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Abstract

Tumourassociated macrophages (TAM) represent a prominent component of the
leukocytic infiltrate of human tumours and their acoulation in oral squamous cell
carcinoma (OSCC) has been shown to be a predictor of poor prognosis. Evidence suggests
that the tumour microenvironment drives TAMito a protumour phenotype which
exacerbates tumor growth. Threedimensional(3D)modelsare @ining in popularity as

they can replicate compler vivoenvironments without the regulatory or financial barriers

presented byin vivoexperiments, whilst improving clinical relevance.

The research described ithis thesis addresses a lack of lbraucosa models containing
human macrophages or tools with which to analyse cells cultured within 3D models by
developing(i) a 3D model of the orahucosa containingrimary human macrophages, and

(i) an optimised multicolour flow cytometry panel to quditatively measure the
expression of CD1€£D36CD45CD80, CD86, CD163 aridkG6on macrophages cultured

within the tissueengineered oral mucosa.

An oral mucosa model containing FNB6 epithelial cells and mondeyieed macrophages
(MDM) was develped and characterised using immunohistochemistrgaBherin, AE1/3

and Ki67 were visualised in the epithelium and CD68 staining was visualised in the
connective tissue. The expression of vimentin and collagen IV was also analysed. In
addition, flow cytanetry confirmed the viability of MDM cultured within this model, and

ELISA detected a significant increase 6 ielease following LPS challenge.

The use of &olour flow cytometry and rheometry provided preliminary results to
demonstrate that models cdaining the OSCC cell line, H357, contained an increased
number of CD163+ MDM and a stiffer extracellular matrix compared to those models
cultured with normal oral keratinocytes or immortalised keratinocyte cell line, FNB6. These
results demonstrate thathe macrophagecontaining oral mucosa model and molecular
tools presented in this thesis will be useful in improving understanding of the role

macrophages play in oral cancer progression.
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ChapterSummaries
Chapter 1

The literature review presented in this chapter provides @rerview of oral cancer,
including its clinical and molecular pathogenesmsaddition, it details the knowrples that
macrophageplayin health and diseas&yith a particular focus on theinvolvement in oral
cancer. Finally, the range of pcénical models currently available for research is described.

This review leads into the problems this thesis aims to address.

Chapter 2

In this chapter, a comprehensive description of the materials and methods used for this

research is provided.

Chapter 3

Hrstly, this chapter explores and optimises tiselation and2D culture of primary and cell
line monocytes and macrophages, including the stimulation of monocyte to macrophage
differentiation. This leads into a preliminary comparison between primary calidline

monocytes and macrophages using sirghour flow cytometry.

Chapter 4

At first, this chapter develops methods for the 3D cultofenonocytes and macrophages,
and analysis of cell viability using flow cytometrsing THFRL monocytes. Optime
methods are then applied to primary amdternativecellline monocytes and macrophages.
Consequently, mnocytederived macrophages (DM) are selected for incorporation
within the tissueengineered model of oral mucosa presented in chapter 5. Thigteha
ends with data showing that 3Bultured MDM are viable and respond to stifation with
LPS by releasingflammatory cytokinglL-6.

Chapter 5

The results presented in chapter 5 describe the development of an oral mucosa model
containing an immuneamponent. At first, THR monocytes are used to optimise methods
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which are later applied to generate an optimised BDvitro model of the oral mucosa
containing MDM. In this chapter, MDM are shown to be viable and responsive to LPS when
cultured within this 3D ceculture model. This chapter concludes with the optimisation of

rheometry to analyse the stiffness of the engineered oral mucosa.

Chapter 6

Chapter 6 describes the development of a fully optimised rualtour flow cytometry panel
(OMIP)to analyse the expression of key macrophage polarization markeB36, CD80,
CD86, CD163 and CD20me results in this chapter detail the selection of reagents used in
the panel, stimulation of macrophages to express selected polarisation markers and the

optimisation of controls required.

Chapter 7

This chapter begins by optimising the mudalour flow cytometry panel, described in
chapter 6, for use omacrophages cultured withintsssueengineered oral mucosa model.

In addition, tissuesngineered modelxontainingMDM in the presence ohormal oral
keratinocytes (NOK)mmortaliSR Wy 2NXIFf Q o0Cb.c0 FyR h{//
MDM in the presence of FNB6 cells, begin to be explored using histology, rheometry, the

OMIP and contraction assays.

Chapter 8

The conclusion of this thesis, and proposed future work are piteskin this chapter.
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1.1 Oral Cancer

1.1.1 An overview of oral cancer

Seventy five per cent of oral cancers are preventable by simple lifestyle changesssuch
tobacco smoking cessation and reduced alcohol consumpi@arnakulasuriya, 2009)

Head and neck cancer is defined as cancer arising in the head and neck, including the nasal
cavity, sinuses, lips, mouth, salivary glands, throat and larynx. Oralrchosever is
limited to those cancers found in the oral cavity and oropharynx (National Cancer Institute,
UK). Globally, lip and oral cavity cancers account for 2.7 % of cancers, excluding non
melanoma skin cancer, and are most commonly found in North risaeEurope and
Australasia. These cancers amounted to 2.1 % of mortalities due to cancer in 2012 (Ferlay
et al.,2013). Around 90% of oral cancers are classified asl @guamous cell carcinoma
(OSCQChenet al., 1999)which tend to primarily affect the tongue (British Association of
Otorhinolaryngology of Head and Neck Surgery (ENT.UK), 2011). Oral cancer arises from
series of genetic mutationgn reponse to various mutagens, thaead to excessive
proliferation of oral keratinocytes Theseaypically progress through stages of dysplastic
epithelial lesions leading to malignant cancers which characteristipahetrate the

epithelial basement m@mbrane(Scully ad Bagan, 2009a)

Oral cancer incidence and epidemiology

Whilst oral cancer is relatively rare compared to other cancers, its incidence is increasing
particularly in young people (less than 45 years old) and this trend has previously been
reviewed in dedil (Majchrzaket al., 2014) Data published in January 2014 shows oral
cancer to be the 1" most common cancer in the UK, with nearly 6Q&ople diagnosed in
2011 aloneFigurel.l). Oral cancer has a 28 mortality rate, with more than double the
number of men affected than women (Cancer Research UK, 201#)e rest of the world,
Papua New Guinea shows thighest incidence of lip and oral cavity cancers globally with
24.95 people per 100 000 of the population affected, and Nicaragua the lowest with 0.55
cases per 100 00Figurel.2) and this is reflected in mortality statistics wieePapua New
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Guinea also shows the highest mortality rates due to lip and oral cavity cancers, and
Nicaragua the lowest with 0.26 cases per 100 000 of the populakieriayet al., 2013,
Figurel.2).
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Figurel.l. Incidence and mortality rates for cancers in the UK in 201Agestandardised
incidence (blue) and mortality (black) rates for cancers in the UK in 2011. Data from Cancer
Research UK.
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Figurel.2. Incidence and mortality rategor cancers of the lip and oral cavitglobally in
2012. Agestandardised incidencé\] and mortality B) rates of lip and oral cavity cancers
in 2012. Data is shown as rates per 100,00the global population for both males and
females. Modified from Ferlay J, Globocan 2012 (IACR).

In England, the 2% mortality and 586 fiveyear survival rate (Oxford Cancer Intelligence

Unit) of oral cancer can be largely attributed to late diagnbgisvhich time the cancer is
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so advanced, that prognosis is pd&argeraret al.,2008) Oral cacer caught in the early

stages has survival rates as high a%®@o development of methods for early diagnosis are

key. However, early cancer is often ov@oked as the disease is often asymptomatic until

the cancer has progressed to advanced sta@egaret al., 2010)and diagnostic delays of

even just one month have a huge impact on progn@aiisonet al.,1998) In adlition,

patients generally wait more than three months from the onset of potential oral cancer
symptoms before seeking professional adySeottet al.,2006) With the number boral

cancer cases set to rise between 3040% by 202@Moller et al.,2007)new methods must

be developed to understand, then prevent and treat oral cancer. The World Health
Organisation (WHO) asiii 2 WSy adz2NBE GKIF G LINBGSYydAz2y 27F
national canceO2 Yy i NP f LINPINIF YYSEAQ o6dzi F2NJ 0KA& G2
determined(Petersen, 2008)

Oral cancer risk factors

Many studies have investigated the risk fastdor the continuing rise in the incidence of
oral canceSaman, 2012)Currently, known risk factors include tobacco and alcohol which
have been strongly implicated in more than %bof oral and pharyngeal cancer cases with

a synergistic effect observd@lotet al.,1988)

Tobacco releases tobacspecific nitrosamines and freeadicals which have been
implicated in carcinogenesis in both smoked and chewed tobd&cnlly and Bagan,
2009b) Alcohol dehydrogenasesnvert ethanol to acetaldehyde which promotes DNA
damage leading to carcinogenesis and an increase in the risk of oral cancer-tofdfive
(Scully and Bagan, 2009hbylany studies have also sought to determine whether alcohol in
mouthwashes make a contribution toral cancer risk, however evidence is conflicting as
the effects of mouthwash use cannot be segregated from other independentatsérs
(Ahrenset al.,2014)

Betel quid is a preparation of tobacco, areca nut and betel leaf which is regularly chewed

byaround 10 2F GKS ¢2NI RQa LRLMzZ FGA2Y FyR A& i
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developing countriegJoshiet al., 2014) Areca nut is the main ingredient of betel quid
which contains acoline, a known carcinogen. Arecolinlecks tumour suppressor genes,
including p53, toepress DNA repair responsgully and Bagan, 2009a)he areca nut is

also linked with oral suinucous fibrosis (OSMF), a prealignant condition which causes

trismus(Guptaet al.,1998)

Unbalanced diets are found in both developed and undevetbpeuntries, with both
showing a shift to high fat and sugar dietBetti, 2009)which have many health
implications, including an increased risk of oral cancer. A study has shown that high meat
intake and low fruit and vegetable consumption may account for betwee65% of oral

and pharyngeal cance(teviet al.,1998) The protective effect of fruits and vegetables
could be at least a 2% reductionin oral cancer riskWarnakulasuriya, 2010)The WHO

have made recommendations for the global population to achievmlanced diet and
fATSadetS 6KAOK GKS& 0SSt ASOSWikeinani20@BH (i f A | S
Other risk factors for oral cancer includaman papilloma virusHPV infection which was
found in almost 4% of oral cavity cancers. Nearly @bof these casesere due toHPV16
which also causes cervical can@derreroet al.,2003) Infection of the oral mucosa from

oral pathogens such d@orphyromonas gingival@isrupts the immune system, creating a
pro-inflammatory environment which dysregulates prolifeti of oral epithelial cells
contributing to oral cancer developme(ivhitmore and Lamont, 2014)Sun exposure has

also been linked to oral cancen, particular tolip cancer, due taltra-violet (UV) radiation
damage to DNAScully and Bagan, 2009bJhese risk factors have been further reviewed

in detail previouslffRadoi and Luce, 2013)

1.1.2 Clinical pathogenesis of oral cancer
Premalignant lesions

The first sign of a potential malignancy is the appearance of leukoplakia or erythroplakia
GKAOK I NB ¢6KAGS YR NBR LI GOKS&a NEcalyl3OGA
LI K2t 23A0Fft& +ta ye 20KSNI RA&ASFaAaSQ 621 ho
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asymptomatic and less common than leukoplakia, it is more likely to show signs of dysplasia
or carcinoma(Shafer and Waldron, 1975) Another form of leukopla&, known as
proliferative verrucous leukoplakia (PVL) is rare, but occurs at multiple sites on the oral
mucosa and has a high recurrence rate, with @0sk of progressing into an aggressive
OSC(Csilverman and Gorsky, 1997)

Early malignant leukoplakia or erythroplakia may then progress into aheating ulcer
followed by bleeding, tooth loosening and dysphagia. However by this tim& 6boral
carcinoma have progressed to stage 3 diBtandizzet al.,2008) Delays in diagnosis make
a large contribution to the overall low (586 %) fiveyear survival rates of OSCC which have

not improved in 30 year@\eville and Day, 2002)

Histologically, dysplasia can range from mild to severe and is described as a disruption of
the stratification of the oral mucosaDysplasias characterised by drephapedrete ridges,
cellular and nuclear pleomorphisms with an increase in nuclear to cytoplasmic ratio of
epithelial cells and loss of lainocyte differentiationcompared to normal epithelium
(WHO,Figurel.3). With progression okkions from dysplasia to carcinormasitucomes

an increased risk of invasive carcinoma developniBradleyet al.,2010)
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Normal Epithelium Dysplasia

+ Keratinised layer » Drop-shaped rete ridges

+ Rele ridges » Loss of polarity of basal cells

+ Stratified epithlium » Increase in nuclear:cytoplasm ratio
+ Rounded cells and nuclear + Irregular epithelial stratification

+ Small nuclear:cytoplasm ratio + Mitosis up to epithelium

+ Nuclear polymorphism
+ Enlarged nuclei

Figure 1.3. Changes in the structure of the oral mucosa during ocancer development.
diagrammatically represented for normal oral mucosa, dysplasia and invasive carcinoma.

