormonrdependent) and MD+4
MB-231 (basal phenotype, hormorirdependent) breast cancer cell lines were developed. The experin
culture groups consisted okdclymphocytes and K cells, cacultured with either MCH cells or MDAVIB-231
cells at a 1:1:2 ratio in growth factor reduced Matrigel. The control groups included NK cells cultur
either MCF7 or MDAMB-231 cells (NHBC); kedlymphocytes cultured with either MCFor MDAMB-231 cell
(TrRecBC) and MG or MDAMB-231 cell cultured alone (BC)

Luminal Phenotype Culture Mode|

Basal Phenotype Culture Mad

(LPCM) (BPCM)
Culture Group
MCF7 cell line MDA-MB-231 cell line
Experimental (EXP) Trecand NK Trecand NK
(NNIE)éeCa;st cancer cells control NK alone NK alone
I?;;:éec?St cancer cells control Tccalone Tccalone

Breast cancer cells control
(BS)

Contol ¢ no lymphocytes

Control¢ no lymphocytes
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3.2.2 Preparation of components for cytokine analysis

Standardspreparation

Lyophilized standards were reconstituted in 80&PMI 1640 culture supplemented with
10% FB&nd 0.1% P/S. The standard solution wasrehaéter vortexed for 5 sec and
incubated on ice for 30 min. A fourfold dilution series of the standard was prepared to
allow for the generation of an eightoint broad range cytokine standard curve (low

photomultiplier tube setting).

Coupled bead preparabn

Coupled beads were sonicated for 30 sec prior to use to prevent aggregation.
Subsequently, 518 coupled beads were diluted in 8751 BioPlex assay buffer

(hereatfter referred to as assay buffer). The resulting solution was protected from light.

Detedion antibody preparation

Detection antibodies were prepared approximately 10 min before use. The stock
antibodies were vortexed for 20 sec followed by centrifugation for 30asek® 000 X.
Thereafter 30&1 of the stock antibodies ®&re diluted in 2 700 BioPlex antibody

diluent. The resulting solution was vortexed for 5 sec immediately prior to use.

StreptavidinPE preparation

The streptavidifPE solution was prepared approximately 10 min before use. The stock
solution was vortexed for 5 sec followed lzentrifugation for 30 seat 10 000 Xg.
Subsequently, 6@l of the sbck solution was diluted with ®40m assay buffer. The
resulting solution was protected from light and vortexed for 5 sec immediately before

use.

3.2.3 Cytokine assay

Samples, standards amdupled beads were allowed to equilibrate to room temperature
prior to preparation of the filter plate. All wash steps were conducted using vacuum

filtration (Bio-Plex AurumvacuumManifold, BicRad, South Afrigafollowed by blotting
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the plate on clean a@per towel to remove any excess fluid. All transfers to the plate were
conducted using a multichannel pipettayith the exception ofthe transfer of the

standards, blanks and samples.

The filter plate was dampened using M@G@&ssay buffer. Coupled beademe vortexed

for 30 sec and 5@ of the solution transferred to each well. The plate was washed twice
with 100M BioPlex wash buffer (hereafter referred to as wash buffer). The standard
dilution series, blanks and samples were vortexed briefly andi 59 each were
transferred individually to their designated wells. The filter plate was covered with
sealing tape, protected from light with aluminium foil and incubated at room
temperature for 30 min on glatform shaker at 300rpm. The plate was washed thrice
with 100m wash buffer followed by a further incubation period withr@%f detection
antibody at room temperature for 30 min on a shaker at 300rpm. The plate was washed
three times with 10@1 wash buffer. Thereafter, 0 of the streptavidirPE working
solution was transferred to each well and the plate incubated at room temperature for
10 min on aplatform shaker at 300rpm. This was followed by three washes withril00
wash buffer. Subsequently, 1@bassay buffer was transferred to each well and theglat
placed on glatform shaker at 300rpm for 30 sec. Data was acquired using th&IBio

200 System and BidPlex Manager software. Assay sensitivity per cytokine was noted as
LISNI YI ydzFl OGdzNENRa y20FGA2y @

3.2.4 Statistical analyses

The data was standardized prico statistical analysis with STATISTICA v12 and PAST
v2.17c. Since normality tests indicated the ngarametric nature of the data,he
KruskalWallis ANOVA by Ranks method with Bonferroni adjustment emagloyedto
assess whether culture groupsithin the LPCM and BPCM were significantly different
from each other with regard to cytokine expression. Multiple comparison-hosttests
(2-tailed with Bonferroni adjustment) were used thereafter to determine which culture
groups exhibited the differences fodnby the KruskaWallis test. Specifically, these

statistical tests considered all culture groups including the blank control as comparator
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groups for analysig-or all analyses, p<0.05 was regarded as statistically signi{iSaat
Appendix EL, B).

Three exploratory multivariate techniges including cluster analysis, nroretric
multidimensionalscaling (MDS)nd principal component analys{®CAwere conducted.
Given the small initial sample size, the data was first bootstrapped, allowing for the
original input dda to be resampled (n=1000) (Ballenbergsr al., 2012) For cluster
analysis, a hierarchical method was conducted to illustrate the association of cytokines
within each culture group. The unweighted pgnoup average procedure coupled with
evduation of similarities (Euclidean distance) between items was used to generate
RSY RNE 3 NI atal, 2018) Sikce data was resampled, the cophenetic correlation
coefficient (CC) was used to indicate the efficacy of the analysis in representing the
clustering of the original dataset. Nanetric MDS was used as a complimentary method

to cluster analysis. Cofation matrices were generatediza Ay 3 { LIS NX I y Qa
measure of similarity. Scree plots were generated usirgtad raw stress values, to
determine the optimal number of dimensions to specify for the aoetric MDS(See

Appendix FX F3)

Principal components analysis with singular value decomposition allowed for the
reduction of our multivariate dataset into orthogonal components that act¢don the
YI22NRGE 2F GKS G NR ketyalOBO7h Figenvaues wele plottédS i 0 .

(scree plots) to determine components to be retained.
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3.3 Results

For cytokineanalysis,GFRMconditioned culture media and culture media alone were
used as blank controls. No significant differences regarding any of the variables were

found between these blank controls, thus for subsequent analyses data was combined.

3.3.1 Effects of Redymphocytesand NK cells on cytokine secretion ihe LPCM

The preinflammatory cytokine IE6 as well as thehemokines CCL2, CCL4 and CXCL8
contributed significantly to the observed differences between culture groups.
Subsequent multiple comparison tests demonstrated a significant increase in the
secretion of chemokines CZLCCL4 and CXCL8 (Bid) in both the EXP culture group
and the NKBC control culture group, indicating the impact of NK cell presence regardless
of Treglymphocyteinfluence. The distribution of the indicated cytokines in the culture
groups exhibited geater spread than that of the control groups. The dispersion of the
data reflects probable biologicajariation within groups and the effects of Nllsand

Treccells on cytokine release across groups.

While the chemokines clustered together with theoprflammatory cytokine H6 in the

absence of dggcells (Fig.3.2B), keclymphocytemediation is noted in both the EXP

culture group (Fig3.2A) and kecBC control (Fig3.2C) group, with CCL4 and CCL2
clustering independently of & and CXCL8& the BC control culture group in whidiCF

7 cellswere cultured without lymphocytesCCL4 clusted independenty of CCL2, CXCL8

and I:6 (Fig.3.2D). I2 and TNF  Of dza 1 SNJ O2yaraidaSyidafte | ONRA.
the separation between this cluster and that associated witi2L IFNg and IL:1b is

small.

Visual representation of nemetric MDS confirmed the association of@Lwith the
chemoknes CCL2 and CXCL8 in the EXP culture group3(84). However, 1-12
associated with CC|.gharingdimension 1 with IFlgJand TNFP Ay G KS 9.t Odz 0
Notably, under the influence of NK cells alone, the groupings (bag)lBsimonstrated in
the EXP culture group formed a closer association (8i@). The effects of gEscelt

mediationon the cytokine profile of the control culture grougeEBG were difficult to
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unravel with no clear groupings apparent (F3g3C). MCH cells cultured withouthe
influence of immune cells in thBC catrol culture group did howeveexhibit a profile

involving two groups i.e. CGCXCL8 and CCIENg (Fig.3.3D).
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Fgure 3.1 Box and whisker plots of cytokines determined to be significantly different (p<0.05) within
between multiple culture groups in LPCM

KEY: axis ¢ culture groups Y-axis ¢ log cytokine concentrationA) BC control culture group exhibited t
greatest dispersion in 16 expression. A significant difference ir6llexpression was found between the |
culture group and the blank control (*)B) The EXP culture grpuand NKBC control culture group differ
significantly from the blank control (*) with regard to CCL2 expres§iphhe EXP culture group exhibited
greatest dispersion in CCL4 expression, further proving to be significantly different from thecbtardd (*)
and control culture groups rEcBC and BC (#). NBC control culture group presented with a sme
distribution of data than the EXP culture group, and was significantly different to the blank control (*)
culture group BC ($P) All gioups except the blank control displayed large spreads of data. CXCL8 expre
both culture groups EXP and {BIC were significantly different to the blank control. (*)
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Figure 3.2 Dendrograms indicating cluster analysis of cytokines in each culturgogroLPCM.

Culture groupsare as followsA) EXPB) NKkBCcontrol; C) TRecBC controlD) BC control. Branching poi
show robustness of bootstrapping in maintaining associations during iterations. The following cog
correlation coefficients indate the high efficiency of the clustering method per culture gré)®.9231,B)
0.8933,C)0.8912,D0)0.8979.
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Figure 3.3 Scatterplots illustrating nemetric MDS of cytokines in each culture group in LPCM.

Culture groups are as follow&) EXPB)NK-BC controlC) TregBC controlD) BC controlA) In the EXReulture
group CCL2, CXCL8 ané tluster tightly across both dimensions:12 and CCL4 group independently of-
gand TNP  AY RAYSYy&A2y HIX 6KAt S SEKR)Miha NKBB conhtydiculkure
group, the effects of NK cells alone elicit a distribution involving most of the panel of cytokines, wit
notably removed in dimension € The kecBC control culture groupxhibits a distinct lack of groummsin
both dimensions, with cytokines rather sharing similarities in one dimendijrin the BC control cultur
group without the mediation of immune cells, two groupings in both dimensions are noted, CCL2, CX
TNFP T | yR-12and IFNE L [
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3.3.2 Effects of kRedymphocytesand NK cells on cytokine secretion the BPCM

All cytokines with the exception oflL-2, contributed significantly to the differences
across culture groups. The distribution of cytokines in each culture group exhibited
greater spread than that of the control groups, with a number of outliers noted. The
dispersion of the data reflects probable biological variation within groups and the effects
of NK cells and kec cells on cytokine release across groups. Subsequent multiple
comparison tests (2ailed) indicated that the combination okdcand NK cells ithe EXP
culture groupresulted in significant differences in-1b, 16, TNFP =/ / [ n |} YR
abundance compared to MBMB-231 cells grown alone (Fig.4.1 and Fig. 3.42). The
impact of NK cells is noted the EXP culture group and MBCcontrol culture group,

with a significant increase in the expression ef®.and CCL2.

Cluster analysis demonstrated that-6L. CXCL8 and CCL2 cluster together in a well
differentiated mamer compared to other cytokines ihe EXP culture group, and NBC
and BC control culture groug§ig.3.5). This cluster was not maintained time TrecBC
control culture group inferring that the function of degcells is influencedoth by NK
cells andoy thecell line itself. Ithe EXP, NMBC and decBC culture groupsl-2 and TNF

h Of dza G S NWBIR clusiér avasSnbtéwell separated from other cytokines with
agglomerative clustering indicating the influences of -g-NL-1b, 1-:12 and CCL4 at
various branching points. The contribution of NK cells alone resulted in a further cluster
with 1L-1b, followed by IFMNy, 11-12 and CCL4 (Fig.5B). While the combined influence of
NK cells and grEglymphocytes (Fig3.5A) resuled in the retention of the LE2-TNFh
cluster, this was soon linked with IFENThis agglomerative clustassociated with thél-
1b-CCL4 clustefollowed by the contribution of HL2 at a greater distancelhis could
reflect a heightened Reclymphocyte influence as per the patternsted inthe TrecBC
culture group(Fig.3.5C) However, sincéhe clusters were maintained ithe BC control
culture group(Fig.3.5D), the cytokine profile of MDAB-231 cell line may not be as

greatly influenced bymmune mediatioras the MCH cell line.