Invasive Carcinoma

» Poorly differentiated keratinocytes

« Little and sporadic keratinisation

» Lots of mitotically dividing cells

+ Cellular and nuclear pleomorphisms
- Loss of epithelial structure

Differences in the epithelium are

8| Page



Carcinoman situ

Carcinoman sity, as first described by Ackerman and McGayrsckerman and McGavran,
1958) is considered to ban extreme form of dysplasia and only differs from invasive
carcinoma by a lack aftromal invasion (WHO There is extensive epithelial disruption
which is full thickness and many nuclear and cellular pleomorphisms can be observed. With
current treatments, head and neck carcinonrasituhas a 984 fiveyear survival rate with

a 20% recurrence ratéChristenseret al., 2013) As with invasive oral carcinoma, the
number of diagnoses of oral carcinonmesituare also increasing, dwhenleft untreated,

carcinomain situhas a high transition rate to invasive carcino(R&idet al.,2000)

Invasive carcinoma

By the time an oral lesion is described as invasareinoma, the epithelial structure has

been completely lost; there is little keratinocyte differentiation and hence little
keratinisation, destruction of the basement membrane, rapid proliferation of cells and
therefore many multinucleated cells which cebe observed histologicalfifigurel.3). This

is due to many abnormal mitoses resulting in most cells containing either cellular or nuclear
pleomorphisms or both. The first malignancy to be classified was squamous cell w&rcino
GKAOK OFy ©6S 3aANIRSR FTNRBY 3INIRS m G2 o dza.
(Broders, 1927 LT GSNY I GA@Stes | yy SNE (Akrerdtheyat,t A 3y |
1987)however the tumoumode-metastasis (TNM) staging is now the most commonly used
tumour classification system and can be applied universally to a range of malignancies. This
was originally developed by Professor Pierre Denoix between 1943 and 1952, but has since
been revised several times by the Union Internationale Contre le CanceC)(IUONM

staging takes into account tumour (extent of primary tumour), node (presence or absence

of lymph node metastasis) and metastasis (distant to the primary tumour). Grading is used

to predict aggressiveness of the cancer, patient prognosis and terrdane treatment

strategy.
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Oral squamous cellarcinoma

OSCC arises from a malignanchebasal cells of a stratified squamous epithelium. These
cells are highly proliferative in order to maintain the structure and integrity of the oral
mucosa Invasve carcinomas include basaloid squamous cell carcinoma, spindle cell
carcinoma and verrucous carcinoma, however OSCC is the most common, accounting fo

90 % of all oral cancer cag@agaret al.,2010)

Current treatments for OSCC primarily involve surgery adibtherapy, but these have
debilitating side effects whiclhave a hugeletrimental impact onthe quality of life of
patients (Funket al.,2002) Radiotherapy has a 90 success rate with stage 1 oral cancers,
however oral cancers are rarely diagnosed befstage 3 or 4, by which time surgery is
usually required to remove the malignan¢$argeranet al., 2008) Side effects of
radiotherapy includeral mucositis which is severe in 80 of patients, xerostomia which is
moderate to severe in 6% of patientsand alsalysphagia, dermatitis, thyroid dysfunction,
trismus and osteoradionecrogjargiriset al.,2008) Radiotherapy side effects can be either
temporary or permanen{Foulkes, 2013) Adverse side effects of surgery include loss of
oral function and devastating disfigurement. Often, treatment of OSCC becaatiiediye

to restore some orbfunction and ease discomfort.

1.1.3 Molecular pathogenesis of oral cancer

In the development of oral cancer, there are a number of specific cellular changes at the
molecular level which are propagated into the development of disea€arcinogens or
mutagens, such as tobacco, alcohol and poor diet can damage DNA in oral keratinocytes on
the surface of the oral mucosa which, if left-tepaired, may lead to uncontrolled cell
proliferation and become the starting point for OSBbt et al., 1988; Levet al., 1998;

Petti, 2009; Scully and Bagan, 20Q9b)ncreased exposure to mutagens leads to
accumulation of genetic changes which develop into premalignant lesions. Often in oral
cancer thereas loss of heterozygogitof the 17p chromosome region, the CDKNZ2A locus is

missing there is increased expression epidermal growth factoreceptor EGFRand G
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met receptor tyrosine kinaseRTHK is overexpressed or mutated. This is discussed in furthe

detail below.

P53 tumour suppressor gene

The 17p chromosome region encodasny genes, includingb3tumour suppressor gene
which encodes a protein with a critical role in cell cycle regulation and apogfoléti and
Lowe, 2009) P53is the most commoy mutated gene in cancer, often due to tobacco and
alcohol consumption in the case of oral cancer, and is implicated in aroud 6Doral
cancer caseg¢Baralet al., 1998; Boyleet al., 1993; Caamanet al., 1993) Presence of
mutated p53is associated with the transition from dysplasia to invasive carcin@hai
and Myers, 2008gand poor prognosis, due to a reduced sensitivity of the tumour to

chemotherapy(Cabelguennet al.,2000)

CDKNZ2A locus

CDKN2A locus contains CDKN2A/ARS tumour suppressor genes which encode INK4A
and ARF cell cycle regulatory protefBerggre et al.,2003) This locus is found in the 9p21
chromosomal region which is missing in%?lof dysplastic lesions in head and neck cancer
(Vanderrietet al.,1994) Typically, tumour suppressor genes have a role in containing cell
proliferation, but with these missing or mutated, there is uncontrolled cell proliferatio

leading to tumour formation.

Epidermal growth factor receptor

EGFminds a total of seven ligands promote cell proliferation as well as migration, DNA
synthesis and adhesiofschneider and Wolf, 2009)Mutations in EGFR, such as EGFRuVIII
variant in 42% of oral cancer, contribute to tumoémrmation (Pidone Ribeiret al.,2014)
EGFR is overexpressed in 72 of GGCC and thus is an attractive therapeutic target
(Forastiereet al.,2006)which has been explored througinti-EGFR antibodies which have

so far praluced mixed resultéThomaset al.,2012)
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Gmet receptor tyrosine kinase

Hepatocyte growth factor (HGF) ligand bindwet RTK encoded lyymet proto-oncogene
(Bottaroet al.,1991) The receptor is often overexpressed or mutated in cancer, leading to
an increase in matrix metalloproteinase expressipiasinaet al., 1999) These enzymes
have a role in degradation of connective tissue and the basement nmambrand are
thought to enable cancer epitheli@vasion of the basement membrane for increased
metastasis by malignant keratinocytes. The potential therapeutic benefits of usmeg c
RTK have been reviewéblla et al.,2003)

Despite what is currently known about oral cancer, therapeutics have not changed in a long
time, and there is a real need for further understanding how this disease progresses.

Therefore, improved ge-clinical models are required.

1.2 Macrophages in Health and Disease

Macrophages are a highly specialised leukocyte, with roles in development and disease.
Their primary role in the innate immune system is in the identification and elimination of
invading micro-organisms, using highly sensitive receptors on their cell surface, and
phagocytosis. In addition, release of a large variety of cytokines during pathogen
elimination results in macrophages tuning the adaptive immune response. Whilst the
inflammatoty response of macrophages to invading pathogens is key for host survival of an
immune challenge, the same arsenal has been shown to play a role in the initiation of

cancer.

1.2.1 The role of macrophages in the immune system
Origin and development of macrophages

Monocytesare macrophage preursors which originate from hematopoietic stem cells
(HSCs) in the bone marrow and spleen. During development to mature monocytes, HSCs

proceed through several stages (including a common myeloid progenitor, a myeloblast,
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monablast and finally, a prononocyte) before finally maturing into a monocyte.
Monocytesare small, spherical cells with a reniform nucleus and very few gra(ldsay
et al.,2009; Geissmann, 2010; Ginhoux andg]Ji914; Terry and Miller, 2014)

Duringthe acute inflammatory response, neutrophils are the first to be recruited to a site
of injury or infection and through a cytokine signalling cascade which ends with epithelial
and stromal cell secretion of MEIR monocytes are recruited. Herthey extravasate from

the blood stream into tissueand quicklydifferentiate into macrophagegpromoted by the
presence of GMCSF and NCSF, among other cytokingsheel and Engwea, 2012; Shi and
Pamer, 2011; Wrigleet al., 2011; Yanget al., 2014b) Monocyte to macrophage
differentiation is characterised by a morphological changg cells increase in size,
cytoplasmic to nuclear ratio and number of cytaginic granules to ineaseproduction of

hydrolytic enzyme$Changet al.,2012)

Macrophages in innate immunity

Macrophages possess a large array of pattern recognition receptors (PRRsS) including
scavenger receptors, inggins and tollike receptors which readily bind pathogen
associated molecular patterns (PAMPSs) such as lipopolysaccharide (LPS) -oregatine
bacteria. Binding of PAMPs to these receptors results in the initiation of inflammation
characterised by redess, swelling, heat and pain as macrophages become acti{@heat|

and Engwerda, 2012; Shi and Pamer, 2011; Wragley.,2011; Yangt al.,2014b)

Activated macrophagebecome the main secretors of growth facs, chemokinesand
cytokines to oceate an inflammatory environment; increased integrin expression on
endothelial cells enables additional monocytes and neutrophils to extravasate into the
affected tissue; CXCL1, 2 and 5 attract additional neutrophilsTalfdinduces vasodilation

to increase the permeability of blood vessels for increased flow of lymph containing
antigenpresenting cells (APCs) into tissu@®orcherayet al., 2005) Additionally,
macrophages can engage with the adaptive immune system throufgase of 16

resulting in differentiation of B cells into plasma cells for antibody production, and antigen
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presentation of PAMPSs, following phagocytosis, activates T lymphocytes. Anienatbial
environment is further promoted by the production active oxygen and nitrogen species
(ROS and RNS) to fight infect{@oussens and Werb, 2002)

1.2.2 From inflammation to cancer initiation

The same mechanisms that enable macrophages to defend the host against invading
pathogens are increasingly shown to have major roles in the initiation of cancer. The
chronic inflammatiorcaused by infection is thought to lead to 15 % of all tumdWugper

et al.,2000) Inflammation due to oral lichen planus and gingivitis is associated with OSCC,;
sialadentitis has been linked to salivay I Y R OF NOAY2YI T {21 AINByYy Q:
with mucosaassociated lymphoma tissue (MALT) lymphoma which commonly affects the
oral cavity; and inflammation due to oral HPV infection is strongly associated with
carcinomas of the oral cavity and oropkiax (Balkwillet al., 2005; Cassens and Werb,
2002) Macrophage migration inhibitory factor (MIF) is thought to provide the link between
chronic inflammation and cancer due to its role in leukocyte accumulation which is one of
the hallmarks of canceassociated inflammation(Mitchell, 2004; Pollard, 2004)
Macrophages release many pmaflammatory cyokines, including tumour necrosis factor
(TNF), interleukirl (IL:1), 16 and IE8 during inflammation. In acute inflammation,
secretion of antinflammatory cytokines closely follows the secretion ofprflammatory
cytokines, however in chronic inftanation leading to cancer, pamflammatory cytokines
persist long term, in the absence of amflammatory signals. Under the influence of
persistent preinflammatory signals, macrophages can switch from an M1 to an M2

phenotype(Shapio et al.,2011)

DNA damage

At sites of inflammation, macrophage inducible nitric oxide synthase (INOS) enzymes
produce reactive nitrogen and oxygen species free radicals to fight infection which react

together to form peroxynitrite which is highly reagti with DNA.Whilst the inflammatory
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response is shotived, ROS and RNS cause DNA damage in proliferating tices,
accelerating mutagenes{®aeda and Akaike, 1998)