Scatterplots illustrating nometric MDS indicated that {1b, I-:2, CCL2 and CXCLS8
formed a close association ithe EXP culture grougFig. 3.6A). The NKBC and BC

controls with only NK cell influence and no immune influence respectively, did ndt elic
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distinct groupings (Fig3.6Band Fig. 3.®). Howeverthe Trecculture group,with MDA
MB-231 cell cytokine secretion mediated byedcells showed a distinctive cluster of all

cytokineswith the exception oiL-6 and CCLA4.
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Figure 3.4.1 Box and whisker plots of cytokines determined to be significantly different (p<0.05) withit
between multiple alture groups in BPH.

KEY: axis¢ culture groups:Y-axis¢ log cytokine concentratianA) A significant difference in41b expressiol
was found between the EXP culture group and the blank control B))The EXP culture group showed

dispersion othe data and differed significantly from the blank control (*) with regard 6 BxpressionC) The
EXP culture group and NBC control culture group showed a significant difference in the expressionla
compared to the blank control (*P) The ER culture group and BC control culture group, both exhibiting

spreads of data, were significantly different to the blank control (*) with regard teglEXpression
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Figure 3.4.2 Boand whisker plots of cytokines determined to be significantlyfférent (p<0.05) within ant
between multiple culture groups in BP@.

KEY: »axis¢ culture groups¥-axis¢ log cytokine concentrationd) A significant difference in TNF S E LJI
was found between the EXP culture group and the blank control B)).The EXP culture group and-Rg
control culture group differed significantly from the blank control (*) with regard to CCL2 expre€3i06.L
expression in the EXP culture group exhibited a tight cluster of data points and was significantly differe
blank control (*) and BC control culture group (B).The EXP culture group was significantly different tc
blank control (*) withregard to CXCL8 expression
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Figure 3.5 Dendrogramadicating cluster analysis of cytokines in each culture graa@BPCM

Culture groups are as follows) EXPB) NKkBCcontrol; C) TRecBC controlD) BC control. Branching poi
show robustness obootstrapping in maintaining associations during iterations. The following coph
correlation coefficients indicate the high efficiency of the clustering method per culture group9129,B)
0.906,C)0.8912,D)0.8897
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Figure 3.65catterplots illusrating non-metric MDS of cytokines in each culture groupBPCM.

Culture groups are as follow&) EXPB) NKBC controlC)TrecBC controlD) BC controlA) In the EXP cultu
group CCL2, CXCl-1bLand Il-2 cluster tightly across both dimensior)In the NKBC control culture grou
the effects of NK cells alone results in a spread of cytokinds. the kegBC control culture group, under t
influence of kescells, a clear grouping of all cytokines ba6 land CCL4 is presei) In the BC cuatrol culture
groupsansthe mediation of immune cells, no distinct groupings are noted.
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3.3.3 The effects of gegand NK cells on cytokine secretiorliminating the effects of

hormone status

To further investigate the effects ofkdcand NK cd$ on cytokine secretion, clustering
procedures as previously described were conducted on complete groupirthe &XP
NK-BCand TrecBC culture groupsliminatingthe influence of the cell lines themselves
(Fig.3.7, Row 1). The resulting clusters wehereafter supplemented with the clustering
of cases based on their association with either the MGfell line or MDAVB-231 cell
line (Fig.3.7, Row 2). Irthe EXP and NEC culture groupsnotably thoseunder NK cell
influence, CCL2 and CXCLS8 are glossdociated forming an agglomerative cluster with
IL-6 and CCL4 (Fi§.7, EXP and NRG Row 1). This cobmnation is not maintained in
those cultures in whichrEccells were cultured with breast cancer cell lines alohed
BC control culture groypwith IL-6 clustering with CXCL8 followed by CCL2 3HgTrec

BG Row 1). Irthe EXP and NRBCcultures, 2 and TN | 4842 OA 0SS A GK O
from IFNg and I1b and culminate in a cluster with-02. Inthe TrecBC cultureCCL4

joinsthe aforementioned cluster.

The maintenance of clusters indicates an intelatedness of cytokine secreti and
points to associated function. The cytokine profile of culture groups further allowed for
discrimination of hormonalependency in each culture group (F&7, Row 2)Immune
mediation assisted in defining cases associated with either the ViGQtornone-
dependent cell line or the MDMB231 hormonendependent cell lineNotably inthe BC
control culture groupwithout the influence of NK and rgg cells, clustering cases
according to cell line status was inefficient with the cophenetic correlation woeit

indicating a poor fit (Fi§.7,BC Row 2).

Nonmetric MDS was conducted on complete groupingsEdfP, NMBC and decBC
culturesdisregarding the influence of the cell lines themselves to determine associated
cytokines (Fig.8.1). Thereafter, anlgsis of cases was conducted to allow discrimination
based on associated cell lines (RA.2). It was noted that those culture groups under
NK cell influenceEXP and NBC culturegroups, exhibited grouping of cytokineafistinct

to those in theTregand BCculture groups(Fig.3.8.1). Inthe EXP culturegroup, all
cytokineswith the exception ofil-12, CCL2 and CA; clustered together. Ithe NkBC
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culture group, 1-6 was found closely associated with INF YR / - / [y ® ¢ KS
profiles inthe EXPand NKBC culturegroups both under NK celmediation, were
excellent in discriminating between the MCFcell line and the MDMB-231 cell line
(Fig.3.8.1A and Fig. .8.2B).Poor dscriminationbetween cell linesn the TrecBC culture

group was evidentwith considerable overlagpresent, reminiscent of the BC control

culture group (Fig. 3.8.1C, D and Fig. 3.8.2C, D)
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Figure 3.7 Clustesnalysis showing the effects okEslymphocytes and NK cells on cytokine secretion eliminating the effects of hormone status

Rowl Cytoking(x-axis)cluster analysis in elhcculture group (regardless of cell lin®ow 2:Corresponding dendrograms illustrating the clustering of ¢
(x-axis)in each culture groupRed ¢ MCF7 cell line, Blugg MDAMB-231 cell line). Branching points show robusticity of bootstrapping in taiaimc
associations during iterations. The following cophenetic correlation coefficients indicate efficiency of the clusteringsnphaforementioned cultu
group:Row 1 EXP) 0.9047, NBC) 0.9096;<EsBC) 0.877 BC) 0.89Few 2 EXP) 0.8748, NBC) 0.8957, decBC) 0.9191, BC) 0.7226
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Figure 3.8.1 Scatterplots illustrating nemetric MDS of cytokine associations in each culture group (LI
and BPCM)

Culture groupsre as followsA) EXPB)NKBC contrty C)TrecBC controlD) BC controlA) EXP culture grot
A shows a distinct grouping of1b, IL-2, 1l-6, CXCL8, TNF | y & B)InGHe NKBC control culture, NK ¢
influence is noted in the tight clustering of4L. TNF" | Y R @)and [}) gxHibit no distinct clustering
cytokines.
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Figure 3.8.2 Correspondingcatterplots (Figure 3.8.1) illustrating differgiation of cases based on cell lin
(Red: MCH, Blue: MDAMB-231).

Culture groups are as followA) EXPB) NK:BC control,C) TrecBC control,D) BC control Cell lines could t
clearly differentiated inA) EXP culture group anB) NKkBCcontrol cultue group. However, consideral
overlap between cases indicates that cell line€)igescontrol culture group and) BC control culturgroug
were not as easily separated based on the cytokine profiles as seen in Fig. 3.8.1.
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3.3.4 Principal components analysis: the effects of hormoes&atus on cellline

discrimination

The first two principal component$C)are discussed here as they cumulatively explain
97.7% of the observed variance (F&9). PQ postively loaded for all cytokineand
presents with high loadings for 6, CXCL8 and CCL2 (TaBl2). Notably PC2 is
negatively loaded for CXCL8 and CCL2, and presents with positive and relatively high
loadings of t1b, IL-6, IFNgand Il-2 (Table 3.2)While PC3 was not used in the plots (as

it explained only 1.2% of observed varianoaf) particubr interest was the very high
value for CCL@Table 3.2) The MDAVIB-231 cell line, while falling within the bounds of

the MCF7 cell line appears largely dependent on PC1 @f). Together however, the

PCs obtained cannot differentiate adequately beemethe two cell lines, echoing the

inefficiency of both the clustering procedures and foetric MDS.

3.3.5 Principal components analysis: Differentiation of culture groups in LPCM and
BPCM

The first three principal components from the PCA on culture groupgbern.PCM and
BPCM cumulatively explained 97.9% of the observed variance 3Eigl and Fig.
3.10.2). PC1 is positively loaded for all variables, with relatively high values6pfGCL?2
and CXCL8 (Tak#e3). 11-:6, CCL4 and CCL2 contribute highly ta, ith 11-6 negatively
loaded. PC3 is positively loaded for all variables, with abhd CCL4 presenting relatively
high loadings. CXCL8 presents a notably high negative loading ¢mddE33.3)

PC2 acts largely to differentiatte EXP and NEBCculture groupsin the LEM from all
other groups Table3.3, Fig.3.10.1). PC1 appears responsible for differentiation between
the EXP and NBC culture groupsn the BPCM, and all other groups. The derived
components are able to differentiate culture groupssked on cytokine contributions
related to tumour phenotypeSncethe EXP and NEC culture groups both the LPCM
and BPCM overlap, this differentiatiohighlights the effects of NK mediation,
complimenting the results obtained from ches analysis and on-metric MDS Tgec

lymphocyte influence is seen in the overlap of thECM and BPCNkecBC culture
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groups where PC1 and PC2 are noted to be inadequate in discriminating between
tumour phenotype (Fig3.10.1); however the plot of PC2 and PC3 indicated the latter
component contributes to discriminating LPCM fr&RCM in the gecBC culture group
(Fig.3.102).
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Table 3.2 Principal coponents loadings for the first three principal components derived for cytokines ir
control culture groups (LPCM and BPEM

Variable loadings in bold are regarded as relatively high. PC1 is positively loaded for all cytokines -
loadings for 16, CXCL8 and CCL2. PC2 is negatively loaded for CXCL8 and CCL2, and presents with
relatively high loadings of1b, IL-6, IFNgand IL-:2. PC3 was not used in the plots (as it explained only 1.
observed variance), of particular interest was the very high value for CCL2. PC1 and PC2 cumulatively
97.7% of observed variance

PC1 PC?2 PC3
IL-1b 0.2363 0.3568 -0.07128
IL-2 0.156 0.2506 0.07558
IL-6 0.6405 0.3667 -0.1952
IL-12 0.04532 0.1558 -0.00422
IFNg 0.1595 0.2921 0.06903
TNFh 0.1625 0.2006 0.1123
CCL2 0.3918 -0.3037 0.8543
CCL4 0.07628 0.2028 0.09131
CXCL8 0.5444 -0.6263 -0.4422
| I I—————— -‘ = I ad | | : /// .:.’_,.‘ \;‘;u
AVJD 24 v 18 12 06 ~ 06 12 // 18 y ;-‘//[4
; ol ///.,/ _,/"/
i 1o
- KEY
PC 1(93.2%) Shus: MOA MB-231 il ne
Grey: Control

Figure 3.9 Scatterplotfor the first two principal components scorederived for cytokines inBC contrc
culture groups LPCM and BPCM)

PC1 and PC2 cumulatively account for 97.7% of the observed variance. Considerable overlap bel
groups was noted, indicating that the der@/@rincipal components cannot adequately differentiate betw
the MCF7 cell line and MDAVIB-231 cell line.
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Table 3.3 Principal componestioadings for the first three principal components derived for cytokines in
EXP, NMBC and #:cBC culture groups (LPCM and BPCM)