In addition to DNA damage, nitric oxide (NO) released by iINOS enables more efficient supply
of nutrients to tumour tissues,hrough vasodilation, to facilitate tumour growitMaeda

and Akaike, 1998) Through this process, chronic inflammation can lead to cancer by
SyrofAy3a OSftta G2 dzyRSNH2 YIfA3IAylyd GNIFyaid
proliferate in the growthsupportive inflammatory environment. ¢h expression of INOS

is often observed in oral cancer and pralignant lesiongChoudhai et al.,2014)

Faulty DNA repair rachanisms

During pathogen challenge, MIF is released by leukocytes, such as macrophages and
neutrophils, to further attract leukocytes to the site of inflammation. MIF has a variety of
roles in both the innate anddaptive immune systems, including regulation of cytokine
secretion through extracellular signalling, or inhibition of p53 through intracellular
signalling(Bachet al.,2008)

Tumour suppresor protein, p53, plays a key role in cell cycle regulation. MIF has been
shown to suppress the transcriptional activityId®53gene in proliferating cells, leading to

a lack of DNA damage response and repair mechanisms. This results in an accumiulation
mutations and chromosome abnormaliti€sludsonet al., 1999) Several studies have
shown a &ong positive correlation between an increase in the expression of MIF and
increased tumour growth, cell survival, metastasis and angiogenesis in oral carcinomas,
especially those of the lip which have a high infiltration of CD68+(Eedacaet al.,2013)

This is in direct contrast with gastric carcinomas where a high level of MIF is associated with
a more favourable prognosis; here, patients whose tumours do not expressad iwiorse

prognosis than patients with tumours that did express MRet al.,2009)

1.2.3 Tissueresident macrophages

Whilst the majority of macrophages residing within the oral mucosa originate from blood

monocytes recruited followingnflammation other tissues have been shown to be

15| Page



populated with tissuaesident macrophagesduring foetal development which persist
throughout lifeand are independent ofecruited monocytederivedmacrophagegDavies
et al.,, 2013) Tissueresident macrophages such aggeritoneal, alveolar anctardiac
macrophages as well as microglia drahgerhangells play a rolén homeostasigsuch as
immune surveillanceclearing of cellular debris andiron processing)in addition to
supplemening the numbers of macrophages during inflammati@avieset al.,, 2015) As
with  monocytederived macrophagesrecruited during inflammation tissueresident
macrophagesare highly plastic andlter their phenotype in response tenvironmental
stimuliand can be associated with M1 or M2 phenotygesvinet al., 2014) However,n
contrast with recruited monocytederived macrophageswhich are typically considered
terminally differentiated tissueresident macrophages haveeén observed to proliferate
to maintain cell numberg¢Chorroet al., 2009) Monocytederived macrophagesecruited
during inflammationcan persist intissues for up to 60 day#llowing resolution of
inflammation therefore it can bechallenging to distinguish between these andstie
resident macrophages.p8cific markers have been sought to distinguish between the two
with CD64 identied as a markewhich has beershown to beuniversally associated with
mature tissue macrophages a murine mode(Gautieret al., 2012). Within the tumour
microenvironment however, gudy of a murine model of breast carcinoma demonstrated
that tumour-associated macrophages are derived from blood megtex rather than
originating from the tissueesident population of macrophagéBrarklin et al.,, 2014). It is
yet to be shown whether these findings can be tranglaiteto studies of humatissues as

well as those of other tissues.

1.2.4 Tumoursupportive stroma

Tumaur-associated macrophages (TAM) display manytpnoour effector functions; they
secrete TNF for cell proliferation, release matrix metalloproteinases (MMPSs) and tumour
IANR g GK Tl iOdo2pamdte matdxDd€position and remodelling, and promote
angiognesis through secretion of vascular endothelial growth factor (VEGF), fibroblast

growth factor 2 (FGF2) and TNF. TNF and MMPs released by TAM also promote metastasis
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and secretion of HLO and TGFto create an immunosuppressive environmé@uatromoni

and Eruslanov, 2012)Fibroblasts are the most abundant cell type in the connective tissue
and their interaction with macrophages is key in developing a tursogpportive stroma.
They play a role in ™ recruitment which propagates wound healing responses of
fibroblasts to further promote invasion, metastasis and matrix deposition. Hence, the
crosstalk between fibroblasts, epithelial cells, malignant cells and immune cells is crucial

for the maintenarce of a tumour microenvironmer{MaasSzabowski and Fusenig, 1996)

Tumourassociated macrophage recruitment

Stromal cells, such as fibroblasts well as tumour cells drive monocyte recruitment
through chemokines such as monocyte chemotactic protein 1 (8)Cé&hd chemokine
ligands 3 and 5 (CCL3 and CGlirdoch et al., 2008) These have been observed at
increased levels in tumours, and implicated in oral cancer with roles including promotion of
metastasis and cell migratigiBektasKayhanret al.,2012; Chuangt al.,2009; Silvaet al.,
2007) Increased TAM infiltration between malignant tumour cells in the connective tissue
stroma and at the invasive front of the tumour is associated with higher histopathological

grades in oral canc€EFRouby, 2010Q)

The role of tumourassociated macrophages in cancer invasion

Granulocytemacrophage colongtimulating factor (GMCSF) and granulocyte coleny
stimulating factor (BCSF) play a key role inethdifferentiation of monocytes to
macrophages and in the maintenance of homeostdBiesaset al., 2007) These are
secreted by stromabnd epithelial cells, and have been observed to upregulate the
expression of MMPs 1 and 2 in head and neck squamous cell carcinoma (IEN&Ckalk

et al.,2006). These MMPs degrade collagenase IV in the basement membrane, facilitating
tumour invasion and metastas{Sugimotoet al.,2001) Blocking the effects of GKISF

with antibodiesresulted in an inhibition of tumour cell invasion in both thréenensional

(3D) organotypic cultures and in nude mi@@utschalket al., 2006) Concerns hav
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therefore been raised regarding the use of &\&F and -GSF to prevent chemotherapy
induced neutropenigDale, 2002)

Among other roles in tumour promotion, TiGBecreted by macrophages plays a leading
role in promoting epitheliamesenchymal transition (EMT) that probes cancer invasion

and metastasis. EMT describes the process in which epithelial cells reduce their expression
of cellto-cell adhesion proteins, such asc&dherin, and begin to migrate away from the
epithelium and acquire properties associated with seaechymal cells, such as matrix
deposition(Heldinet al.,2012; Lamouillet al.,2014; Xwet al.,2009) The addition of TGF

to in vitro cultured OSCC cell lines has been shown to induce EMT and promote bone
invasion(Quanet al.,2013) TGF has also been reported to activate macrophages to an

M2 phenotype(Gonget al.,2012)

The role of tumourassociated macrophages in tumour metastasis

In the first evidence for synergy lveéen tumour cells and macrophages, macrophage
colonystimulating factor (MCSF, known to stimulate CD163 expression in macrophages)
was shown to stimulate chemotaxis and migration of tumour cells to promote metastasis
(Wyckoffet al.,2004) This was confirmed by a study using genetic and chemical ablation
of macrophages to reduce the efficiency of cancer cell metastasisimvarobreast cancer
model (Qianet al.,2009) In oral cavity squamous cell carcinoma, a higher percentage of
macrophages was found in metastatic patients, which correlated with reduced patient
survival times, compared to nemetastatic cancers(Costa et al., 2013) These
macrophages were found to be IL10+ T&Rnd those in nometastatic patients were

IFN high(Costaet al.,2013)

Whilst TNFtypically plays a role in promoting inflammation, this macrophagereted
cytokine has displayed imme-suppressing functions and a number of tumguomoting

roles. High levels of TNF have previously been measured in serum from HNSCC patients and
in OSCC cell linéikoontongkaew, 2013)TNF secretion has been linked to a reductionin E

cadherin expression on tumour cells, stimulating EMT, and increased expression of TGF
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and MMPs(Smith and Kang2013) Treatment of human oral cancer cells with TNF
promoted expression of CD163 by macrophages and resulted in increased epithelial
invasion into a myoma modé€Pirilaet al., 2015) Lung and liver metastases in mouse
models of carcinoma could both be prevented by blocking TNF binding to its receptor
(Balkwill, 2006) The TNHependent metastasis of cancer cells is likely due to activation of
the NF°B signalhg pathway that results in activation of MMPs, particularly MMPs 2 and 9
(Hagemanret al.,2005)

MMPs are proteases essential faxtracellular matrix ECNM turnover, in tumour
progression, theirrole of matrix degradation enab# malignant cell invasion and
metastasis.Macrophages secretlarge amounts of MMPs, and in particular, MMPs 2 and

9 have been implicated in oral cancer metastasis as they can degrade collagen 1V, a major
component of the basement membran@atel et al., 2005) A published study found
significantly higher levels of both macrophages and MMP9 in OSCC patients correlating with
lymph-node metastasis (Dagt al.,2007). In addition, plasma MMP9 levels were found to

be significantly lower in patients responding to treatméRatelet al.,2007) These authors

also found that the activation of MMP2 was higher than MMP9 in malignant tissues and

suggest these enzymes may be used as prognostic markers.

Therole of tumour-associated macrophages in angiogenesis

TAM have been shown to accumulate in hypoxic areas of tumours through chemoattraction
by endothelin2 (Grimshawet al., 2002) Within the hypoxic regionthey promote
angiogenesis through the release of angiogenic factors such as VEGF, FGF aimdaTGF
positive feedback loofBingleet al.,2002) A strong correlation was found between TAM
accumulation and microvessel dgty in oral cancer, in agreement with similar studies on
breast and cervical canc€EFRouby, 2010) However, a later study showed that whilst
there were high numbers of TAM oral cancer, their role in angiogenesis may be more due

to macrophage phenotype than numbers of cells infiltratiBgaset al.,2013)
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results in anncrease irthe number of blood vesselshich provides the growing tumour

with additiond nutrients, and facilitates metastas{€armeliet, 2005 Hicklin and Ellis,

2005) In a small study, expression of VEGF was higher in OSCC samples compared to
normal tissues and correlated with tumour gradifigmet al.,2015) In contrast, Kukreja

et al.,found that VEGF expression and MVD were independent of tumour grade, however
this study also found that OSCC samples expressed high levels dikviE@feet al.,2013)
Additional angiogenic factors, suchFSFsare involved in the crostalk betweenepithelial

and stromal cells tpromote angiogenesisin particular,FGFzhas been shown to play a

role in EMT and migration as well as angiogen@dasinaet al., 2008) and has been
identified as a potential ipgnostic marker for malignant transformation of leukoplakia to
OSC(ONayak et al., 2015) Several studies have indicated that VEGF and FGF may act

synergistically to promote angiogenegi&orc and Friesel, 20Q9)

The role of tumourassociated macrophages in immunosuppression

To promote tumour progression, TAM take an active role in immune suppression, due to
their secretion of 1110 and TGE Both these cytokines promote the polarisation of
macrophages to an M2 phenotype, that has been found to be immunosuppressive by
reducing the antigen presentation capabilities of immune ogllsoet al.,2012; My and
Pollard, 2014) An additional immunosuppressive mechanism employed by cancer cells
involves the recruitment ofmyeloid-derived suppressor cells (MDS{@cluding monocytic
MDSCs, that prevent dendritic cell maturation, suppress T cell respandesecrete high

levels of TGFto further promote immunosuppressiofNoy and Pollard, 2014)

IL-10 is an antinflammatory cytokine, and thus downregulates the expression of pro
inflammatory cytokines, such as TNF6 land IE12, as part of the innate immune response.
It prevents atigen presentation by downregulating the expression afiajor
histocompatibility complex IMHCI) and castimulatory moleculegMartinezet al.,2008)
In addition, IE10 prevents maturation of dendritic cells (further reducing antigen

presentation) and promotes differentiation of macrophages, specifically to an M2
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phenotype(Haoet al.,2012) Meanwhile,TGF may inhibitcytolytic activity of natural killer
cells and T lymphocytes whilst simultaneously preventing dendritic cell migration and
promoting apoptosigHaoet al., 2012) Thisfurther reduces antigen presentation and
subsequent attack of cancer cells by the immune systeniGF also promotes
differentiation of T lymphocytes to Th2 cells, further promoting M2 polarisation of
macrophages and stimulates Treg differentiation for peripheral tolerance of malignant cells

(Haoet al.,2012; Moriet al.,2011; Noy and Pollard, 2014)