Variable loadings in bold are regarded as relatively high. PC1 is positively loaded for all cytokines -
loadingsfor IL-6, CXCL8 and CCL2. PC2 presents with positive and relatively high loadings of CCL2
with a negative loading noted for-B. PC3 is positively loaded for all cytokines, bar the high negative |

of CXCL8. 42 and CCL4 also have relalwkigh loadings on PC3

PC1 PC 2 PC 3
IL-1b 0.2288 -0.223 0.2329
IL-2 0.1665 -0.156 0.2837
IL-6 0.6385 -0.4543 0.08184
IL-12 0.05633 0.02458 0.09583
IFNg 0.1424 -0.1922 0.1931
TNFh 0.1591 -0.1106 0.227
CCL2 0.459 0.5337 0.2211
CCL4 0.1497 0.5999 0.3301
CXCL8 0.48 0.1581 -0.7764
KEY
MCF-7 culture model:
Red: EXP 184
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Figure 3.10.8Scatterplotsfor principal componentl and principal component 8cores derived for cytokines
in the EXP, N#BC and HzgBC culture groups (LPCM and BPCM)

PC1 and PC2 are largely responsible for differentiationeoEKP and NEC culture group, based on the ML
MB-231 and MCH cell lines respectively. Overlap of the aforementioned culture groups in both culture
models is noted reflecting NK cell mediation.
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Figure 3.10.2 Scatterplots for principal componebtand principal component3 scores derived for cytokine
in the EXP, NBC and #:sBC culture groups (LPCM and BPCM)

The overall plot indicates that PC2 versus PC3 presents with considerable overlap of most culture
However, PC3 contributes to the disomation of control culture groupgrEcBC based on the M&Fand MDA

MB-231 cell lines.
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3.4 Discussion

The role of cytokines in tumour progression isrigegiven increasing attention in unrdineg

the interplay between inflammatory cells and tumour cells. Cytokines may elicit anti
tumourigenic or pretumourigenic functions (Balkwill and Mantovani, 2001; Nicadingl.,
2006), with the downstream effectbeing dependent on a number of factors including
conentration and cestimuli. Threedimensional culture systems are more effective in
reproducing the tumour microenvironment than 2iystems (Baker and Chen, 2012), with
distinct morphological alterationsndicating crosstalk between mechanical forces within
matrices and secreted factors. In 3fltures, tumour cells have been noted to create
necrotic areas, whichin vivo are associated with hypoxia and noted for inducing the
recruitment of leukocytes to tonour sites, initiating an inflammatomgsponse thatumours
then subvert to allow for progression. Under the influence ofc@bumstancestumour cells
have further been shown to sppess the functionality of leukocyte populations (Feder
Menguset al., 2008).1t is thus proposed thatite 3D model developed in this stugymore
reflective of the tumour environment, allowing more appropriate inferences regarding

cytokinecell interactions to be madéee summary Fig. 3.11)
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Figure 3.11Summaryof alterations in cytokine expressioim culture groups in the LPCM and BPCM

Cytokine secretions in a 3D simulated breast tumour environment asociated with the hormone
dependency of tumours. The effects of NK-oefidiation induced a significant increase in CCL2, CCL<
CXCL8 secretion in the MZFulture model. In the MDMB-231 culture model NK cells alone induced
significant increase itL.-12 and CCL2 inferring the dominance gfstelltmediation of cytokine secretion
IL-6 plays a significant role in the induction of a chemokine cascade in both culture models, -dith
implicated in the induction of proinflammatory environment in tMMDAMB-231 culture model. The result:
indicate subversion of recruited leukocytes for the promotion of immune evasion and tissue invasion



CHAPTER 11192

3.4.1 Cytokines in homone-dependent and hormonandependent breast cancers

The lormone status of breast tumours has been shoiy a number of studieso be linked

to the cytokine profile presented (Nicoliet al., 2006; Chaveyet al, 2007; Genget al.,
2013). Triplenegatve cancers are associated with a cytokine profile linked to metastatic
potential (Levanet al., 2011). Our results showed that the basal phenotype culture model is
associated with increased expression of proinflammatory cytokines and chemokines,
echoing tinical assessments in which-6L CCL2, CCL4, CXCLS8;gleiNd TN I NB
significantly overexpressed in HRgative tumours, with the addition of-lb and [1:12 in
PRnegative tumours (Chavegt al, 2007). While this study and others have shown that
luminal and basal phenotypes of breast cancer differ conslugravith regard to cytokine
expression, cytokines do not function in isolation and thus analyses that involve clustering

methodology infer linked function or feedback loops associated with tumourigenesis.

Both the MCH and MDAMB-231 cell lines present i clustering of 116 and the
chemokines CCL2 and CXCL8. The rest of thenftammatory cytokines cluster
independently with a contribution from CCL4urthermore, cluster analysis, nemetric
MDS andPCA had a high degree of efficiency in accuratefparating the MCGF# cell line
from the MDAMB-231 cell line when under the influence mhmune mediationonly. This
indicates that both cell lines, while having a baseline cytokine profile that may allow for
discrimination, alter their cytokine secretionsm the presence of immune mediation.
Furthermore,the influence of keclymphocytesscarcelyaltered the cytokine profile of MGF

7 cellsand MDAMB-231 cells. This indicates that tumour esdicreted factors influencegéc

cells to maintain their cytokingrofile and may reflect the induction of tumour escape

mechanisms in response to the insult of NK presence.



CHAPTER 11193

3.4.2 The effects of gegand NK cells on cytokine profiles in hormofependent and

hormone-independent breast cancers

Various mechanisms in hypoxénvironments induce hte produdion of 11 and TN,
leading to a positive feedback loop in which proinflammatory cytokine expression is
increased (Le Bitoux and Stamenkovic, 2008). In this study the combined interactigag of T
and NK cells resulted in significant increases-tb|LTNF" IFNg, IL-6, CCL4 and CXCL8 in
the basal phenotype culture model; and-@L. CCL2, CCL4 and CXCLS8 in the luminal
phenotype model A definitive association was noted betwe&hNF", IFNgandIL-12 under

the influence of NK cells in the lumifalhenaype culture model. H12 is a potent inducer of

NK cell proliferation and cytotoxicity, and in a positive feedback loop inducegdrdl TNF

h LINE RdzO( A 2agsbciat€ewitl? {hé iAlBbition of angiogenesis and apoptosis
(Nicolini et al., 2006). Howver, in the luminal phenotype model significant levels of
chemokines CCL2 and CXCLS8, regarded aangriogenic factors (BeBaruch, 2003; Rollins,
2006), infer a struggle for dominance between jwmourigenic and anttumourigenic
processesMoreover, sistained IFNy expression has also been linked with tumour cell
resistance to NK cell cytotoxic function (Waegal., 2012), and by upregulating MHC |
presentation on tumour cells (Salted al., 2010), mayreflect tumour celinduced evasion of
NK-mediated cytoxicity. The clustering of-B with these chemokines highlights the role of
the proinflammatory cytokine in initiating leukocyte infiltration (Chaetal., 2007). Results
from both nonmetric MDA andPCAindicate that this recruitment is based on e&h
phenotype of the tumour cells. Tumour cells are thus proposed to define the immune
infiltrate, consequently subverig immune function and thus allowg for tumour

progression.

3.4.3 Implications for tumour progression

Interleukin6, I-1 and TNF may act totieer amplifying proinflammatory processes (Ben
Baruch, 2003). Breast cancer cell lines and lymphocytes are sources. dddtably the pre

tumourigenic function of H6, mediated by (gpl30 activation of signalling pathways, results
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not only in the indution of survival mechanisms but also in the increa$®estradiotl7
hydroxysteroid dehydrogenadgpe |I,necessary for the conversion of oestrone to oestradiol
(Purohit et al, 2002). While elevated levels of-6Lhave progressive implicatisnfor
hormonedependent cancersin association with TNF JL-6 is implicated n facilitating
adhesion of hormonendependent MDAMB-231 cells during extravasation into the vascular

supply (Gengt al., 2013).

Metastatic processes arassociated withimmune mediation,and with remodelling of
tumour microenvironment necessary for piferation and invasion (DeNardet al., 2008).
Members of the 1 family induceMMP function as well as the secretion of chemokines to
recruit other leukocytes that would assist in tissue remodelling (Le Bitoux and Stamenkovic,
2008). Our datasuggeststhat the interaction of MCF7 cellswith immune cells elicits a
cytokine profilethat may enhance thénvasive potentiabf this weakly metastatic cell line
Moreover, IL6 and CCL2 have been linked to cancer stemdcekn tumour progression
(Chin and Vang, 2013; Jiangnd Shapiro, 2013). Cancer stamll populations have been
identified in both the MCH and the MDAVIB-231 cell lins (Engelmanret al., 2008; Hiraga

et al,, 2011) and thus the secretion of-BLand its associated chemokine cluster mayeiew

not only infer attainment of increased metastatic potential but clonal evolution of stem cell

populations.

3.4.4 Implications for cancer immunotherapy

Cancer immunotherapy of solid tumours includes +specific immunomodulation using the
administration of ligh-dose IE2, mAbtreatment, cancer vaccineand ACT(Rosenbergt al.,
2008).ACTinvolves the reestablishment of tumoudirected immunity by the transfusion of
autologous or allogeneic cytotoxic CDBlymphocytes, lymphokine activated PBMC cells or
NK cells (June, 2007; Rosenbetgal., 2008). Since rEclymphocytes are linked to the
induction of tolerance mechanisms in the tumour microenvironment (DeNatdad., 2008),

the removal of this subset is purported essential to the efficacy of ACT. Guitgéndicate

that Treclymphocytesmay not influencethe cytokine profile of MGF¥ and MDAMB-231



CHAPTER 11195

cells. However, while this may be indicative of tinduction of tumour tolerance, other
studies have found conflicting reports regarding their suppressapacity (Chikilevat al.,
2010). Together with the low efficacy of ACdupled with norspecific immunomodulation
mechanisms (Rikeat al., 2005; Rosenbergt al., 2008), Tredymphocyte elimination may not

be sufficient or necessary for the inductiohamnti-tumour responses. Furthermore, targeted
depletion of TRkec lymphocytes remains problematic given the lack of definegcT
lymphocytespecific markers (see Chapter Il). Monoclonal antibody therapies that target the
IL-2 receptor, upregulated onggccells, have produced conflicting results, possibly due to
the collateral damage on effector T lymphocytes and NK cells (Chilelea, 2010;
Lesterhuiset al., 2011).

The cell surface marker CDatdiates NK cell cytotoxicity toward antibedgated tumou
targets (Sanchezt al., 2010). This ADCC mechanism of function has been linked with the
efficacy ofTrastuzumab, anAb treatment for HER2/nelubreast tumoursthat restricts the
HER2/neu oncogenic signalling pathw&amonet al.,2001;Beanoet al., 2008; Robertiet

al., 2012. In vitro studies have indicattthat ADCC mediated by peripheral blood NK cells
from breast cancer patientare effective against Trastuzumabeated SKBR3 breast cancer
cells However,functional responsas dependent on CDl1éxpression, which was notably
downregulated in peripheral blood NK cells of patients presenting with invasive metastatic
breast cance(Mamessiert al.,2011) It was further noted that tumouinfiltrating NK cells

presented with decreased ADCC potenffMbamessieet al., 2011).

The aforementioned thus have implications for the isolation of NK cells for subsequent ACT,
with a proposed drivation from peripheral blood, autologous or allogeneimt only
capable of yielding higher numbers for initial peg@ation but further as being more
amenable to manipulation withouthe direct influence of the tumour environment. Other
studies which propose the use of allogeneic NK cells have had limited success in ACT for
breast cancer. The use of irradiation ane2herapyfollowed by NK cell transfdrasproved
ineffective, with a failure of lymphopaeniaduced homeostatic expansion of the transfused

cells and the reconstitution of thergglymphocyte compartment attributed to {2 itself
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(Geller et al, 2011). Ou results further indicate that while NK ceatlediation induces
cytokines that may be associated with an amtinour response, this may well be subverted

by downstream events to encourage invasive behaviour.