1.2.5 Tumourassociated macrophages in oral cancer

TAMhave been widelymplicated in the development of a tumour microenvironmeamtd
canform up to 65% of the tumour masgLiuet al., 2008) A high number of TAM is
associated with a favourable prognosis in colorectal and prostate cancer, however they are
considered a poor prognostic indicatim glioma, lymphoma, melanoma, sarcomas, breast
carcinoma, lung carcinoma and HNS@alermpaset al., 2014; Costaet al., 2013)
Macrophages are highly plastic, responding to environmental cues to adopt various
activation states. Whilst macrophagasvivotend to fit along a spectrum of activation
states,in vitro the polarisation status of macrophages has been simplified to classically or
alternatively activated macrophages. It has recently been observed g do not fit into
either polarisation category, and instead express features of both activation states in
response to micro environmental cuéMartinez and Gordon, 2014; Qian and Pollard,
2010)

Tumourassociated macrophage phenotype

In 2000, two distinct subsets of macrophages were described and termeahblM2due

to their differential metabolism of arginin@Mills et al.,2000) During differentiation from
monocytes, macrophages were found to become either classically or alternatively activated
and termed M1 or M2 respectively to reflect the Thl and $hsets of T lymphocytes that
secreted the cytokines thought to be responsible for this polarisafdantovaniet al.,

2002; Steiret al.,1992; Steinman and Idoyaga, 2010; Murgdyal., 2014) Additionally,
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depending on whether macrophages were cultured in @G®F (M1) or NCSF (MRthey
displayed very different transcriptomé¢Bleetwoodet al.,2009; Joshet al.,2014)that could
not be categorized as M1 or MRlurrayet al.,2014)

Classically activated macrophages (M1) are consideredinflommatory as they are
activated by preinflammatory cytokines such as interferon @§ LGKNE and GMCSF, or
PAMPS suchs LPS, to which they respond by secreting further inflammatory cytokines such
as Ikl ¥ -12 TNFand IL6. They express high levels of CD80 and CD86, MHCII co
stimulatory molecules and low levels of CD206. M1 macrophages display microbicidal
properties, promote tissue destructioand display anttumour functions for the effective
depletion of cancer celldillset al.,2000) In vitro, M1 macrophages can be induced using
various combinations of LPS, IFNGMCSF and TNfEhanputet al., 2013; Goerdt and
Orfanos, 1999; Mantovaet al.,2005; Mantovanet al.,2002; Martinez and Gordon, 2014;
Martinezet al.,2008; Mosser, 2003; Murailkt al.,2014; Murrayet al.,2014)

On the other hand, alternatively ticated macrophages (M2) typically respond te4|LL:

10, 1:13 and immune complexes to release anflammatory cytokines such as1D and

TGF. These typically express high levels of CD36, CD163 and CD206 and display pro
tumour functions such as promotion of angiogenesis, tissue remodelling and
immunosuppression as well as resolution of inflammation and parasite encapsulation
(Goerdt and Orfanos, 1999; Mantovaetial.,2005; Mantovanet al.,2002; Martinez and
Gordon, 2014; Martinezet al., 2008; Muraille et al., 2014; Murray et al., 2014)
Macrophages are a heterogeneous population and it has beepgsed that they are
further categorised as M1M1b and M2aM2d (Martinezet al.,2008) M1a and M1b may
distinguish between classically and alternatively activated macrophages, with M2a used to
describe macrophages activated bydllor 1-:13, M2b used to describe macrophages
activated by immune complexes;1L or LPS, or M2c used to describe those activated by
IL-10, TGF or glucocorticoids(Lewis and Pollard, 2006; Martinez and Gordon, 2014;
Mosser, D03) Whilst these categories provide information regarding the phenotype of

macrophages, they cannot be used identify distinct subtypes as macrophage gene and
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protein expression can vary so widely depending on environmental st{ivalntovaniet

al.,2004; Roszer, 2015)

Plasticity between M1 and M2 macrophages has been observed and polarisation often
depends on the chemokine environment macrophages found themselv@3ainis et al.,

2013; Lewis and Pollard, 2006; M#is al., 2000) However, M2 macrophages typically
prevent polarisation of macrophages to an M1 phenotybefkenset al.,2011)and TAM

are often described as displaying 2 phenotype. The most commonly used markers for
macrophage polarisation and their physiological roles are describehlle 1.1. The
phenotypes of macrophages in oral diseases reflects that found in other diseases and is

reviewed in detail heréMerry et al.,2012)
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Antigen Alternative names M1/M2 Receptor binding partner Role Reference
macrophage
CD14 - M1 and M2 Microbial ligands Pattern recognition receptor to (Poussiret al.,1998)
activate innate immunity
CD36 SCARB3 M2 Thrombospondin, oxLDL Pronmotion of cell adhesion and| (Duque and Desteaux, 2014)
collagen scavenger receptor to protect
from oxidative damage
CD45 Leukocyte common| M1 and M2 Galectinl Promotion of Band T (Roacret al.,1997; StPierre
antigen (LCA) lymphocyte development and Ostergaard, 2013)
CD80 B7-1, CD28LG M1 CD28, CTLA Induction of T lymphocyte (Iwasaki and Medzhitov, 2004
proliferation and cytokine
production
CD86 B7-2, CD28LG M1 CD28, CTL-A Activation of T lymphocytes | (lwasaki and Medzhitov, 2004
CD163 Haemoglobin M2 Haptoglobirhaemoglobin| Scavenger receptor to protect| (Duque and Descoteaux, 2014
scavenger receptor complexes from oxidative @mage
CD206 Mannose receptor M2 Bacterial carbohydrates Mediates endocytosis, ChavezGalanet al.,2015;
type 1 (MRC1) phagocytosis, macrophage | Duque and Descoteaux, 2014
activation and antigen
presentation

Tablel1.1. Cell surface antiges for the characterisation of monocytes and macrophagesThe table lists ceburface markers used to
identify monocytes and macrophages, markers for monodgtemacrophagedifferentiation and markersto detect polarisation of
macrophages. The celihich expresshese proteins, the recdpr binding partner and the role of each protemalso shown
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CD14 binds microbial ligands such as LPS to initiate an inflammatory regpouossiret

al., 1998) This is followed by expression ofstamulatory molecules such as CD80 and
CD86 that bind CD28 amgtotoxic Flymphocyteassociated prtein 4 (CTLA) to activate

T lymphocyteglwasaki and Medzhitov, 2004)CD36 and CD163 are scavenger receptors
that bind thrombospondin and oxidised LDLs (CD36) and haptoghati@moglobin
complexes (CD163), protecting cells from oxidative danjaggue and Descoteaux, 2014)
The transcription of CD36 and CD163 is stimulated 4 lhinding to its receptor which
also stimulates upregulation of CD206 to bind bacterial carbohydrates for antigen
presentaton (ChavezGalanet al.,2015; Duque and Descoteaux, 20149D45 is expressed

by all leukocytes for the activation of B andlymphocytes. It also plays a role in

macrophage adhesion and migrati(Roachet al.,1997; StPierre and Ostergaard, 2013)

Prognostic value of tumouassociated macrophages in oral cancer

A correlation between a high TAM number and poor prognosis in OSCC has been observed
(Baguket al.,2016; Balermpast al.,2014; Boasgt al.,2013; Let al.,2002; Moriet al.,2011;

Lu 2010). However, alternative research has shown a large infiltration of TAM specifically
into the tumour stroma correlates with poor oxkedl diseasdree survival suggesting that

TAM micrelocalisation, rather than number, may have a role to play in OSCC oufd¢time

et al.,2015) In addition, TAM number, measured by CD68, was founct thigher in all
pathological grades, but did not correlate with pathological grégkegulet al.,2016)which
contradicted previously published researfito Muzioet al.,2010) A limitation of these

studies is the use of CD68 alone as a marker of TAM.

Comparisons between the expression of CD68 and CD163 with regards to overall patient
survival showd that whilst CD68 staining showed no correlation with overall survival,
CD163 showed potential as a prognostic marker in oral cafegiiet al.,2012; Heet al.,

2014) CD163 has also been shown to correlaitan unfavourable prognosis particularly
after chemotherapy in HRWegative patient§Balermpast al.,2014) Expression of CD163

at the invasive front in combination with serum-8Land N status was even shown to
successfully predict tumour relapse and correlate with histological gifadigaet al.,2014;

Mori et al.,2011; Webeet al.,2014) In oral cancer, high numbers of CD163+ macrophages
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were shown to correlate with lymph node metastag@ehrhanet al., 2014) and the
number of these was found to increase between-ppeerative incisiorbiopsy samples and
tumour resectionWeberet al., 2014) In addition to the use of CD163 as a marker of TAM,
some success has been observed with the use of CD206 expression, particularly in the case
of metastatic oral carcinoma, even at an early stéggitaet al.,2014; Webeet al.,2014;
Weberet al.,2016)

Expression of CD163 is emerging as a potential diagnostic and prognostic marker in oral
cancer. The important role that CD163 plays in cancer progression in general has led to its
use as a diagnostmarker in a variety of human cancers, including carcinomas of the breast,
endometrium, ovaries, nod Yl t £ OStf fdzy3 FyR O2f2y> &
angioimmunoblastic T cell lymphomésspinosaet al.,2010; Forsselét al.,2007; Harriset

al., 2012; Huet al.,2009; Medreket al.,2012; Niincet al.,2010; Ohriet al.,2011) A lack

of understanding in the role that macrophages play in oral cancer compared to the role they

play in other cancers, is litimg the potential use of these cells for clinical benefit.

1.2.6 Macrophages in cancer therapy

Macrophages are an attractive target for cancer therapies as their genome is more stable
than that of tumour cells, reducing the chance of drug resistance devejq@iman and
Pollard, 201Q) However, similarly to their prand antitumour roles in cancer progression,
macrophages have demonstrated both favourable and detrimental effects in response to

cancer treatments and therapfMantovani and Allavena, 2015)

Macrophages as therapeutic targets

In murine models of breast, melanoma and colon carcinoma;raatrophage receptor
with collagenous structure (MARCO) antibodies wereduso selectively target TAM
resulting in reduced metastatic spread, reduced tumour volume and weight, and a shift in
macrophage polarisation from M2 to MGeorgoudaket al.,2016) Alternatively, antM-
CSFantibodieshave been investigatedo halt macrophage development. This has been

shown to reduce metastasis and increase the sensitivity of murine models to chemotherapy
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(Chenget al.,2010; Morandiet al.,2011) Additionally, the use of a chemokine receptor
type 2 (CCR2) inhibitor in murine models of breast and pancreatic cancer reduced the
number of macrophages from both the primary and metéistaumour, and resulted in a
decrease in the tumour growth and a reduction in metastéQisinet al.,2011; Sanforet

al., 2013) However, data published more recently has shown that whilst CCL2 inhibition
initially prevented development of macrophages from the bone marrow to prevent
metastasis, removing inhibition resulted in a rapid increase in metastasis and more rapid

death (Bonapaceet al.,2014)

Further uses of myeloid cells as therapeutic targets include the blockade of recruitment of
these cells to tumours using an a®@D11b/CD18 antibody, resulting in increased sensitivity

of squamous cell carcinoma to radiotherapy in a murine maddin et al., 2010)
Additionally, activation of macrophagessing a CD40 antibody agonist resulted in
macrophages adopting a tumoricidal phenotype, characterised by high expression of CD86,
to infiltrate a murine model of pancreatic cancer resulting in disaggregation of the tumour
stroma (Beattyet al.,2011) Aside from antibody therapies, bisphosphonateséhaeen
shown to promote repolarisation of M2 macrophages to an M1 phenotype. In addition,
the use of zoledronic acid to stimulate apoptosis of TAM has reduced their survival and has
been successful in prolonging the disedige survival of patient§Colemanet al., 2011,
Rogers and Holen, 2011 urther strategies for rpolarising M2 macrophages to an M1
phenotype remain one of the most promising therapeutic opti¢hlls et al.,2016)and
additional uses of macrophages as therapeutic targets have previously been reviewed
(Panniet al.,2013)

Macrophages for drug delivery

As well as providing promising therapeutic targetshie fight against cancer, macrophages
can be modified for use as agents for drug delivery. Liposomes are commonly used to target
macrophages for drug delivery as these are readily taken up by macrophages through
interactions with scavenger receptors ariggosome properties can easily be tailored

specifically to modify the drug and the efficiency of its delivéfgllyet al., 2011) In
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particular, CD163 plays a key role in the uptake of drugs for targeted de{iBesyersen

and Moestrup, 2015) In order to further improve this method of drug delivery, @aal.,

have coated liposomes with an isolated macrophage membrane. This has not only enabled
the coated liposomes to specificatBrget breast cancer cells, but also enhanced uptake of
the liposomes by metastatic cells through increased integrin expression. This had the effect
of reducing cancer cell viability and metasta&=soet al.,2016) Similarly, macrophage
membranes have been used to coat upconversion nanoparticles fortigfeargeting of

cancer, and for the purpose of vivocancer imagingRaoet al.,2016)