Our results indicate that the cytokine profileduced in a 3D culture replica of the tumour
microenvironment is primarily directed by the tumour cells themselvesesponding to an
immune infiltrate The cytokine profile of hormoneependent and hormonéndependent
breast tumours differ considerablyedpite similarities in the {6-chemokine feedback loop

This suggestthat nonspecific immunomodulation using infused cytokines to enhance the
immune response may also concurrently be subverted by tumour cells or tumour stem cells
for tumour progression.Such therapies have primarily been conducted in patients
presenting with advanced stage cangdlt is thus proposed that tumours at this stage have
acquired considerable immunogenicity and increased their capacity to evade immune
mechanisms. Ablative adjants to ACT, by causing diffuse tissue damage, also notably
induce an inflammatory responselhis inflammatory response, involving leukocyte
recruitment and thus cytokine/chemokine release can then further be manipulated by
existing tumour cellsTheresaults presented reflect this conceptwvith induced tumour cell
cytokine secretion in response to NK cell insult, both under the influencgeglyimphocytes

or not, eliciting a chemokine cascade. These factors may contribute to the intransigence of

tumoursin responding favourably to aspects of immunotherapy.
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3.5 Conclusion

The results of this study indicate that both the type and amount of turrsmareted
cytokines are associated with hormone dependency and may be modified by immune
mediation. However, leir protumourigenic or anttumourigenic function remains to be
verified without exception. The cytokine network is intricate and these results suggest that
while one aspect of cytokine production may promote an -dmhour response,
downstream events mashow otherwiseThe question thus remainsyhere in fact is this
signalling network modified to allow for tumour tolerance? Our results indicate that tumour
cells themselves are the primary forces behind the induction of cytokine profiles, and thus
that the roles of keclymphocytes and NK cells should not be assessed independently of the

tumour phenotype.
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CHAPTER NMNAnalysis ofBiomarkers Associated ih Immune Evasionand
Tumour Progression

4.1 Introduction

Neoadjuvant or adjuvantargeted therapyhas become an integral part of treatment
strategies for hormonalependent tumours. However, despite their increasing use, the
median overall survival rate of patients presenting with such tumours remaingNawlini
and Carpi, 2008 Hormoneindependent ortriple negative breast cancers are more difficult
to treat, with molecular and proteomic sequencingderwayto discovertargetsthat have

yet to be defined Breast tumours areheterogeneous and while sbgroups have been
identified, tumour cells alter th& phenotype dependent on the microenvironmental milieu,

be this acquired resistance tbérapeutic drugs, or for immunevasion(Renoiret al.,2013)

Cognisance must be taken that therapeutic interventinduces not a singular event, but
rather a compex interaction of signalling events that may be sublimated by tumour cells to
allow forimmune evasion, the induction of immune tolerance and thwsour progression.
Treclymphocytes,implicated in the induction of tumour tolerance and the suppression of
cytotoxic lymphocyte functionare found in elevated numbers in the TIL population and
peripheral blood of breast cancer patients (Battsal.,2006; Pooet al.,2006; Bohling and
Allison, 2008; Deckest al.,2012) Furthermore, NK cellare consideralty reduced in such
populations (Georgiannost al, 2003; Macchettiet al., 2006). This may reflect tumour
evasion strategies or the dominance of adaptive immune mechanisms in advanced breast
cancer. Investigating whether biomarkers associated with hormalependent and
hormoneindependent breast tumours alter undemmune celimediation is thusessential

in establishing why targeted therapies do not prove as efficacious as hogdus chapter
thus presents a qualitative immunocytochemical analysibiomarker expressiorassociated
with luminal phenotype MGF cells (ER and MUG1) and MDAMDA231 cells(EGFR) as

well as TGHB; underimmune mediation
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4.1.1 Tumourbiomarkers in luminal phenotype breast cancerERh and MUG1

The oestrogen receptor is a nuclaaceptor thatmediates the effects of steroidormones.
Two different isoforms of the ER are noted-/ER | y-lRwh@&hishare similar structure h&
N-terminal domainof the ER ismvolved in the activation of gene transcriptiorhile the DNA
binding domén allows ER t@associa¢ with specificoestrogen response element$he hinge
domain binds to heat shock chaperone proteins (H¥@t modulate translocation othe
receptor, while he C terminal domainand F domainmodulate gene transcription and

transciption of ERtself (Acconcieet al.,2006).

Of particular interest to this study is BRZ g KA OK A a 2 W& MNB pheddtHpa a S R
breast tumours and modulates their responses hormonedependent tumours,to
oestradioltherebyinducing cell proliferation and prsurvival processe@Renoiret al.,2013.

ERh is maintainedin its inactive statein the cytoplasm wherét remains bound to HIp.a
Functioning via the traditional genomic or classical method, following lipamding ER
dissociates from its chaperone proteins and translocates to the nucleus where it acts as a
transcription factor for a host of genes (Accon@aal.,2006). However, extranuclear actions

of ER have also been documedt ER accumulation in the cytoplasm or plasma membrane,

a common trend in tumour cells, functisim a norgenomic or norclassical manner wheye

upon activation they may induce a number dfignallingevents considerablydifferent to

that of nuclear ER (Accon@éaal.,2006; Kampat al.,2013)

A number of targeted therapies exist f&@R luminal phenotype breast tumours. These
include the SERMnda SERDIreatment, which function as receptor antagonists agonists

and Al therapy,whichreducethe pool of available oestradiol for tumour progression il

al., 2013; Renoiret al., 2013). Despite such targeted therapyt remains that these
treatments are not successful in all cases with some tumours developing resistance (Renoir
et al., 2013). Moreover, circulating tumour cells derived from ERetastatic cancers have
been shown to downregulate their ER profile (Ak&sal., 2011), possible as selective

advantage in the face of oestrogen targeted therapiEarthermore, ER expressionhas
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been correlated with MUQ@ expression in the luminal phenotype MZFell line, with said

correlation divergng following treatment with armaromatase inhibitor (G#t al.,2013)

MUGC1, a transmembrane glycoprotein, is normally expressedthe apical membrane
surface of secretory epithelial cells where it plays a protective role as part of the glycocalyx
(Gil et al., 2013). Composed of two subunits, the MUON terminal subunit is large,
extending beyond the glycocalywith the MUG1 C erminal subuit tetheringthe MUG1 N
subunit to the cytoskeleton (Weet al., 2006). MUEL is consideredan oncoprotein
presenting aberrant glycosylation and overexpression in luminal phenotype breast cancers
as well as other epithelial tumours, locafigito the cell membrane, nucleus and cytoplasm
(Lacunzat al.,2010; Nath and Mukherjee, 2014).

In tumour progression, MUC mediates the secretion of a number of growfactors
inducing presurvival and proliferation mechanisms. Moreover, MU® implcated in the
induction and maintenance of epithelialesenchymal transitions, via nuclear translocation
of the cytoplasmic domain of MUGC where its action results in the upregulation of
transcription factorsSnail Slug Vimentinand Twist known induces of invasive phenotypes
(Nath and Mukherjee, 2014). MULCfunctions in the inhibition of apoptotic mechanisms via
the downregulation of preapoptotic and upregulation of anrtipoptotic members of the Bcl

2 family (Nath and Mukherjee, 2014). FurthermoreJ®1 activatsboth ER Fdzy OG A2y |
transcription (Weiet al., 2006). This laboratory had previously showed that MUC
expression correlates with ER S E LINB & &7Ac2ll¢ cultuyed ia madbolayer (Gt al.,
2013). However, this correlation was not maintained followingrsterm treatment with

the third generation aromatase inhibitor, Anastrozole @ial.,2013).

In metastasisMUGL1 is proposed to prevent cedlell adhesion via the extension of its MUC
N terminal subunit, while simultaneously acting as a ligandthapresentation of sialyl
Lewis carbohydrateto ICAMson endothelial cells (Gendler, 2001). The shedding of tumour
associated MUQ by gammesecretase into the extracellular milieu, has been associated
with immune evasion processes including the actiMahition of lymphocyte migration to

the tumour site, inhibition of cytotoxic T lymphocyte and NK cell function (Gendler, 2001,



CHAPTER I)M101

Suzukiet al.,2012; Villalbaet al., 2013). Notably, MUQ is also expressed on FoXplkec
lymphocytes, where the glycoproteis capable of either cmhibition or cestimulation of
Treclymphocyte function and proliferation dependent on accessory cell cues (Konowalchuk
and Agrawal, 2012)Thus,MUG1 may facilitate geclymphocyte suppression of NK cell

function in breast tumots.

Given the heightened expression of MIGn a multitude of tumour types, a number of
targeted therapies, including vaccination and immunotherapy strategies are currently being
investigated; however their efficacy has yet to be determined (Mukhopadeya)., 2011;

Nath and Mukherjee, 2014). Of particular interest regardngb therapy is the proposed
concomitant use of NK cell activatingytokines that may facilitate NK cell homing
mechanisms and\DCQMoreno et al., 2007). Low NK cell numbers in bseaumours may

not only be linked to active evasive mechanising also to inadequate hominfyinction as

a result of tumousinduced systemic mechanisri&lbertssoret al.,2003)

4.1.2 Tumour biomarkerEGFRh basal phenotype breast cancer

EGFR is a transmenaiore glycoprotein also known as ErbB1l/Herl belonging to the ErbB
family of receptor tyrosine kinaseglaying a fundamental role in regulation of cell
proliferation, survival and differentiation processgsnet al.,2001; Bazlewt al.,2005; Foley

et al,, 2010) EGFR consists of an extracellular binding domain, a giagketransmembrane
domain, and a cytoplasmic domain containing the tyrosine kinase function (Betzialy,
2005). EGFR ligandgiude epidermal growth factoand transforming growth faatr alpha
among others(Foleyet al., 2010; Yewalest al., 2013) The binding of these ligands to the
EGFR is dependent on their cleavagdPs(Foleyet al.,2010)

In tumour progression, EGFR is not only aberrantly expressed, but may also be adiwated
ligandindependent mechanisms, with its activati@lowing for paracrine and autocrine
mechanisms of interactignnecessarily important for tumour progressiqiyewaleet al.,

2013) Most basal phenotype breast tumours, @fhich the MDAMB-231 cellline is
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representative, do not express ER, HER2/ne®PRrand are thus known as triplegative
cancers. However, these tumours commonly overexpredSGFR which is linked with
increased invasivenessd overall poor prognosiE€GFR signalling alsoassocia¢d with the
development of breast cancer stehke cellpools that contribute to the maintenancand

progression of tumours (Folet al.,2010).

Given that basal phenotype tumours are negative for the common treatment targets (ER, PR,
Her2/neu), the overgpressed EGFR has become the focus of targeted therapy. These
include primarily, the use oimAb therapy, tyrosine kinase inhibitors andntisense
oligodeoxynucleotidesHowever, tumours have exhited an acquired resistance tBGFR

targeted therapyreducng its efficacy (Yewakt al.,2013).

4.1.3 Transforming Growth Facteb in cancer

TGFb is the prototypic member of the T&F superfamily with three identified human
isoforms (TGB1, TGH2 and TG#3) shamg between 60% and 80% amino acid homology
in their mature states(Naber et al., 2008). TGFb is synthesized as a latent complex,
dependent on activation in the xtracellular matrix by proteolytic cleavage, integrin
interaction or microenvironmental pH changéBuck and Knabbe 2008ubiczkoveet al.,
2012. Following activation, ligand bindingfegilitated by three receptor typesJbRI, DRII
and DRIl (Elliot and Blobe, 2005; Kubiczkogt al., 2012). TGFb signalling ismediated
primarily by the Smadependent pathwayHowever, signalling may also beediated by
extracellular regulated kinaselun kinase, p38 and Rho GTPase mechanighish in turn
may converge on the Smad pathway (Nalegral., 2008; Korpal and Kang, 201®s a
pleiotrophic growth factor, TGE plays a fundamental role idevelopmenal processes,
including growth, cellular matility, differentiation and immune system regulat®antis and

Massague 2008\aberet al.,2008).