The use of therapeutic nanoparticles also aims to provide more targeted tumour
cytotoxicity in order to prevent the unfavourable systemic side effects that results in poor
patient compliance to chemotherapy. tAbugh successful alone, a study showed that the
uptake of drugloaded nanoparticles by TAM resulted in a 37 % increase in accumulation of
the chemotherapeutic agent within the tumour mass resulting in sustained and targeted
drug delivery that was diminigld when TAM numbers were depletélliller et al.,2015)

The chemotaxis of macrophages towards cancer cells has also been used to attract
macrophaged 8 SR WY A ONZ 6 2 (i dcaded Orgagniétic AnArfopadiclesR tddiz3
spheroids in murine models of colon ancammary gland carcinoma to induce targeted

cytotoxicity of the tumour cell§Hanet al.,2016)

An alternative approach is the use of macrophages as vehicles for gene tl{Brapget

al., 2002) Recent advances include the use of oncolytic viruses, under the regulation of a
hypoxia inducible corsict, contained within macrophages. In regions of hypoxia,
oncolytic viruses were able to replicate and specifically target prostate tumour cells in a
xenograft model(Muthana et al., 2011) When this approach was combined with
chemotherapy and radiotherapy, which are typically followed by a marked increase in
macrophage infiltration into tumours, metastasis and tumour regrowth were suppressed
resulting in the increased survival of m{@duthanaet al.,2013) Immunosuppressive Tie2
expressing monocytes have been specifically targeted for tumour thei@pifeltet al.,

2011)and with the inclusion offnal gene resulted in a reduction in tumour growthadn
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metastasis in murine models of glioma and mammary carcinoma without the toxicity

previously seen with systemic administration of THBe Palmaet al.,2008)

1.3 Preclinical Models in Oral Health Research

1.3.1 Preclinical models
Monolayer models

Traditionally, cells are cultureas monolayers in tissue cultuteeated flasks. However, in

2D culture, cells are flattened, lack eticell ard celtto-matrix interactions as the ECM
component is missingMazzoleniet al., 2009) In vivq oral keratinoyctes form a mudti
layered epithelium at anieliquid interface (ALI), however this cannot be achieved in 2D
culture which prevents the formation of a stratified epitheliunjKriegebaunet al.,2012)

In addition, the may oral cell types cultured in close proximityvivorelease signals to
enable oral mucosa formation, but typically only a single cell type can be cultured in 2D.
Therefore, in 2D, oral keratinocytes do not have a representative structure or function
(Cukiermaret al.,2001)

Animal models

There are many differeni vivoanimal models of oral cancer; oral cancer can be chemically
induced, tumours can be transplanted or transgenic animals camsbd(Mognetti et al.,

2006) In vivomodels are essential but, similarly ito vitro models, they have limitations.
Evidence has shown that there are many irdeecies differences between humans and
animal models, and with limited conserved featar disease modelled in animals may not

truly represent disease in humagisimlinet al.,2013) Specifically, pathogenicity and liver
toxicity have shown large differences betwemice and human@Vazzoleniet al.,2009)

Wl dzYF yAaSRQ NRRSyida KIFI@S o06SSy RS@St2LISR
unrepresentative and human trials are tnpossible(Brusevoldet al.,2010) however the

results from these experiments are often varialfi@aballahet al., 2008) In particular,

29| Page



evidence confirrmg any similarities betweemacrophages in animals compared to those

in humanss lackingQian and Pollard, 201.0Macrophages in murine models, used in the
majority of studies, differ markedly from those in the human immune sygfdonrray and

Wynn, 2011; Roszer, 2015)Whilst in mice INOS is a prototypical M1 marker, CD64,
indoleamine 2,aioxygenase (IDO), suppressor of éyme signalling 1 (SOCS1) and CXCL10
proteins are more typically used in human studies. CD206 and TGM2 have both been used
as an M2 marker in both human and mouse studies, however other markers used in human
studies, such as CD23 and CCL22 are not usedirime studies(Martinez and Gordon,
2014) A lack of humanised prelinical models makes the translation of therapies into

clinical use difficult.

3D spheroidmodels

Spheroidmodek are formed by aggregation of cells in culture by using various methods;
hangng drop, using spinner flasks, static liquid ovetighnique(LOT) or by centrifugation
(Fennemaet al., 2013) Sypheroids povide a useful model for hypoxia in the tumour
microenvironment, within the necrotic coréSutherlandet al., 1981) but asthe simplest

3D model, they typically do not represent a midtyered tissue architecture which is

essential for engineering oral muco@&@mlinet al.,2013)
1.3.2 Tissueengineered models
Structure of the oral mucosa

The oral mucosdorms a protective barrier from mechanical or microbial damage to
underlying tissue¢Squier and Kremer, 2001t consists of the epithelium and connective

tissuewhich are sepaated by the basement membran€igurel.4).
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Figure1.4. Structure of the oral mucosa. Components of the epithelium, basement
membrane and connective tissue are represented diagrammatically and labelled.

The oral mucosa epitheliuneparates the oral cavity and deeper tissues, and consists of
keratinocytes which form a stratified squamous epithelium. Depending on location within
the oral cavity, this epithelial layer can take on different characteristics, such as non
keratinised (e.gbuccal mucosand ventral surface of the tongue) or keratinised (@

the hard palate and gingivae).

Within a keratinised oral epithelium are folayers: the stratum basale whiatontains a
single layer of cuboidal cells in contact with the basetrmaembrane, which are rapidly
proliferating; the stratum spiosum which is severatell layers thick; the stratum

granulosum is formed of several layers of flat cells containing keratohyaline granules which
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help form the impermeable keratin layeand the stratum corneum characterised by a
nuclear cells containing keratin filaments. Cells of the stratum corneum are continuously
replaced by proliferating cells in the stratum basale which differentiate upwards through
the epithelial layers, with oral mucosanewed every 457 daygDongariBagtzoglou and
Kashleva, 2006) In a norkeratinised oral epithelium, the stratum corneum and stratum
granulosum layers are absent anade replaced bythe stratum intermedium(an epithelial
structure closely associated with the inner dental epithelium) and stratum superficiale,
where stratified squamous epithelial cells have reached maturity and as sudlatead

non-proliferative cell{Koyameet al.,2001)

The basement membrane is a specialised extracellular matrix containing many
glycoproteins alongside daben, integrins and proteoglycanshich forms a barrier
between the epithelium and the connective tiss@iderker, 1994) Components of the
basement membrane have been shown to have an influence on the adjacent epithelium,
such as collagen IV and laminin which have been shown to be important in the
differentiation of oral keratinoctes in 3Dculture (Kimet al.,2001) Three different layers

of the basement membrane can be identified and these include; the lamina lucida on the
epithelial side, lamina reticularis on the lamina priapside and lamina densa sandwiched

in between.

The connective tissue is also split into layers, with the lamina propria nearest the basement
membrane, and the submucosa in limited areas ofi@uth such as cheeks and lipshe
lamina propria contains bbd and lymphatt vessels, nerves, fibroblasts and immune cells
within the papillary and reticular laye&dl within a supportive intercellular matrix. Fibrous
proteins in the intercellular matrix include fibronectin, elastin and collagen, where cotlage
type 1 is the most abundant. The submucosa provides attachment of the lamina propria to

bone and muscle, ancbntains minor salivary glands.
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Scaffolds for tissue engineering

In vitro3D culture has been shown to promote increased cell proliferationnnd@mpared

to 2D culture(Li et al., 2013) and creates a more physiologically relevant structural
architecture with the use of natural or artificial scaffolfleeet al.,2008) This enables
cells cultured in 3Dn vitro to replicate more closely thgeneand protein expression
profiles ofcellsin vivo(Abbott, 2003) 3D culture provides a superior culture method to 2D
culture as these changes in cell behaviour have produced more accuratedictive

celkbased assays, improvimtjnicaltrial outcomes (Kimlinet al.,2013)

3D models have not only become a useful tool with which to culture cells in a more
physiologically relevant environment, but they also bridge the gap betvie@ivoanimal
models and huran applications(Mazzoleniet al., 2009) The European Chemicals
Legislation have identified a need for development of representaitiveitro models to
reduce the use oin vivomodels to produce more data related to humahdienblumet al.,
2008)

Hydrogels can be formed from natural, synthetic or a combination of natural and synthetic
molecules. They aim to simulateet ECM component of tissue, enabling 3D cell culture.
These substrates of highly crdgsked polymers have a high water content allowing rapid
diffusion of oxygen, nutrients and waste products between cells and the surrounding
culture medium(Nguyen and West, 2002)Collagen is the major structureomponent of

the ECM where & main role is in mechanical integri{fgajaret al.,2006) It has therefore
been used in the engirging of many different 3D models containing cells of different
origin, including; intestingVineyet al.,2009) endothelialKohet al.,2008) dermal(Smola

et al.,1998)and oral(DongariBagtzoglou and Kashleva, 20@@her in monaculture or as
co-cultures. Bovine, equine, rédil and plantderived collagen is available, which can be
combined withother components such as glycosaminoglycans (&A{B)santo alter
properties of the ECNGriffonet al.,2006) Aplgraf is a commercially available collagen
based skin substitute which combines collagen with dermal fibroblasts and human

keratinocytes and is used clinically to promote wound healing.
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Synthetic polymers have also been used to produce scaffolds on wéilsttan be cultured.
These have an advantage over naturalrived scaffolds as they are more reproducible.
They can be derived from polymers such as fjbjjactic acid (PLLA), polyglycolic acid
(PGA) and polystyrengranget al., 2001) Commercially available oral mucosa models
which incorporate a synthetic scaffold include MatTek and Skinethic, however these both
lack an essential connectitissue component including fibroblagtdoharamzadetet al.,
2008)

Examples ofcaffolds used fom vitro 3D oral mucosa modeglincludede-epidermised
dermis(DED)hydrogels, synthetic scaffolds and spheroids which can be used for modelling
disease and drug testing, for example. One of the limiting factors for 3D models however
is the need for standardisation and the developrhehprotocols to separate cells from the

model for analysigMazzolenet al.,2009)

Tissue engineered models of the oral mucosa

The se ofex vivooral mucosa is populdior use as a scaffold in oral mucosa modedsts
architecture cannot always be recapitulated by emgred tissues. Whilst porcine and
bovine buccal mucosa can be used, hurearvivatissue is the most relevant for modelling
human digase. Due to the limited size of human oral mucosa, human skin provides a useful
alternative. DEDis produced by using skin grafts which arecddularised to remove the
epidermis, leaving the basement membrane intactThe ollagen IV and laminin
compaments of the basement membrane allow attachment of different cell typeth&o
DED toproduce a tissue engineered oral mucdstéearndenet al., 2009) Whilst DED
models mayprovide the most physiologically relevant tissue architecture, there is vast
patient variability between grafts and a lack of immune cell componé@tileyet al.,
2011) Alloderm is a commercially available matrix lwhea DED which is used clinically to

support tissue regeneration, particularly in dental applications.
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1.3.3 Towards improved fulthickness oral mucosa models

The tumour microenvironment is a complex interplay of multiple cell types residing within
a specifiECM. In 1863, Virchowirfst noted the link between lewdcytes and cancer as he
observed a large number of infiltrating cells into tumours (Virchow, 1863). Since then,
evidence has shown that the tumour stroma is more than just an observer to tumour
progression, with fibroblasts, macrophages, other immune cells and secreted cytokines
shown to play a roléMueller and Fusenig, 20Q4)Threedimensionalin vitro models are
being developed which represent the tumour microenvironmembre accurately than
traditional monolayer cell culturegex vivo and in vivo models. Suggestions for

improvements to currently available oral cancer models are described below.