In early epithelialcell neoplasia TGB functions as a tumour suppressor, controlling

proliferation and diffeentiation processes via cycldependent kinase inhibition, the
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induction of cytostatic gene expressiamd the inhibition of cytokine and chemokine
production Gomis and Massague 20@arcellosHoffand Akhurst, 2009vang et al., 2010).
Converselyjn advancedstage tumours,TGFb is associated withumour progression and
invasionprocesses byndudng dysregulation of the cell cycle, angiogenesis and immune
escape (Yang et al., 2010). In breast tumours increaseeb BRpression is associated with
epitheliakmesenchymal transitions, essentiattpnversion to amore malignant phenotype
with heightened migration and invasive capadiBarcellosHoff and Akhurst, 2009Korpal
and Kang, 2010

Tumour cells and surrounding stromal components secrete largeuats of TG,
implicated in directly suppressing the function of cytotoxic T lymphocytes and NK cells, as
well as in recruiting and subvertingrek lymphocytes (Park et al., 2009). Moreover, the
inhibition of NK cell function byrgclymphocytes is propged to be conducted in a TGF
mediated manner (Ghiringhelli et al., 2005; Chikileva et al., 20m@estigations into
therapeutic mechanisms to abrogate HeKignalling include the use GiGFb neutralising

mAbs and small molecule T@#¥receptor kinasesnhibitors, whose efficacy is associated
with their immunostimulatoryside effectghat includeNKcelFADCC dependent mechanisms

and CD8T cell cytotoxic mechanisms (Korpal and Kang, 2010)

This chapter thusdetermined the immune celimediated expressn of the tumour
biomarkersERh = al'ahnd TGF in the LPCMand EGFR and TGF A yBPQMUs$ing

immunocytochemical techniques.
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4.2 Materials and Methodology

Samples from culture groups in the LPCM and BPCM were harvested, processed and

embedded in paraffinvax,as previouslylescribedChapter II).

Table4.1 Culture groups irthe Luminal Phenotype Culture Model (LPCM) atiek Basal Phenotype Cultu
Model (BPCN

Heterotypic 3D caulture models based on the MGHIuminal phenotype, hormondependent) and MD+
MB-231 (basal phenotype, hormoriedependent) breast cancer cell lines were developed. The experin
culture groups consisted okdclymphocytes andNK cells, caultured with either MCH cells or MDAVIB-231
cells at a 1:1:2 ratio in growth factor reduced Matrigel. The control groups included NK cells cultur
either MCF7 or MDAMB-231 cells (N¥8C); keclymphocytes cultured with either MEFor MDAMB-231 cell
(TrecBC) and MG or MDAMB-231 cell cultured alone (BC)

Luminal Phenotype Culture Mode Basal Phenotype Culture Model
(LPCM) (BPCM)
Culture Group
MCF7 cell line MDA-MB-231 cell line

Experimental (EXP) Trecand NK Trecand NK
Nkbreast cancer cells control
(NKBC) NK alone NK aloe
Trecbreast cancer cells control

Trecal Trecal
(TaecBC) rRecAlONe recalone
Breast cancer cells control
(BC) Control¢ no lymphocytes Controlg no lymphocytes

Serial section®f paraffin waxembedded cultures wereut at a thickness adnm. Sections

were colleted on glass slidedried at 60Con a hotplate and thereafter stored at 4C until

use. Sections were dewaxed in 2 X 5 min changes of xylene, followed by rehydration in a
decreasingseries ofethand (2 X absoluteethanol 3 min; 95%ethanol 2 min; 70%ethanol

1.5 min, 50%ethanol 1 min)to distilled water.Sections underwent ratigen retrieval in
freshly prepared.1 M Tris, 5% urea buffer (pH9.5) at 95°C for 10imen oven followed

by 3 X5 min washesn distilled water Thereafter, sctions wereincubatedin 1% BSA in PBS

Tween for 30 min at room temperature feaoncurrentblocking of norspecific binding sites
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and permeabilisation. Subsequently, sections were incubatitd relevantfirst and second

sequence primary antibodigsvhere applicablein PBSTweenat 4°Covernight.

For doublelabelling of the biomarkers MUC and ER n the LPCM,a monoclonalmouse

anti-MUC1 antibody (Abcam, Pretoria, South Africa, AB28081)agpmalyclonalrabbit antr

ERP I yGAo2Re 6! 00FYZ ! . omo wausddEGFR in tB2BPON v (i NI |
was localised using a polyclonal rabbit a@BGFR antibody (Abcam, AB2430) at a
concentration of 1:50TGFb was localised inanples from botlthe LPCM and BPCM using a
polyclonal rabbit antTGFb antibody (detecting allTGFb isoforms(Abcam, Ab66043) at a

concentration of 1:500.

Following ovemight incubation with primary antibodiesestions wee washed in PBS X35
min). Sections weréncubated for 2 h at room temperature withither Alexa Fluor 488 Anti
rabbit (Life Technologies, Johannesburg, South Africa, A1E0@B)r Alexa Fluor 594 ARt
goat (Life Technologies, A11008¢condary antibodiediluted to a concentration 0i:1000
in 1% BSA in PBS. Subsequently sections were washed in PBS (3X 5utie)wale
thereafter counterstained with DARdiluted to 1: 50 000 in PBSr 5 min folloned by two
washes in PBS (5 min/wash). Sections were mounted in FluoroniSigmhaAldrich, F4680)

and stored at 4C untilviewing.

Controls were conducted to ascertain antibody speityfj and identify background and nen
specific fluorescencel-or negatre controls,firstly, primary antibodies were omitted and
replaced with PBSfollowed by incubation with the secondary antibody/antibodiesnd
secondly,both primary and secondary antibodies were omittedd replaced withPBS
Isotype controls were also nducted, in which each antibody was replaced with the same
concentration of its matched isotype contr@Mouse IgG3 (Abcam AB18392) for MUC1, and
Rabbit IgG (Abcam, AB27478) forlER 9 D C w -b)l f¢lldvedtbl Dcubation with the

secondary antibody/antibodies.

Images were obtained using &lympus iX51nverted Fluorescent Microscopeith CellSens

Software.The following filters were used-MWIB2 (Alexa Fluor 488),-MIY2 (Alex&luor
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594) and UMNU2 (DAPI)Exposure time was set at 200ms for all images. All images were
obtained at 20 X magnification and enlarged if need be using the software application, with

scale bars automatically adjustinglates were generated usidglobePhotoshop Elements.
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4.3 Results

4.3.1 Remodelling of the ECM

Remodelling of the GFRM was observed in culture groups where cell lines were under the
influence of both keclymphocytes and NK cells (EXP culture gshugndNK celmediation

alone ard to a lesser extent gEgcellmediation alone, in both LPCM and BPCNhese
culture groups exhibited a less gide consistencyvith reduced viscositywhen compared to

the other culture groups, whichcaused difficulty in harvesting samples from microgell
Using lightmicroscopyit was evident that GFRM underwent remodelling exhibiting a more
filamentous appearance in those culture groups containing lymphocytes as opposed to the

relatively homogenous appearance in BC control groups 4Fig

Figure 4.1Representativdight microscopyphotomicrographs ofGFRM alterations in culture groups

Immune celkmediated alteration of GFRM structusgith notable cavities andilamentous meshwork in
culture groupsin A) EXPculture groups,B) NKBC control culture group an@) TrecBC control culture
group. GFRM exhibits a more homogenous appearanB3BC control culture group
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4.3.2 Immunoloa@lisation of tumour biomarkers in the LPCM and BPCM

The data obtained from this study affirms previous findings tM&F7 cells constitutively
express MUC1, ER | y Ro (En@elhanret al., 2008; Klingeet al., 2011; Gomest al.,
2012, Gilet al.,2013) MDAMB-231 cellswere found toexpress low levels dlUG1 (data
not shown) were negative for ER (data not shown)and positive for TGB (Walshet al.,
2000; Mitchell et al.,2002; Perrotet al., 2012 Yeet al.,2013. Negative controlsncluding
primary and secondary antibody omission, as well as isotype congglsbited no
immunofluorescencgindicating the specificity of the antibodies and the efficacy of the
technique(seeAppendixG). In some instances, sections were affixed to titterf pape used

in sample processing These sectionscould not be analysedaccurately due to

autofluorescence of the filter papemnd were excluded from consideration

In the LPCMER" S E LIN@eeri fludtegcenceyas noted in all culture group§ig. 4.2)

Nuclear localisation in the overlays is a dominkgit blue fluorescence due to overlap with

blue nuclear stain, DAPERN  O& (i2LJ | AYAO 20 t A1 ovérapPwth 6 LINR Y
red fluorescence denotinglUG1) was greatest in the NBCcontrol culture group, with the

EXPand kecBC culture groupsxhibiting someperinuclear and cytoplasmlocalisation(Fig.

4.2). In the NKBC and EXP culture groups MU@xpressia was more diffuse, and of
intermediate intensity. However, in thexdcBC and BC culture group8JG1 displayed high

intensity cytoplasmic localizatiolBoth NKkBC and EXP culture groups demonstrated some

MUG1 nuclear localizatiofdark red fluorescencd}-ig. 4.2)

In the BPCM, EGFR expression was found predominantly in the cytoplasmic compartment
(green fluorescence) in all culture grougbig. 4.2) The intensity and patterning of
cytoplasmic EGFR was similar in thgcBC and BC control culture gpmi Areas of high
intensity nuclear(light blue) EGFR expressiomas noted primarily in the EXP, NBC and
TreeBC culture groupDistinct regions of extracellular EGFR expression, indicating secreted
EGFRwas noted primarily in the EXP and-BK culturegroups. These regions appeared
diffuse or as clusters. In thezdsBC and BC culturgroups,few regions of secreted EGFR

were noted. However, these regions could not be accurately distinguished from the
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cytoplasm sinceell boundariescould not be resoled. Furthermore, overlay offluorescence
data with light microscopyphotomicrographs proved inadequate in distinguishing cell

boundaries within thdilamentousGFRM.

4.3.3 Localisation of TGbB in the LPCM and BPCM

TGFb expression (green fluorescence) wasted in all culture groups in both the LPCM and
BPCM (Fig. 4.3). In the LPCM, diffuse-fi @¥pression of intermediate intensity was found
predominantly in the cytoplasmic compartment and perinuclear regions, exhibiting low to
intermediate intensity in theNkBC, kecBC and BC control culture groups. Diffuse -BGF
expression with a speckled appearance was noted extending into the ECM particularly in the
NK-BC culture group. T@¥Fexpression was notably attenuated in the EXP culture group,
reduced to peringlear and ECM expression. In the BPCM, diffuse-bT &pression of
intermediate intensity was found primarily in the cytoplasmic compartment, with many cells
exhibiting high intensity perinuclear expression as compared to the LPCM. In the EXP group,
cytoplasmic TG appeared reduced with high intensity perinuclear expression noted: TGF

b expression appeared to extend into the ECM in theBUO k=cBC and BC control culture
groups. However, the caveat regarding the discrimination between cell borderghand

surrounding GFRM as previously mentioned, must be given due consideration.
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Figure 4.2Representative photomicrographs of imunolocalisation of tumour biomarkers in LPCM anc
BPCM

ROWSindicate culture groupsCOLUMNSLPCM, MUE/ER" Immunolocalisation oER" (green) MUCL1
(red) with nuclear stain DAPI (bluéjreas of high intensity nuclear #Rexpression (white arrowsight blue)
were noted.ERh cytoplasmidocalisation displayed considerable overlap with MUGellow arows, yellow)
primarily in the NKBC group and noted in the;dsBC and EXP culture groups. MUCL1 displayed some nu
localization (red arrows, red), with diffuse cytoplasmic expression primarily in thRBONEnd EXP cultur
groups. High intensity cytomémic MUEL localisation noted in therEcBC and BC culture groufg?CM, EGFF
Immunolocalisation of EGFR (green) with nuclear stain, DAPI (blue). EGFR expression was primarily cy
(white arrows). Areas of high intensity nuclear EGFR expressiom mated in the EXP, NBC and dggBC
culture groups. ECM EGExRpression (yellow arrows distinct expression, red arrows putative expression)
noted primarily in the EXP, NBC and decBC culture groups
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Figure 4.3 Representativehotomicrographsof immunolocalisation of TGb in LPCM and BPCM

ROWSindicate culture groupsCOLUMNSLPCM,TGFb expression(green)of intermediate intensity localised
primarily to the cytoplasn(white arrows) with some areas of high intensity perinuclear expressiootad
(DAPI, blue nuclear stain). The-B& culture groups exhibit higher intensity H&sExpression in theeCM
(yellow arrows). TGFb expressionin the EXP culture group was considerably attenuated, with prime
perinuclear and ECM expressi®8PCM diffuse TGFb expression of intermediate intensity localised primari
to the cytoplasmwith some cells exhibiting high intensity perinuclear expressi@kb expressionwas noted
to extend into the ECM primarily in the BRgdBC and N#BCculture groups.
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4.4 Discussion

4.4.1 Alterations of GFRM structure

The observedlterations of the GFRM structure, from a more homogenous appearance to a
filamentous meshwork wit numerous cavitiess directly linkedto the presence oK cells
and/or Treclymphocytes These resultseflect studies in whichL-2 activated NK cells in 3D
culturesinduced such modifications t&FRM structure within 24 h (Albertssehal.,2007)

This phenomenonis attributable to migration processes thately on remodelling of th&CM
Lymphocyte migration is a multifactorial process involving expression of homing molecules
in response to specific signals including chemokigeswth factorsand ECMmolecules as

well as numerous adhesive events allowing extravasation through blood vessels.
Degradation of surroundingeCM including basement membrane, is dependent on the
secretion and activation of cathepsins, seriproteasesand MMPs (Albertssonet al., 2007;

Wolf and Friedl, 2011)Mechanisms of ECM degradation include diffyseteolysis that
resultsin space for growthgcontactdependentproteolysis thatis primarily involved in ECM
remodelling for migration; and intracellulgroteolysis thatallows for targeted intracellular
degradation of ECM components associated with translocation into newly acquired space

during proliferation (Wolf and Friedl, 2011).

4.4.2 TGHhin invasion processes and immune evasion

TGFb is implicated in breast tumour cell niation, upregulating the expression of ECM
degrading enzymes thereby increasing proteolytic capacitycamsequently motility (Elliot
and Blobe, 2005)The results obtained in this study affirm the constitutive expression of
TGFb in MCF7 and MDAMB-231 cell linesas shown by other studies (Walsh al., 2000,
Mitchell et al., 2002, Gomeset al., 2012). Analysis of TGE isoform mRNA expression
indicates that while MGF# and MDAMB-231 cells exhibit similar levels of T8E TGH2
expression is notablitigher in MDAMB-231 cells, and T@E#3 expression higher in MCF7
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cells (Gomeet al.,2012). In this study, a pan TGFantibody was usetb ascertain overall

TGFb expressior(See Fig. 4.4 for a summary of results)

In the LPCNMand BPClcytoplasmicTG=b expression was predominantlyf intermediate
intensity in most culture group<Lytoplasmic localisation of T®Feflects its production as

a latent protein and storage in the cytoplasmic compartment (Goetesl., 2012). While a
number of cells in edct culture group in the LPCMexhibited both cytoplasmic and
perinuclear TGB expression, cells in the EXP culture group demonstrated attenuated
cytoplasmic expression with the restriction of HGRFo the perinuclear regionThe EXP
group in the BPCM exhibd a similar pattern of expression albeit to a lesser extent.
Perinuclear TGB expression is associated with a higher rate of biosynthesis (Mizal.,
1993; Gomeet al.,2012), and may thus reflect an increase in invasive potential. The LPCM
EXP cwlire group also displayed extracellular FeFexpression thatwas not readily
discernable in the BPCM EXP culture grdikb is implicated in mediatingrEclymphocyte
suppression of NK cell function (Ghiringhelli et al., 2005; Chikileva et al., 201jis |
context, the results indicate that different mechanisms of such suppression may be used by
different breast tumour phenotypes, with luminal phenotype tumours primarily employing a

soluble form of TGHh.

TGFb stored in the cytoplasmic compartmertt feleased into the extracellular matrix where

it can be activated by proteases including MHGIRand MMP2. Lymphocytes themselves
express multiple MMPs for migratory purposes. Shertn IL-2 activation has been shown

to increase NK and T cell MMPand mgratory ability as opposed to loRgerm activation
(Edsparret al.,2010). In thisstudy, NK cells andrEclymphocytes were activated for a total

of 72 h (see Chapter 1), well within the range for shertn activation. That the GFRM
exhibited a filamemus meshwork with numerous cavities in the presence of NK cells and/or
Treclymphocytes in both the LPCM and BPCM is proposed to be associated with an increase

in MMP production facilitated by T&#
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TGFb in turn induces increased MMP expression, resgltin a positive feedback loop
necessary for migration and invasion (Gomets al., 2012; Kubiczkoveet al., 2012).
Extracellular TGBE expression dominated the LPCM 48K culture groupWhile the BPCM
NK-BC culture group didemonstratesecreted TGHB, sud expression was more evideint
the TrecBC culture group. UStained autocrine and paracrine T8Fis essential for
maintenance of epithelialnesenchymal transitions and the generation of clonal stem cell
populations in breast tumours (Moustakas and Held014). Implicated in the invasiveness
of basal phenotype breast tumours is the heightened expression of specifit@Rpl and
TGFb2 (Gomeset al.,2012). uminal phenotype tumours, represented in this study by MCF
7 cells,are traditionally, weaklynetastatic. These resultsnay thus reflect the induction of
tumour mechanisms aimed nainly at evading NK cell insulbut alsoat increasing the
invasive potential of the tumour cells themselves. Notaklly increase in TGEF signalling
capacity is linké with loss of ER expressionin such tumourswhich exhibit increased

invasive potentia(Buck and Knabbe, 2008aitoh, 2011)
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Figure 4.4Summaryof alterations inbiomarkerexpressionn culture groups in the LPCM and BPCM

Biomarker expressioin a 3D simulated breast tumoumeironment alter under immune mediation, witt
shifts between cytoplasmic compartments, and the ECM tirtkebiological functionin the LPCM, MGFcell
subversion of immune mediation for a heightened invasive profile was indicated, vdtiménant secreted
form of TGF and increaseaytoplasmic ER and MUG1 expressiomoted. In the BPCM, extracellul@GFo
and EGFR expression are proposed to be associated witbur-derived exosomesmplicatedin immune
suppression and cellular communication necessary for tumour progressind possibly linked to the
maintenance of the innate invasive phenotype.
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443 ER" AY AY @Ol aA2y LINROSaasSa

Clinically, downregulation of ER SELINB&&aA2Yy A& | 4420A1 GSR 6Ad
metastasis Phasarathyet al.,2007) In this study, since MCFcells were cultured in 3[ER

h SELINBaaAzy Ay (KB&e iftendityg apgebriag réldceas yoingand S R A
with other studies of MG cells in monolayer (Gt al., 2013, Shararet al., 2013) While

ERh S E LIN&adlistd\t@ tife nucleusin all culture groupsexpression dominated the
cytoplasm in the NBC group, withreduced cytoplasmic expressiaroted in the kecBC
culture group,and attenuated expressionin the EXP culture grougSee k. 4.4 for a
summary of results)in the classical or genomic model of ER activatigigplasmic ERare
bound to | a LJ2rdering them inactive until ligand bindy induces dissociation,
dimerisation and translocation to the nucleus, where they can iat#rwith oestrogen
responseelements in the promoter region of target gemer with transcription factors
including Spl and Apl, to initiate gene transcription(Acconcia and Kumar, 2006).
Metastatic tumour antigen 1 (MTAL1) has been shown to interachwitoplasmic ER
sequestering it to the cytoplasmic compartment and preventing nuclear translocation
(Kumaret al., 2002). MTAL is upregulated in breast cancers, including the-MGH line,

and is associated with an increase in invasive potentiaitwiactivation of norclassical or
non-genomic ER ¥ dzy O (i A & ., 2002)dx¥%ricldgsical cytoplasmic ER function has
been demonstrated where pon 1h-oestradiol stimulation, cytoplasmic ERs actevat
transcription factor Apl, while under the sameconditions nuclear ERs repregsp-1
(Bjornstrom and Sjoéberg, 2008p-1 is regarded as an essential regulator of the tumour cell
invasive profile,inducing the expression of a number ¢fiimour invasion promoters
including proteases MMR3 and MMR9, and inhibiting tumour invasion suppressors

includingbone morphogenetic proteid (Ozanneet al.,2007).

It is thus proposed that théeightened cytoplasmic ER S E LINB & &NKBG/cultirg’ (1 K S
group, and to a lesser extent in thegrdsBC culture groupfreflects tumourinduced
subversion ofymphocyte function and secreted factas allow for an increase in the MEF

7 invasive profile. Aat cytoplasmic ER S E LING &tlenustgt indhe EXP culture group



CHAPTER IV117

is also of particular interest and may imply a conflict between the induction of pro
tumourigenic and anttumourigenic functionHowever, the heightened expression of HGF
in the LP®I EXP culture grouieCMmay indicate the dominance of pitamourigenic

processes.

4.4.4 MUGI1 in immune evasion processes

MUG1, a transmembrane glycoproteins normally expressed on the apical membrane
surface of secretory epithelial cells (&ilal.,2013) However, in luminal phenotype breast
cancers MUQ is overexpressed, localizing predominantly to the cytoplasmic compartment
(Nath and Mukherjeg 2014). The results ofour study bear out these observationsith
MUGL1 displayng high intensity cytoplasmitcalization in thdlPCMTrecBC and BC culture
groups(See Fig. 4.4 for a summary of resuli¥)e constitutive expression of MuICin both
these culture groups may thus be linked to timeluction of presurvival andanti-apoptotic
mechanisms, as well gdaying an important role in epitheli@hesenchymal transitions and

the maintenance thereof (Nath and Mukherjee, 2014).

In the NKBC and EXP culture groups MUGxpression was more diffuse, and of
intermediate intensity however in these culture groupsa clear overlap with cytoplasmic

ERM £ 20LF f A&l {Wnfey oestradiistiyiatios, I®G1 interacts with the DNA
binding domain of ER, stabilising and activating the receptor (Wei al., 2006). As
previously mentioned cytoplasmic sequesteredERN g 2dzZ R T dzy gerfodiyy A Y
context (Kumaret al., 2002; Bjornstrom and Sjoberg, 2008pth NKBC and EXP culture
groupsalsodemonstrated some MUC nuclear locadation. As previously mentionedhe

cytoplasmic domain oMUGCL1 is capableof nudear translocation whereat in turn, may

induce ER transcriptont YR YIF & AYy(dSNI OlG ¢ A ( Kcaténik, 124 NI y &

catenin, STATL1 (Signal Transducer and Activator of Transcription 1) af¥@%3 al.,2006;
Khodarevet al., 2009). Thesdranscription factorsare implicated in the inductiof gene
signatures associated wittumour metastasis processesd poorclinicaloutcome (Wei et

al., 2006 Khodare\et al.,2009.

o]
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445 EGFR itumour progression

The results of the this study comh the overexpression of EGFR in the MMRB-231 cell line

as indicated by numerous other studies (Fadal.,2010; Gumuskayat al.,2010; Yeet al.,
2013). In the BPCM, EGFR expression was found predominamtithe cytoplasmic
compartmentin all culture grops, but was of a higher intensity in thegeEBC and N#BC
culture groupqSee Fig. 4.4 for a summary of resulESpFR localisation to the cytoplasm has
been noted in breast tumours, with a correlation between such staining and increased
invasiveness eshdished in pancreatic adenocarcinomas (Uestaal., 2004). Cytoplasmic
staining of EGFR reflects internalization of the receptor following ligand activation and thus

may indicate the activation afignallingoathways (Uedat al.,2004).

Areas of high irgnsity nuclear and perinuclear EGFR expression were noted primarily in the
EXP, NBC and decBC culture groupsNuclear translocation of the EGFR has been linked to
its role as aco-transcription factor particularly of cyclin Dand eMyc, whichhave ndable

roles incell growth and proliferationL( et al.,2001; Nygeet al.,2011;Brandet al., 2013.
Nuclear EGFR is also aregulator of induced nitrox oxide synthase (iNO&hich is highly
expressed in breast tumourplaying a dichotomous ole (Bandet al.,2013). iINO®nay act

as a tumour promoter by inducing DNA strand breakgreasing MMP activation for
invasion and preventing the lymphocyte infiltration into tumour sites; conversely NK cell
derived iNOS is implicated in theduction of cytobxic processes(Lechneret al., 2005;

Brandet al.,2013) However,iINOS is notablyuppresse by tumourderived TG#b.

Extracellular EGFRiffuse or in clusters, wasioted primarily in the EXP and NBC culture
groups however, since cell boundaries ddunot be resolvedvith a high degree of accuracy
further investigationwith the inclusion of a cytoskeletal marker required.It is proposed

that the extracellular EGFR observed is not soluble budtiser sequestered in exosomes
trapped within theGRM, snce the antibody employed recognises the 170kDA EGFR isoform
via western blot (Adamczyket al., 2011) Exosomesare small biologically active
microvesiclegeleased into the extracellular space subsequenthe fusion ofintracellular

multivesicula bodies with the plasmenembrane(Kelleret al.,2006 Sandersort al.,2008).
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Tumourderived exosomes may express variable amounts of EGFR as weltlasan@fre
implicated in immune suppression and cellular communication necessary for tumour
progresion (Zhang and Grizzle, 201Iheir function in breast tumour progression

specifically, however, remains to be delineated.