Oral mucosa models containing haematopoietic cells

Haematopoietic stem cell$iSCs) that originate in the bone marrow, differentiate into all
other mature blood cell types via either the common myeloid or lymphoid progenitors.
Some studies have developed 3D models of the haematopoietic niche in order to further
understand the mechaisms involved in haematopoieqiSooket al.,2012; Leisteret al.,
2012; PietrzylNivauet al., 2015) Immune cells, that originate from HS@g] the oral
mucosain its role as a protective barrier. The cattive tissue componendf oral mucosa
containsdendritic cells, mast cells and macrophages in order to provide innate immunity
(Felleret al., 2013) These release cytokines, chemokines and antimicrobial peptides to
protect the oral cavity against microbial invasion. Mast cells and neutrophilsviaite
blood cellswhich initiate inflammation in response to microbial products. Dendritic cells
have a prinary role in antigen presentation accompanied by macrophages which also aid

microbial clearance using phagocyto@iglleret al.,2013)

In order to futher understand the role that immune cells play within tissues, in addition to
how they develop and mature in the bone marrowneed for an immune cell component
within 3D tissue engineereid vitro models has been identified® far, immune cells have

been incorporated into a limited number of models. Monocge&rived macrophages
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(MDM)and dendritic cells within an intestinal mucosa collagEemsweltbased model have
been used to improve drug delivery in inflammatory bowel disgase®nardet al.,2010)

This model wagurther developed to include THPor MUTZ3 cellsin order to improve the
reproducibility of the modelJuliaSusewing 2015,published dssertatior). Macrophages
have also been coultured with tumour spheroids in a colon carcinoma model to assess

tumour invasion, migration and the inflammatory resporisauptmannret al.,1993)

For the purpose of dermal research, Bechetalleal., showed that macrophages within a
bovine collagen, chitosan and chondroitine64sulfate solid scaffold sested antt
inflammatory cytokines imesponse to LP@echetoilleet al.,2011) Dermal models have
also been developed using commercially available dendritic @étlsinoet al.,2009)and
THPR1 monocyte cell line in a Bksensitisation mode(Uchinoet al.,2013) TAMhave

been monitored within a 3 vitrodermal model in which macrophages were incorporated
within a collagen hydrogglLindeet al., 2012) In addition, a single eculture system
investigating the crosstalk between dermal keratinocytes and T cells has been identified,
which use a decellulaised DEvan den Bogaaret al.,2014) A comprehensive literature
search failed to show any sties$ using 30n vitro culture of neutrophils, likely due to their
short lifespan. However, promyelocytic HL60 cells differentiated along the granulocytic
pathway have been used as a replacem@dirz and Dumontet, 2016) Other areas of
research which have successfully incorporated macrophages into\8o models include
collagen hydrogels using lung adenocarcinoma cell (inest al.,2016)and a teta-culture

of fibroblasts, adipocytes, primary human monocytes or macrophages and breast
carcinoma cell lines cultured under perfusion flolwe6Rocher®t al., 2015 published

abstrac). These are summarisediablel.2.
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Disease model Immune cell Scaffold Analyses Reference

Inflammatory MDM; monocytederived

: e Collagercoated transwell TEER; IHB; IF; CBA (Leonardet al.,2010)
bowel disease dendritic cells

Bovine collagen, chitosar
MDM and chondroitine 46
sulfate-coated insert

ELISA; IHC; IF; fluorescent

bead phagocyisis (Bechetoilleet al.,2011)

Healthy dermal

equivalent Monocyt.e.denved Collagen vitrigel LI/ T 9ttt Yl y (Uchinoetal.,2009)
dendritic cell membrane

THR1 Collagen vitrigel ELISA; cytotoxicity assay (Uchinoet al.,2013)
membrane

Dermal squamous| ) : ;
cell carcinoma MDM Collagen hydrogel IF; IHC; zymography (Lindeet al.,2012)
Demal . , ) (van den Bogaardt al.,
inflammation Primary T cells DED IHC; ELISA; gPCR 2014)
PGA/PLLA 90/10 €0 IHC; flow cytometry,

Leukaemia HL60 Kasumil; MV411 cytotoxicity assay; fluorescery  (Aljitawiet al.,2014)

polymer discs dextran diffusion assay

Lung_ Not specified Collagen hydrogel IF; ELISA; Western blot (Liuet al.,2016)
adenocarcinoma
Bloodbrain-barrier Astrocytes Collagen hydrogel IF; dextran diffusion assay | (Tourovskaiat al.,2014)

Tablel.2. In vitro 3D models containing an immune cell componenilransepithelial electricaksistance (TEER), immunohistochemistry

(IHC), cytokine bead array (CBA), immunofluorescence (IF), etimk®@ immunosorbent assay (ELISA), quantitative polymerase chain
reaction (QPCR).
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Whilst other fields have reported successwith 3D in vitro modek containing immune
cells, to the best of our knowledge, primary human immune cells have yet to be
incorporated into a longerm collagerbased 30n vitro oral mucosa model Examples of
simple cecultures include; an indirect eculture combining periph&l blood monocytic
cells (PBMC) and OSCC cell lines cultured in ir{sgeet al.,2016) phorbol 12myristate
13-acetate (PMA-treated THPL promonocytes seeded directly onto a mucoepideid
carcinoma cell line monolayéChiuet al.,2014; Leest al.,2014)or the use of PMAreated

THR1 cells seeded onto chamber slides in combination with human oral squamous cell
carcinoma canaecell lines. More complex tissudike models have also used alternatives

to primary humancells, including MUTFZ dendriic cell line which has been cultureal
collagen hydrogebased models of the human gingiva to investigate the maturation and
migration of LangerhascellsKosen et al.,2015) Mono Mac6 (MM6) cell line has been
perfused into an oral infection model of the periodontal pock®toet al.,2015b) In the

only use of primary human immune celghin a 3D oral modehat could be found, PBMC
were seeded into a gingival model on gelaf2 | 0 SR ¢ KA yrs Beldie dhecendh n K 2
point to investigate the effect of radiation on modelled ging{¥achachojart al.,2014)

It has also been shown that macrophages could be detected in a myoma scaffold bearing
human oropharyngeal squamous cell carcinoma d@lsrmenniemiet al., 2009) and
although the addition of exogenous immunellseo this scaffold has not been explored,
the addition of conditioned media from PMpeated THPL cells polarised to M&pe
resulted in increased invasion and secretion of cytokines associated with(PB@2€t al.,

2015) Oral mucosa models containing commercially available immune cell lines are listed
in Tablel1.3
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Disease model Immune cell Culture mehod Reference
Health_y gingival MUTZ3 3D collagen hydroge| (Kostenet al.,2015)
equivalent
Periodontal
MM6 3D collagen sponge (Baoet al.,2015a)
pocket
Immortalised PBMC Gelatincoated (Tschachojaet al.,
gingival equivalent ThinCerts 2014)
Tongue SCC . .
THR1 Myoma punch biopsy  (Pirilaet al.,2015)

Tablel.3. In vitro 3D models of oral tissue containing an immune cell component.

Previously published 3D models containing macrophages have shown dramatic differences
in the prdiferation, differentiation, morphology and cellular functions of macrophages

cultured compared to those cultured as monolaykiuet al.,2016)

Oral mucosa models containing stromal cells

Fibroblasts and pericytes are the most common cell type in the stroma. Falsteldre
responsible for the turnover of the extracellular matrix, and pericytes are contractile cells
which surround endothelial cells that make up the vasculature. Fibroblasts are commonly
used in tissueengineered models as they secrete factors, sushkaratinocyte growth
factor (KGF), required for differentiation and stratification of an epithelium, and they
contribute to the integrity of the scaffold usgdlatkowskiet al.,1995) Modek devoid of
fibroblasts, but with exogenous application of KGF, produce a thick, but undifferentiated
epithelium due to increased keratinocyte proliferati@osteeet al.,2003) Stimulation of
fibroblasts cultured in 2D can enable them to secrete encoigineir own ECM to support

culture of dermis in a tissue engineered mo@@érninget al,, 2015)

Pericytes however are typically only used in models of angiogenesis. There a number of
methods for their isolation from primary tissue and commercially available pericyte cell
lines, although their widespread use is limited by the lack of perisgecific markers.

There is, however, an example of their successful incorporation into a collagen hydrogel
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modelling the blooebrain-barrier in the only ceculture of pericytes with an immune
component that could be foundTourovskaiaet al., 2014) Other models containing
pericytes in ceculture with endothelial cells are reviewed hg@okcinafYagcet al.,2015)

Of interest, a tissu@ngineered model of angiogenesis containing both fibroblasts and
pericytes showed that pericytes werecruited from fibroblasts, due to plateleterived
growth factor (PDGRBerthodet al.,2012)

Vascularisation of tissuengineered models

The rich vascular network present in the human body is essential for tissue growth and
repair. Evidence has also shown the importance thattsulature has in tumour growth

as it supplies nutrients, oxygen and removes waste. In addition, it provides cancer cells with
a route to enter circulation for metastasis and enables a constant supply of immune cells to
extravasate from circulation to fther support tumour development. The vasculature is so
essential to a malignancy that cancer cells employ many different mechanisms to promote
angiogenesigNagy et al.,2009) Many anticancer therapies aim to target angiogenesis,
however in order to understand more about the mechanisms involved and test potential
therapies, humanised tissue engineered models of cancer require a vasculature in order to

best represent thein vivosituation.

Vascularisation of tissuengineered models typically involves the use of moulds, guides and
sacrificial lattices to form channels where endothelial cells can be cultured into perfusable
channels. For example, to modelgaogenesis and the bloddrain-barrier, a chip can be

used into which endothelial cells are seeded to form vessels that are surrounded by an ECM
containing stromal cell§Tourovskaiat al.,2014) Alternatively, networks of 3D printed
carbohydrate glass encapsulated within a polyethylene glycol (PEG) hydrogel containing the
cells of interest, can be used form a vessel template which later dissolves and can be
lined with endothelial cellgMiller et al.,2012) Mimetas offer a commercially available

pump-free, perfusable 3D vasculature surrounded by a collagen gel.
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Vascularisation of tissuengineered models can also be achieved using the spontaneous
sprouting observe by endothelial cells cultured within an appropriate scaffold (typically
collagen). A preascularised tumour model has describedoudtures of breast or colon

cancer cells with endothelial cells within tumour spheroids, embedded into a fibrin gel
contaning fibroblasts. This model not only models angiogenesis, but also intravasation of
tumour cells under the influence of hypoxighsaret al.,2014) Tubule formation assays

are becoming increasingly popular and have the potential for incorporation intan3Ltro

models. Tubule formation assays involve the culture of endothelial cells within Cultrex
Basement Membrane Extract, where they begin to form tubules under the influehce o
exogenous stimuli, such as VEGF, PDGF, epidermal growth factor (EGF) and FGF2
(Arnaoutova and Kleinman, 2010; DeCi&onneret al., 2014) ThermoFisher offer an
Fdale gKAOK adzllLX ASa@ 1623 SINPIYVZR SWi2D i B F 214

Alternatively, a microvascular system has been developed which uses a micropump to
induce flow around glass circuits which become covered with endothelial cells after 4 days
(Schimelet al.,2013)p CKAA (SOKy2f23& Oly 0SS AyO2NLR

models to create more physiologically relevant model systems.

1.4 Hypothesis and Aims

Immunohistahemical studies have shown that macrophages, specifically those which are
CD163+, correlate with a poor prognosis in OSCC. However, due to a lack of reproducible
models containing primary human immune cells, the role that macrophages play in oral
cancerprogression remains largely unknowin vitro 3D models are increasingly bridging

the gap between basic and translational research due to their increased complexity
compared to monolayer cultures, and increased clinical relevance and reduced cost
comparedto in vivomodels. The hypothesis of this study is thiatvitro 3D models of the

oral mucosa containingn immune component will improvwenderstanding of the role TAM

play in oral cancer progression. Currently, to the best of our knowledge, therecare n
published models of the oral mucosa which incorporate primary human monooytes

macrophages. In addition, to enable the analysis of macrophages cultured within
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engineered tissues, molecular tools and rapid isolation methods are required to preserve

the underlying phenotype of these highly plastic céMsirrayet al.,2014)
Therefore, this thesis aims to address these problems, by:

a) Generating a tissuengineered 3Dn vitro model of the oral mugsa containing
primary human immune cells;

b) Developing a mukcolour flow cytometry panel for the quantitative analysis of
macrophage protein expression;

c) Optimising the use of the multiolour flow cytometry panel on macrophages

isolated from tissuesngireered models of the oral mucosa.
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2 Chapter 2: Materials and thods
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2.1 Materials

Manufacturers and product names for all reagents used in this work are described in the

text.
2.2 2D ell culture

2.2.1 Celllines
THR1 (ATCC® HBn H n 0

THR1 cells, a promonocytic deline originally isolated from a male infant with acute
monocytic leukaemiéTsuchiyat al.,1980) were maintained in suspension in Roswell Park
Memorial Institute (RPMI) 1640 medium (Sigma Aldrich, Dorset, UK) supplemented with
100 IU/mL penicillin (Sigma Aldrich, Dorset, UK), 100 pg/mL streptomycin (Sigma, Aldrich

Dorset, UK) and 1@ batchtestedfoetal bovine serum (FBS, v/v; Biosera, East Sussex, UK).