4.4.6 Implicationsfor tumour progression

Migration and remodding of the extracellular matrix are hallmarks of tumour progression.
Alterations of the GFRM in this studye proposed to be a result of migratory and invasive
processesglinked to an increase in the production BIMPs andfacilitated by TG in basal

and luminal phenotype breast cancer cellader NK cell and/orgEclymphocyte mediation.
Notably in the LPCMTGFb expression was linked to diminished #R SELINBa&dA 2y >
compared with MCH cells cultured alone in monolayer, possibly reflecting increased
invasive capacit@s a result of spatial considerations in 3D cultu@nically a reduction in
tumour ER expressias related to an increase in the invasive profile; however, pathological
assessment of ER presentation is limited to the nucleus (Watlsdl., 2013). The results
obtained from this study indicatéhat underimmune mediation ERh may be sequestered

in the cytoplasm where it has functions distinct to that of nuclear ER. As such, it is proposed
that cytoplasmic ER expression should undergo further assessment regarding its diagnostic

capacity given itsassociatiorwith immunecellinfiltration.

It is proposed that theputative association of MU, which is itself implicated in immune

evasion and tumour progressiomith ER" Yl & 6S RSLISYRSyld 2y GKS
immune infiltrate. This is of particulamterest in the MCH cell line, which as traditionally

weakly metastatic line may redirect processes targeting lymphocyte migration to that of
tumour cell invagin. This concept was further highlighted by tbeerallexpression of TGF

b, which inadvanced tumours is implicated in immune evasion and tumour invasion

strategies.
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In breast tumours increased T®Fexpression is associated with epithelmésenchymal
transitions, conversion to a more malignant phenotype with heightened migration and
invasive capacity (Barcellétoff and Akhurst, 2009; Korpal and Kang, 2010). This is
characteristic of basal phenotype tumours, together with a heightened expression of EGFR
(Yewaleet al.,2013). Theesults of this study indicatéhat immune mediatiomaffectsTGFb

and EGFR localisation to cytoplasmic compartments and the extracellular metfliexting

the processes dbiosynthesisstorageor activation.Tumour-derived exosomes may express
variable amounts of EGFR as well as-BGind are implicated in immune suppression and
cellular communication (Zhang and Grizzle, 20The results of this study implicate the
sublimation of immune mediation by both luminal and baslé&notype breast tumour cells

to aid in the remodelling of the tumour microenvironment necessary for proliferation and

invasion (DeNardet al.,2008).

4.4.7 Implications for therapeutic strategies

In addition to surgeryradiotherapy and chemotherapynterverntion strategies for luminal
phenotype breast carcinomamcludesthe use of SERMSERDand Al as either a nee
adjuvant therapy or adjuvant therapy (Howell al., 2004).Such targeted therapy aims to
either reduce the action of the ER by acting as an BERganist or agonist, or reduce the
available oestrogenic miliedVhile targeted therapy forhormoneindependent or triple
negative breast cancerbave yet to be fully developed promising results havebeen
obtained using EGFR directed monoclonal antibtisyrapy, tyrosine kinase inhibitors and
antisense oligodeoxynucleotid¢¥ewaleet al.,2013) However, while some clinical success
has been reported, the median overall survival rate remains low (Nicolini and Carpi, 2008).
As the results of this study imchte, immune infiltration alters the expression of biomarkers
associated with both luminal and basal phenotype tumours, which in turn may alter disease

progression and response to treatment.



CHAPTER IpM121

The use omAbtherapy against MUQ, EGFR and T®Ror exampé, theoreticallyshould

elicit NKcell ADCC (Morenet al., 2007; Korpal and Kang, 2010; Yewealeal., 2013) as
documented by others studies regarding the Her2/neu antibody, Trastuzumab (Mozffari
al., 2007) However, firstly breast tumours commonly acquire resistance to targeted
therapies (Yewaleet al.,, 2013) and secondly surgical intervention, radiotherapy and
chemotherapy have been shown to reduce both tinember of activated\K cells as well as
their cytotoxic potential (Mozaffari et al., 2007). Thus while the integration of different
modalities is encouraged, the complexity of the interactions between tumour cells and the

immune systemmay negate such therapeutic intervention.

4.4.8 Limitations of the study

The first limiting factor to this study veathe reduced viscosityf the GFRM in cultures
containing lymphocytes. The more ligtiile nature of the samples resulted in active loss
during harvesting after the culture periodMoreover, sectionsthat were affixed to filter
paperwere either lost duing the immunocytochemistry protocol or could not be analysed
due to autofluorescence of the filter paperSince alarge number of either samples or
sample sections were lost, and given the funding and time limitations, moteultares
could not be geneted, thus aqualitative approach was applied to this part of the study

instead of the quantitativapproachintended
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4.5 Conclusion

The results of this study indicate that immune cells are able to mediate the expression of
biomarkers associated withumour progression. While the p#mourigenic or ant
tumourigenic functions of the altered levels of biomarker expression remain to be verified
without exception, both luminal and basal phenotype tumours appeared to induce immune
evasion strategies and buert immune function tancreasethe tumour cellinvasive profile.
These results were further borne out by observations indicating imnmediated alteration

of the GFRM.It will be necessary to further elucidate the relationship between the
investigded biomarkers and immune celt® understand their interactions and potentially

provide more information for therapeutic intervention.
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Chapter V:Concluding DiscussionA Synthesis

5.1 Introduction

The incidence of breast cancer invédoping countries isncreasing (Youldent al., 2012).
Given hat advances in surgical predures and adjuvant treatments have not significantly
reduced the median overall survival rate of patients presenting with metastatic breast
cancer (Nicohi and Carpi, 2008)intimatesa greater level of complexity inherent to this
disease The reductionist approach of 2D culture systems fails to recapitulate the complexity
of the in vivoenvironment with regard to the spatial interaction of multiple cell types (Pinto
et al.,2011). Three-dimensional studies of breastimour progressiorhave concentrated on
metastatic processes, primarily using homotypic cultures to investigate breast cancer cell
invasion (Poinclouwet al., 2011; Chandrasekaraet al., 2012; Yu and Machesky, 2012) or
heterotypic cultures investigating breast tumour cell and fibroblast interaction (Cdsexh.,

2010) To date,assessment of scientific literature has yielded no studies investigétmg
heterotypic interactions between immune cells and breast cancer te#isch a systenilhe

latter is of especial concern since it has long been known that the immune system may
function in a Machiavellian manner, both suppressing tumour formation and promoting
tumour progression Sakaguchiet al., 1995; Balkwill and Mantovai 2001; Ichim, 2005;
Visser, 2008; Mougiakakes al.,2010).

Tumour infiltratingpopulatiors in breast tumoursdemonstrate a distinct paucity of NK cells
(Georgiannoset al., 2003; Macchettiet al., 2006) which may reflect inadequate NK <¢ell
homing mechaisms and tumouinduced evasion strategies dependent on secreted factors
including cytokines and other signalling moleculstbértssoret al.,2003). Furthermore, the
accumulation of Trec lymphocytes both in TIL populations and in peripheral blood of
patients presenting with advancedbreast tumours are implicated in the induction of
tumour tolerance and the suppression of NK cell functiBateset al., 2006; Pooiet al.,
2006; Bohling and Allison, 2008; Deckeal.,2012). Such clinical evidence ftysregulated

immune function in breast tumours thus provided the impetus for this study, in which 3D
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culture systems were established to investigate the interaction between NK cellsgggd T

lymphocytes and breast cancer.

5.2 Findings

In early tumourformation, TGFb acts as atumour suppressor;however, in established
breasttumours, including the luminal phenotype M&#cells and basal phenotype MBAB-

231 cells,TGFb acts as potent promoter of tumour progression (Korpal and Kang, 2010).
TGFb is a multifunctional growth factor, capable of inducing pamgiogenic factors and of
particularimportance for this study, capable of inducing ECM remodedimgjsuppressing

the immune system, either directly or indirectlitorpan and Kang, 2010). ECM remodelling

in this study is evidenced by the changes of the GFRM, from a more homogenous
appearance to a filamentous network in the culture groupsmarily under NK cell
mediation; as well as by the significant increase in chemokine expresSioemokines are
essentidfor the directional migration of lymphocytess well as tumour cell invasidhicari

and Caux, 2002)

In the LPCMthe chemokine<CCL2, CCL4 and CXCL8 grouped togetimsistently CXCL8 is
an established promoter of tumour growth and is fundamentaBGM remodelling via the
induction of MMP function, specifically MMP2 and MMP9 (Vicari and Caux, 200&)e
LPCM, in which CXCL8 was significantly increased in tH&CN&hd EXP culture groups,
gualitative analysis showed, particularly in the formergrpheightened expression of both
cytoplasmic MU€ and ER (Fig. 5.1) Cytoplasmi&R" is implicated in the induction of the
transcription factor Apl which itself induces the expression of MMRBgereby promoting
tumour invasion(Bjornstrom and Sjoberg2004) Furthermore, MUEL has been shown to
stabilise and activate Eftrectly (Wei et al., 2006), implicating a complex pathway directed

at promoting tumour invasiofsee Fig. 5.1 for a summary of results)
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Figure 5.1Summaryof alterations in cytokineand biomarkerexpression in culture groups ihPCM and

BPCM

Biomarker expression angtokine secretions in a 3D simulated breast tumonvieonment are associatec
with the hormone dependency of tumoum@nd alter under immune mediatioriThe results indicate the
subversion of secreted factors for the creation of a tumptomoting microenvironment.In the NKBC and
EXP culture groups in thd°CM, H6 and associated chemokines, together with geereted form of TGE
and increased cytoplasmic £R | Y R-1 expressiorare proposed to induce a more invasive phenotyy
In the BPCM under NK cell mediatiogxtracellular TGB and EGFR expressicare linked to the
maintenance ofan invasive phenotypeWithin the EXP culture group there was a notable increase in
proinflammatory cytokine cohort, with a proposed association with immune evasion processes.
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The CCL2, CCL4, CXCLS8 grouping thatrgeskeonsistently in the LPCM was moaintained

in the BPCM, where grouping of CCL2 and CXCL8 were rather prevVdsnmay reflect
another pathway by which CCL4 may be activated, with results indicating that such
activation may be dependent on-ib in the BPCMFig. 5.1)CCL2s implicated as a nmar
recruiter of macrophages, whiclplay a pretumourigenic role inbreast cancer Moreover,

high concentration®f CCL2 arénked to more aggressive tumours (Vicari and Caux, 2002).
While CCL2 was signifitly increased in the culture groupsider NKcelkmediationin both

the LPCM and BPCM; CCL2 was relatively higher in the UWRCRKY. cells are weakly
metastatic, thus the increase in CCL2 may be linked to the generation of a more invasive

profile by subvesion of NK celinediated cytokine secretions.

Importantly in the kecBC culture group in both LPCM and BRGBLL2 and CCXL8
expression was lowmoreover, TGFb, the sustained expression of which is essential to
tumour maintenance (Moustakas and Held2®14)was of a similar level to that seen in the
BC control group. Furthermore, no significant increases in any other proinflammatory
cytokine was noted in this culture group compared to the BC control g(biugp 5.1)It is
proposed that these results flect the induction of tumour tolerance mechanisms as
opposed to immune activation.grgclymphocytes in the tumour microenvironment not only
suppress cytotoxic cell functidout alsomediate the growth and progression of the tumour

itself.