Mono Mac 6

Mono Mac 6cells, established from a patient with acute monoblastic leukaefAML,
Zieglerheitbrocket al., 1988) were cultured in suspension in RPMI 1640 supplemented
with 1001U/mL penicillin, 20Qug/mL streptomycin, 18obatchtested FBS (v/v), -Bx non
essential amino acids (NEAA, v/v; Life Technologies, Paisley, UK)%n@RI0supplement

(containing oxaloacetate, pyruvate and insuling;digma Aldrich, Dorset, UK).

H357

Human githelial OSCC cell line, H357, isolated from the tongue of a 74 year oldRriate

et al.,1990)were culturedadherent to tissue culture plastcy’ 5dzf 6 SO02Qa Y2R
medium (DMEM; Gibco, Paisley, UK) supplemented with 100 1U/micilie, 100ug/mL
streptomycin and 106batchtested FBS (v/v).
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NIH/3T3 (ATCRCRELE581)

3T3 murine fibroblast cells were cultured adherent to tissue culture plastic in RPMI 1640
supplemented with 100 IU/mL penicillin, 100 pg/mL streptomycin and 1@f4fortified

calf bovine serum (Sigma Aldrich, Dorset, UK).

For irradiation of 3T3, cells were exposed to 60 Grays using a &fbatiurce irradiator to
arrest cell growth and cryopreserved. Irradiated 3T3s were resurrected immediately prior
toused R NBFSNNBR (2 Ida WAotoQ OStfao
FNBGhTERT

Human telomerase immortalised epithelial cell line, FNBB6, isolated from a healthy volunteer
GSNBE YIAYUGFEAYSR AY RKSNBy(d Odz (diBe22y |y
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Component Volume Stock conc Final conc Storage
DMEM 330 mL - 66 % 4°C
I I YQa Cw 108 mL - 21.6 % 4°C
FCS 50 mL - 10 % -20°C
Penicillin/streptomycin 5mL - 1% -20°C
Amphotericin B 1.25 mL 250 ug/mL 0.625ug/mL -20°C
Adenine 2mL 6.25ug/mL 0.025ug/mL -20°C
Insulin 2.5 mL 1 mg/mL 5 pg/mL 4°C
3, 3, 5Tri- 0.5 mL 136 ug/mL 136 ng/mL -20°C
iodothyronine (T)

Apo-transferrin 0.5mL 5 mg/mL 5 pg/mL -20C
Hydrocortisone 80 L 2.5 mg/mL 4 ug/mL 4°C
Epidermal Growth 25uL 100 pg/mL 5 ng/mL -20°C

Factor(EGF)
Cholera toxin 500puL 8.47 pg/mL 8.47 ng/mL 4°C

Table2.1®

storage conditions for the componentsregdiR Ay DNB Sy Qa

cells. Adapted from Hearnden, V thesis, January 2011.

2.2.2 Primary cells

Normal oral keratinocyte isolation

D NB S y.QEablevliStiRthededlume, stock and final concentrations and

YSRA dzY dza ¢

Normal oral keratinocytes (NOWere isolated from the oral mucosa during routine dental

procedures with writen informed consent (ethical approval number 09/H1308/66) as

previously describe(Hearnderet al.,2009) Briefly, biopsies were incubated overnight at

4'C in 0.05 % tryps/0.02 % ethylenediaminetetraacetic acid (ED3#)plemented with

100 IU/mLpenicillin, 100pg/mL streptomycin and 0.62Hg/mL amphotericin B (Sigma

Aldrich, Dorset, UK). Following enzymatic digestion, the connective tissue was separated

from the epithelum; keratinocytes were gently scraped from the surface of the biopsy and

collected for subsequent culture.

Following centrifugation, NOK cells were cultured in
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DNBE Sy Qa TabeRI) aay maintained adherent to tissue cultupéastic on an i3T3

feeder layer until passage 3, where cells were discaf@etinwald and Green, 1975)

Normal oral fibroblast isolation

Primary human normal oral fibblasts (NOF) were isolated from the oral mucosa during
routine dental procedures with written informed consent (ethical approval number
09/H1308/66) as previously describétiearndenet al., 2009) Briefly, biopsies were
incubated overnight at 4C in0.05 % trypsin/0.02 %DTAsupplemented with 100 1U/mL
penicillin, 10Qug/mL streptomycin and 0.62%/mL amphotericin B (Sigma Aldrich, Dorset,
UK). Following enzymatic digestion, the connective tissue was separated from the
epithelium and finely nmced, followed by digestion with 0% collagenase A (w/v; Sigma
Aldrich, Dorset, UK) overnight in a humidified environment al@and %6 C®@. Following
centrifugation, NOF cellsvere cultured adherent to tissue culture plastim DMEM
supplemented wh 100 IU/mLpenicillin, 100 pg/mL streptomycin(v/v) and 10% batch-

tested FBS (v/viuntil passage 9, where cells were discarded.

Human peripheral blood monocyte isolation

Human peripheral bloochonocyteg PBM)were isolated from buffy coatgthical appoval
number 012597) by Ficdilypaque (GE Healthcare, Buckinghamshire, UK) density gradient
OSYUGNRFdzAI A2y ® . f22R 0O0Stta 6SNB YAESR
without C&*and Mg*; Fisher Scientific, Leicestershire, U)etully ovetayed onto Ficoll
hypaque and centrifuged a#00 xg for 40 minutes at room temperature with reduced
deceleration. The monocyte layer (between the upper serum and lower Figelis) was
removed by aspiratonising a Pasteur pipette and washed severak8nm HBSSn order

to further enrich the monocyte population, a human pan monocyte isolation kit was used

I O0O2NRAY3I G2 GKS YIydzZFlF OldzNENRA AyaidaNHzOGA

negatively selected using a cocktail of antibodies boumdrmicrobeads. Magnetically
labelled CD14D16 cells remained bound to an LS column, enabling CD14+CD16+ cells to

be collected.Monocyte purity was assessed by flow cytometry (ClRZHuman monocytes
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were cultured initially in suspension until they bame adherent to tissue culturdn
LAa020SQa Y2RAFTASR 5dz 65002Qa YSRAdZY ®WLab5ar
human AB serum (v/v; Sigma Aldrich, Dorset, UK), 100 IU/mL penicillin anag4AoD

streptomycin.

2.2.3 Passaging, cryogenic preservationdarecovery of cells
Passaging of cells in suspension culture

THPR1 cells were sulgultured when cell concentration reached 0.8%1€ells/mL, by
centrifugation for 5 minutes at 190gand cells were resuspended at @2x1@ cells/mL
in fresh, supplementg media. MM6 cells were sutultured when cell concentration
reached 1x1®cells/mL, by centrifuging for 5 minutes at 199 and resuspending cells at
0.6-0.8x1G@ cells/mL in fresh, supplemented medi@ells were passaged everg2lays and

cell concetration never exceeded 1x%@ells/mL.

Passaging of cells in monolayer culture

H357 FNB6and NOF cells were passaged at 90% confluenceetmpving media and
washing twice with calcium and magnesiirae phosphate buffered saline (PBS; Sigma
Aldrich, Doset, UK) before incubating with.05 % trypsin/0.02 %DTA(Sigma Aldrich,
Dorset, UKt 37 'C for 10 minutesor until cells were detachedMedium containing 10 %
FBS wasdded at a 1:1 (v/v) ratioto prevent further enzymatic activity. &lls were
centrifuged at 190 xg for 5 minutes,re-suspendedat the required concentrationTable
2.2) of appropriate cell cultureanedium and seeded into 76n¥ tissue culture flasks
(GreinerBio-One, Germany). At 80 % confluence, NIH/3T3 were passaged as aklbve.
cells were cultured in a humidified environment at ®7in 5% C®@and routinely tested for

mycoplasma contaminationMedia was refreshed every2days.
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Cell type Seeding density
H357 5x1¢/cm?
FNB6 13x1G/cm?

NIH/3T3 3x1C/cm?

Table2.2. Seeling densities of cell hes. The seeding density of cell lines H357, FNB6 and

NIH/3T3 is described.

Cells were counted using a Neubauer haemocytometer (Weber Scientific International,

Middlesex, UK) using the equation beliquation2.1):

66 a HRIGQ ap

6¢£¢ 0QE 08 'DOWEE O

06awION O WOITRI 6 VM E € 1

Equation2.1. Equation to determine cell mumber. The relationship between number of
cells counted with a haemocytometer and the total concentration of cells is described.

Freezing cells for cryogenic preservation

For long term storagesells were passaged (as above) and resuspend&rldf cells/mL in

freezing medium (906 FBS (v/v) with 1% dimethyl sulfoxide (DMSO, v/v; Sigma Aldrich,

Dorset, UK) One millilitreof this solution wasadded toeach cryovial (Greiner bione,

Gloucestershire, UK9r cryopreservation.Cryovials were placed In

aNXd CNRaidenx

container (Thermo Scientific, Leicestershire, UK) which achieves a cooling rat€ pet

minute to-80 "Cprior to longterm storage in liquid nitrogefor optimal cell preservation

Recovery of frozen cells

When required, cell were thawed and immediately +®uspended in appropriate

supplemented cell culture media, centrifuged at 199fgr 5 minutes to remove DMSO and

the pellet resuspended in media and seeded into 75 ¢issue culture flask.
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2.2.4 Differentiation of monocytes 6 macrophages
Human monocytederived macrophages

Human PBMin suspension were cultured in 7&n? tissue culture flasks, where they
immediately became adherent. Adherembnocyteswere washedwice with PBS every 3
daysand cultured in fresh supplementel¥IDM to remove noradherent cells. PBM were

differentiated to MDM for between 7 and 14 days.

THR1 macrophages

THR1 monocytes were seeded at 5¥¢1€ells/mL and treated with 20aM PMA (Sigma
Aldrich, Dorset, UK) as previously descriljpdigneaultet al., 2010) Briefly, cells were
incubated with PMA for 3 day®llowed by a resting phase for 5 daysa humidified
environment of 5% CQat 37 'C.

Mono Mac 6 macrophages

To differentiate MM6 cells into a macrophatike cell, adherence was induced as
previouslydescribed(Zieglerheitbrock and Ulevitch, 1993)Briefly, cell culture 2dvell
plates were precoated with 50 % (v/v) human serum diluted in PBS and incubated for 1
hour at 37°C. With precoatingserum removed, 1 mL of cell culture medium containing
0.5x1@ cells/mL was added to each well and cultured for 72 hours in the presence or
absence of 160 ng/mL PMA.

2.2.5 Polarisation of macrophages

To promote polarisation, MDM were treated with supplemeni®&DM with the addition

of human recombinant cytokines articoliLPS. To polarise MDM to an M1 phenotype, 10
ng/mL GMCSF (Peprotech, London, UK) was added, or for M2 polarised MDM 25 ng/mL M
CSF (Peprotech, London, UK) was added, for a total of 7 déysnedlia and cytokines
refreshed on days 3 and(Ehanget al.,2013) For the final 24 hours of theday culture
period, cell culture media was further supplemented with 100 ng/mL LPS (Sigma Aldrich,
52NARSGZ ! YO I ¢Péproteoh, Lohdok, YWK) for Mibpolarised Mhanget
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al., 2013) Alternatively, for M2a polarised MDM, 25 ng/mt4l{Peprotech, London, UK)
was added for the final 24 hours of cultuiZzhanget al.,2013)or for M2c polarised MDM,
20 ng/mL IL10 (Peprotech, London, UK) was addbtia et al.,2014) This isummarised
in Table2.3.

MO M1 M2a M2c
6 days - 10 ng/mL 25 ng/mL 25 ng/mL
GM-CSF M-CSF M-CSF
24 hours 100 ng/mL
- LPS 25 ng/mL 20 ngimL
20 ng/mL -4 IL-10
IFN

Table2.3. Polarisation ofmonocyte-derived macrophages The supplements used for
polarisation of MDM to MO, M1, M2a and M2c phenotypes are described.