The results obtmed from this study indicate that ¥ is a major promoter of chemokine
function when tumour cells are under NK emlédiation, regardless of the presence ¢fd
lymphocytes. Importantly, CCL2 and CXCL8 inductionhagtdighted in both basal and
luminal phenotype culture models and as such, these chemokines may be a common
pathway used in tumour progression regardless of breast cancer phenotypewtich was
significantly increased in the EXP group in both the BPCM and LtRENeen shown to
abrogatethe effects of TGEB suppression on canine derivédmour infiltrating LAK cells
(Hsiaoet al., 2004). However, Hb as previously mentioned is a pleiotrophic cytokine. At

concentrations of below 5ng/ml, detected in this study6lbas been shown to benable to
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restore LAK function as influenced by tumour cells, whereas at high concentratibrizal.
been shown to actively suppress NK function (Hgal, 2004). Moreover, 16 and CCL2
have been linked to cancer stem eetiven tumour progression (@hand Wang, 2013; Jiang
and Shapiro, 2013). Cancer steell populations have been identified in both the MTEell
line and the MDAMB-231 cell line (Engelmaret al.,2008; Hiragaet al.,2011) and thus the
secretion of It6 and its associated chemokircluster may indeed not only infer attainment

of increased metastatic potential but clonal evolution of stem cell populations.

An increase in proinflammatory cytokines was noted particularly in the BPCM EXP culture
group (Fig. 5.1) Basal phenotype breastumours constitutively express more
proinflammatory cytokines during tumour progression; howeveg #ignificant increases in
IL-12, IFNg and TNF", notably clustering with Hlb, indicatesthe generation of a chronic
inflammatory environmentmplicated in increasing tumour cell invasiven@sshe BPCM

EXP culture grougBaumgarten and Frase?2012) Exogenous HI2 and TN® K|l @S 06SSy
shownto act in a synergistic mann@resentingwith anti-tumourigenic function (Sabedt

al.,, 2010). TNP = ¢ K prallced by NK cells, is associated with an upregulation of
endothelial cell surface receptors and a loss of intercellular adhesion molecgesssary

for the extravasation of lymphocytes to tumour sites (Sadiehl., 2010) However, tumour

cells may equally subvert the functions of ™NFwhich are further associated with an
increase in MMP functionto allow for tumour cell migration and iagion (Nath and

Mukerjee, 2014)

The grouping ofl-12 and TN# with IFNg, an interferon necessary for immune system
activation against transformed cellgy the BPCM EXP culture growan be further linked
with the cytotoxic function of NK cel{$ahaet al.,2010) Furthermore, the upregulation of
IFNigsecretion by NK cells has been shown to be linked with inhibition of endogenotls TGF
(Meadowset al., 2006), reflecting the results of this study in which the BPCM EXP culture
group exhibited reduceaytoplasmic and ECM endogenous FGMith expression limited

to the perinuclear regiorfFig. 5.1)However, sustained IFlexpression has also been linked

with tumour cell resistance to NK cell cytotoxic function (Waetgal., 2012), and by
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upregulatingMHC | presentation on tumour cells (Sa¢iaal., 2010), may be linked with
tumour cellevasion of NK cell3hus, ahough theseresultsmaybe interpreted asactivation
of NK cell cytotoxic function, even undeg=glymphocyte mediation, that th&8PCM NKC
control grouponly showed a significant increage IL-12, of the aforementioned cytokings
may reflect sublimation of NK cell function in the EXP culture gr&ypporting this
assertionis the expression of EGFRRhich was notably higher in the cytagmic,nuclear
and extracellular matrix of the BPCM EXP culture group. Nuclear EGFR can act-as a co
transcription factor, notably of cyclin D1 aneviyc which havefundamentalroles in cell
growth and proliferation (Let al.,2001; Nygeet al.,2011; Brad et al.,2013) & well as co
regulatingiNOS expressn in breast tumours (Branét al., 2013). Moreover, extracellular
EGFRcontained within tumowderived exosomesare implicated in immune suppression

and cellular communication necessary for tumouogression (Zhang and Grizzle, 2011).

5.3 Implicationsof this studyand future directions

Advances irtraditional cancer treatmentmodalities for patients presenting with advartte
breast cancer has not significantly improved timedian overall survival ratéNicoini and
Carpi, 2008). Furthermore, cancer immunotherapy including non-specific
immunomodulation mAb therapy, cancer vaccineand ACT have yet to prove clinically
efficacious (Rosenberget al., 2008). That cancer remains incurable implicates a more
complex tumour microenvironment that requires multiple treatment modalities to elicit a
beneficial outcome. However, such treatment strategy is in effect, a deedideed sword,
with a combination of traditional regimens prone to reducing the efficacy of ddK
mediated cytotoxic effects; yet alone, being incapable of inducing even limited benefits

(Mozaffariet al.,2007;Kirkwoodet al., 2012 Tiwari and Roy, 20).2

Given the complexity of than vivotumour microenvironmentthis study developed a novel
3D culture system in which to investigate the heterotypic interactionsunfour cells and
immune cells.This culture system has proven suitable for exploring alterations in gene

profiles, as evidenced by the successful optimisation of RNA extractioioarkamining
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cytokine profiles in which innovative multivariate exploratory techniques were used to

deduce functional associations.

A limiting factor to any study involvingzgglymphocytes is the phenotypic characterisation
thereof. It would thus be ointerest to isolate gedymphocytes using additional markers to
ascertain whether derived subgroups have any significant impact on the results obtained in
this study. A further restriction noted was the yield of NK cells apgs [fmphocytes
constrained ly the volume of blood we were permitted to obtain per volunteer (Human
Ethics Clearance M081036 and M140155). It would be advisable to increase the volume of
blood obtained for isolation of lymphocytes, ethical issues permitting, to allow for the
establisbment of additional cultures and flow cytometric characterisation of isolated

lymphocytepopulations per volunteer.

Furthermore, while limitations were noted regarding the efficacy of immunocytochemistry
on harvested samples these limitations themselves ere closely related withmmune
mediation of migration processes and thus provided additional, albeit unforeseen, insight
into the interaction of immune cells with tumour cells. To resolve the problems encountered
during sample harvesting, immunolocalisatiof biomarkers within cultures could rather be
conducted in situ followed by confocal microscopy. As was intended for this study,
guantitative analysis using CellProfiler software would then allow for a less subjective view

of alterations in biomarker gxession.

Collectively, the results of this study point to the sublimation of NK cell andies T
lymphocyte function by tumour cells with an emphasis onthe generation of an
inflammatory microenvironmenfor tumour progressionThe roles of declymphog/tes and
NK cells should not be assessed independently of the tumour phenagyen that uminal
phenotype and basal phenotype tumours differ in ithesponse tammune mediationbe it

by the alteration of biomarker or cytokine expressidtoweverthe mechanisms by which
they elicit responses result in a similar outcorpehat of enhanced evasive and invasive

capacity.
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Cancer is akin to the Lernaean Hydra, possessing many mechanisms with which to evade
anti-tumourigenic processes; and when balked, sEssing the ability to develop novel
methods to ensure its survivallhe question thus remainsvhere in fact is the signalling
network modified to allow for tumour tolerance and progression under immune mediation?
Qbsequent studies based on this methaogy, currently underway,will assess the
induction of preapoptotic markers as well as investigate major players in selected signal
transduction pathwayslt is necessary to further elucidate the relationship between the
investigatedcytokines,biomarkers and immune cells, tanderstand their interactions and
potentially provide more information for therapeutic interventipgiven that hese factors

may contribute to the intransigence of tumours in respling favourably to combined

modalities oftherapy.
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APPENDIX A

Activation media A
RPMI 1640

0.1% P/S

10% FBS

1ng/ml PHA
0.8ng/ml L2

Activation media B
RPMI 1640
0.1%P/S

10% FBS
0.8ng/ml -2

Cryopreservation medium
10% DMSO
90%FBS

Sorting buffer (Miltenyi Biotec Magnetic sortinguffer)

1IMPBS pH 7.2
0.5% BSA
2mM EDTA

Phosphate buffered salinéPBS)
8.5g NaCl

1.07gDisodium hydrogen orthophosphate
0.39gSodium dihydrogen orthophosphate dehydrate
1L dHO

1M, pH to 7.4. Autoclave to sterilise

PBT
1IMPBS
0.1%Tween20
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APPEINIXB

Figure illustratingechniques used for optimization of RNA extractiéil techniques

were followed by analysis of RNA yield and integrity.

No Proteinase K
Treatment
Mini Kit Mini Kit

—— e ——

Off-column DNA On-column DNA Ol oty Off-column DNA On-column DNA Ol oty
digestion only digestion only S e digestion only digestion only S e
digestion digestion
A A

Proteinase K
Treatment

RNA elution with RNA elution with
Qiagen RNeasy Qiagen RNeasy

TRizol
Method

Proteinase K
treatment

Phase Separation

RNA elution with
Qizagen RNeasy
Mini Kit

Off-column DNA
digestion only

TRFEol technigue

Samples were incubated with 180TREol followed by homogenization using a 21 gauge
needle Samples were centrifuged at 12 OB@ for 10 min. The supernatants were then
harvested, flasHrozen in liquid nitrogen and stored a80 C until use. Prior to phase
separation, samples were defrosted and incubated at room temperature for 5 min. For
phase separation, 3@l chloroform was added to each samglad vigorouslyshaken for

15 sec, followed by incubation at room temperature for 2 min. Samples were centrifuged
at 12 000X g for 15 min at 4C. This yielded a lower phenol relloroform phase, an
interphase and an upper aqueous clear phase. The latter was aspirated into a new tube
for subsequent RNA precipitation. Each sample was incubated witli 7B80%
isopropanol at room temperature for 10 mifollowing which amples were centrifuged

at 12 000X g for 10 min at 4C. The resulting supernatant was discarded and the RNA
pellet washed in 150ul 75% ethanol. The samples were briefly vortexeduseéguently
centrifuged at 7500X g for 5 min at 4C. The pellet was aifried followed by
resuspension iB0m RNasdree water. The suspension was thereafter placed on €60

dry block heater for 15 min and subsequently stored7&t Cfor RNA quality control
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Combined REolQiagen RNeasy RNA Purification technique

Samples were defrostl on ice. For dmsiption of residual Matrigel, 298 RNAsdree
water and 3 proteinase K were addetid samples. Following centrifugation &t000 Xg

for 3 min the supernatant was removed and placed in a 1.5ml eppendorf to whichi300
70% ethanol was added and mixed fpetting. Each sample was applied to an RNeasy
spin column within a 2ml collection tube and centrifuged8a@00 Xg for 15 sec. The
flow-through was discarded and 38DBuffer RW added to the column. The column was

centrifuged at8 000 Xg for 15 sec andhe flow-through discarded.

To elute the RNA, 50@ Buffer RPE was added to the column, centrifuge8 @00 Xg for
15sec and the flowhrough discarded. A further 508 Buffer RPE was added to the
RNeasy spin column and centrifuged8000 Xg for 2 min. The column was removed
from the collection tube, placed on to a new 2ml collection tube and centrifuged for a
further 1 min at8 000 Xg. The column was then removed from the collection tube,
placed in a new 1.5ml collection tube and n80RNAsdree wdaer added to the

membrane. The column was centrifugedda®00 Xg for 1min.

For offcolumn DNAdigestion, 201 of each RNA elution waecubatedwith 10m NEB
Buffer, 68 Sabex water andr@ NEB DNAsat 37 Con adry block heater for 10 min. A
further 1m 0.5M EDTA was added each elution followed by heabactivaion at 75 C

on a dry block heater for 10 miror RNA cleafup, each sample was adjusted to D@0
with RNasdree water followed by the addition of 35® Buffer RLT and 250 ethanol.
The sanple was mixed by pipetting and up to f80placed on to a column in a 2ml
collection tube. The column was centrifuged8a®00 Xg for 15 sec and the flothrough
discarded. A further 50@ Buffer RPE was added to the column, centrifuge8 @00 Xg

for 15 sec and the flovthrough discarded. The column was removed from the collection
tube and placed in a new 2ml collection tube, followed by centrifugatio® @d0 Xg for

1 min. The column was removed from the collection tube and placed into a new 1.5ml
collection tube with 3@1 RNAsdree water added to the column membrane. The column
was centrifuged a8 000 Xg for 1 min and the flowthrough discarded. The column was
centrifuged again a8 000 Xg for 1 min.The resultingeluteswere stored at-80 C untl

RNA quality control.
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APPENDIX1

Compensation controls fdlow cytometricanalysion the LSR Fortessa
Rows A) unstained compensation beadB) APC stained bead€) PE stained beadf)
PECy.7 stained bead€olumns 1) scatterplots of SSC ¥#SC2) scatterplots gated (black

circle) on column 13) histograms with unstained samples indicated in light blue.






















































































