2.3 3D cell culture

2.3.1 Use of acollagen hydrogel
Isolation of rattail type 1 collagen

Rattail type 1 collagen was isolated from rat tails kindly donateddsgarch groups led by
Professor Boissonad@rofessor Paul Hattaend Mrs Christine Freeman, The University of
Sheffield, at tle end of licensed studies and stored-20 'C. When required, these were
thawed and processed as previously descrili@djanet al.,2006) Briefly, under sterile
conditions, tails were folded and twisted to expose the underlying bone and tendons.
Bones were removed, and exposed tendomere cut and washed in PBS. Tendons were
then dissolved for 7 days in 0.1 M sterile acetic acid (Sigma Aldrich, Dorset, UK) aftde
resultant collagen solution was freedeied (VirTis Benchtop K Manifold freeze drier, SP
Scientific, Suffolk, UK) and-dgessolved in 0.1 M acetic ig@cto a stock concentration of 5

mg/mL and stored at 4C for use in collagen hydrogel preparatio
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Preparation of collagen hydrogel

Collagen hydrogel were prepared as previously describébongariBagtzoglou and
Kashleva, 2006) Biefly, keeping everything on iceat-tail type 1 collagen was mixed on

ice with 10x DMEM, reconstitution buffer (a mixture of2Mydroxyethylpiperazind-2-

ethane sulfonic acid (HEPES; Sigma Aldrich, Dorset, UK), sodium hydroxide (Sigma Aldrich,
Dorset, UK) and sodium bicarbate (Sigma Aldrich, Dorset, UKBS and-glutamine

(Sigma Aldrich, Dorset, URable2.4). This slution was neutralised to pH 7with 0.1 M

sodium hydroxide (Sigma Aldrich, Dorset, UK) before addifiaells. One millilitre of the
thoroughly mixed collagen mixture was then distributed to each well of -av@lt plate
(GreinerBio-One, Germany) and incubated at 3Zin a humidified environmenfor 20

minutes, allowinghe collagen hydrogel to set.

Component Final Concentration
10x RPMI 13.8 mg/mL
Sodium bicarbonate 2.25 mg/mL
HEPES 2 mM

1M NaOH 6.3 mM
FBS 8.5% v/v
L-glutamine 2.1 mM

Rat tail collagen, typé 3.365 mg/mL

Table2.4. Preparation of collagen hydrogelsThe final concentration of components used
in the preparation of collagen hydrogels:(Zhydroxyethyl)1-piperazinethanesulfonic acid
(HEPES$odium hydroxide (NaOH).
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Mono-culture of monocytes and macrophages within collagen hydrogels

One million monocytegeither PBM THR1 or MM6) or macrophages (™M or PMA
treated THPL) were added per millilitre of collagen hydrogel mixture and cultured With
mL per well okeither supplemented IMDMPBM and MDMpr RPMI 164@THR1, MM6,
and PMAtreated THPL). Celicontaining hydrogels were cultured for 14 days in a
humidified atmosphere 06 % CQat 37 'C. Media was refreshed evenBaiays.

Preparatian of tissueengineered oral mucosa

Collagen hydrogels were prepared as described previo(BiyngariBagtzoglou and
Kashleva, 2006Wwith the addition of 0.080.2x1@ NOFwithin the collagen hydrogel. For
models containing an immune component, eitliebx1® THR1 or 1:4x1® MDM were also
added within the hydrogel mixture. Once the hydrogel had 6€8x1® epithelial cells
(FNB6NOKor H357) in relevant cell culture media were seeded on top. Engineered mucosa
was incubated for 24 hours before lifting to an-kguid interface (ALI) within a 6 well plate
using perforated metal grids, with a fine mesh separating the grid and hydrfeigeré2.1).

6mL of cell culture media, appropriate to the epithelial cell type, was used to fill each well
to meet the underside of the engineered mucosa. Media was refreshed ev@idafs for

14 days.
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Figure 2.1. Production of tissue-engineered oral mucosa Image shows a collagen
hydrogel containing cells, cultured at #ir-liquid interface on top of a perforated metal
grid, separated by a fine mes)( DiagramE) is a gaphic representation of image A.
Diagram © is a schematic example section of a collagen hydrpggulated with
fibroblasts and macrophages with an overlying stratified epithelium.

2.3.2 Physical analyses of catbntaining collagen hydrogels
Contraction assg

After 14 days of culture, images of contracted hydrogels were taken using a background of
graph paper. The surface area was measured using ImageJ, and scale set using the graph

paper(Schneideet al.,2012) Results areeported as surface area measurements (fim
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Rheological examination

A rheometer (Bohlin Gemini, Malvern instruments, UK) was used to collect data measuring

the elastic modulus.Samples were loadedvith epithelium facing upwards, between 20

mm parallel pate and peltier plate heated t37°C.{ I YL} Sa ¢ SNBE & dzNNEP dzy

medium andl.0g of thrust was applietb maintain grip on the sample. nfoscillatory test

(frequency sweep fromi.0-0.1 Hz, 0.02 strain) was undertaken, wilasticmodulusand

gap size measurements recorded. In order to normalise the differences in sample size,

surface area measurements fraime contractility assay were related to the elastic modulus

at 0.1 Hz by the following equatioEquation2.2):
@i, R O ©Of @ Qb ¢a
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Equation2.2. Equation to determine stiffness The relationship between stiffnessample
surfacearea and elastic modulus is described.

Results from oscillatory tests are reported as elastic modulus (Pa) and gap sie (mm
2.4 Histological analysis

2.4.1 Formalinfixed paraffirembedded
Preparation of formalinfixed paraffirembedded blocks

To visualise tissue morphology, collagen hydrogele fixed in 186 PB®uffered formalin

(v/v) for 24 hours, processed overnight using a Leica TP1020 benchtop tissue processor
(Leica TP1ZD benchtop tissue processor, Leica Microsystems, Germaaple 2.5),
bisected andembeddedperpendicular to the bottom of the mould iparaffin wax (Leica
EG1160 embedding centre, Leica Microsystems, Germariyormalinfixed paaffin-

embedded (FFPE) blocks were stored at room temperature until use.
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Solution Time in Solution
10 % neutral buffered formalin 1 hour
70% alcohol 1 hour
70% alcohol 1 hour
90 % alcohol 1 hour
90 % alcohol 1 hour
Absolute alcohol 1 hour
Absolue alcohol 1 hour
Absolute alcohol 1 hour

Xylene 1 hour 30 mins

Xylene 1 hour 30 mins
Paraffin wax | 2 hours
Paraffin wax Il 2 hours

Table2.5. Histological processingchedule. Table shows the sofions and length of time
FFPE samples spent in each solution for histological processing.

Preparation of 4 um sections

FFPE blocks were cooled on ice blocks for 30 minutes prior to sectioning. Initially, blocks
were trimmed in 10 um sections until thersple was exposed at the surface of the wax
block. Four micrometer sections were prepared levels, 40um apart (Leica RM2235
microtome, Leica Miosystems, Germany), floated anparaffin section mounting bath
(Barnstead Electrothermataffordshire, UK transferredto a Superfrost plus micro slide
(VWR, West Sussex, UK) and incubated diC5tor D minutesto ensure the section was

fully adhered to the slide.
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Haematoxylin and eosin staining

Haematoxylin and eosin (H&E) staining was performed (Leica ST4040 Shandon Linear
Stainer, Leica Microsystems, Germahgble2.6). Haematoxylin is a basic dye which stains

the acidic cell nucleus blue, whereas eosin counterstain is an acidic dye which stains the
nucleus of cells pink. Once stained, slides were mounted with Dibutyl phthalate,
polystyrene, xylene (DPX) andrgales were covered with an appropriately sized coverslip.
Once DPX was set, slides were imaged using an Olympux BX51 microscope and colour view
lllu camera with associated Cell"d SOFTWARE (Olympus soft imaging solutions, GmbH,

Munster, Germany).

Order Soltion
1 Xylene
2 Xylene
3 Xylene
4 99% IDA
5 99% IDA
6 |99% IDA
7 Distilled water
8 Distilled water
9 |1 FNNRAQ KI SYI I
10 |1 F NNRAQ KFSYI {
11 |1 F NNRAAQ KFSYI {
12 |1 F NNRAQ KI SYI I
13 | Running tap \ater
14 | 0.1% acid alcohol
15 | Running tap water
16 |[{ 020G Qa GF LI gl
17 | Running tap water
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18 | Eosin X, agueous (Shandon)

19 | Eosin ¥ aqueous (Shandon)

20 | Eosin ¥ aqueous (Shandon)

21 | Running tap water

22 | 99% IDA
23 | 99% IDA
24 | 99% IDA
25 | Xylene
26 | Xylene
27 | Xylene
28 | Xylene

Table2.6. Histological stainingchedule. Table describes the order and solutions used for
histological staining of organotypic-colture sections. ndustrial denatured alcohol (IDA).

Immunohistochemistry

Immunohistochemistry (IHC) staining to determine the expression of CD&&dHerin,
AE1/3, vimentin, Ki67, collagendwd isotypematched controlsvasperformed by the core
facility. Staining wasisualised using light microscopy and 3 fields of view for each section,

cut in levels 4Qum apart, were analysed under the supervision of an oral pathologist.
2.5 Molecular analyses

2.5.1 Protein expression analysis using flow cytometry

Flow cytometry was used tonalyse single cell expression of key macrophage markers of
2D and 3D cultured cells. Both single colour and polychromatic staining methods were

used.

Sample preparation

Adherent cells were gently scraped using a cell scraper (Fisher Scientific, Utedhdoant

monocytes THR1, PBM andMM6) and cetached macrophages (PMA treated THRNnd
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MDM) were centrifuged atL800 xg for 5 minutes and resuspended at 1x®cells/mL in

cold staining buffer (PBS supplemented with % bovine serum albumin (BSRisher
Scientific, UK) and 0% sodium azide (Sigma Aldrich, Dorset,)UK}ernatively,for 3D
cultured cellscollagen hydrogels were enzymatically digested using 2 mg/mL collagenase
IV (Sigma Aldrich, Dorset, Wi)dincubated at 37C with shaking at00 rpmfor 1.5 hours.
Once digested, theesulting solution was passed through a 40n cell strainer (SLS,
Nottinghamshire UK) before washing twiceith stainingbuffer. All sample staining was
performed on ice to reduce the metabolactivity of cells, prevent apoptosis and prevent

receptor shedding or internalisation during staining.

Singlecolour sample staining

One millilitre of cell suspension containing 1 million cells wassferred toindividual
microtubes and pelleted for aining. Forsinglecolour antibody staining of ceburface
markers, cell pellets were incubated for 20 minutes witkher; primary followed by
fluoresceinisothiocyanate (FIT&€pnjugated secondary antibody (Life Technologies,
Paisley, UK); or 20 minwgevith directly conjugated antibody (Abcam, Cambridgeshire, UK);
or mouseimmunoglobulin GIgG isotypematched control diluted istainingbuffer (Table
2.7). Samples were incubatexh ice, in the darkfor 20 minutes Cells wee washed with

cold stainingbuffer and finally resuspended in 35QL stainingouffer on ice.
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Specificity Antibody Fluorochrome Vendor Dilution
CDh14 Primary (and PE Abcam 1:5(1:10)
secondary)
CD45 Directly FITC eBioscience 1:20
conjugated
CD80 Directly FITC Abcam 1:5
conjugated
CD163 Directly APC eBiosceince 1:20
conjugated
CD206 Primary (and FITC Abcam 1:50 (1:25)
secondary)
CPM Primary (and FITC Abcam 1:50 (1:25)
secondary)

Table2.7. Antibodies used for singlkeolour staining. The antibodies and fluorochromes
used for singlecolour flow cytometry analysis of key monocyte and macrophage cell surface
markers are detailed. Phycoerythrin (PE)uoffesceinisothiocyanate (FIT)C and
allophycocyain (APC).

Singlecolour sample analysis

For singlecolour flow cytometry, amples were analysed using BACSCalibur flow
cytometer (BD Biosciences, Oxfadre, UK) with 10 000 events collected. Fifiy/mL
Propium lodide (PI; Sigma Aldrich, Dorset, WK$ addedimmediately before sample
analysisfor dead cell exclusion; cells staining positively for Pl (based on gates set using
unstained cells cultured and treated under the same conditions as test samples) were
excluded from the analysisData was angsed usingFlowJosoftware (TreeStar) Cell
populations were gated using forward scatter (FSC) and side scatter (SSC) voltages for size
and granulariy respectively A threshold for positively fluorescent cells was set using cells
stained withan isotype-matched control. Normalised median fluorescence index (nMFI)
was determinedas previously describefChanet al., 2013) by the following equation

(Equation2.3):
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nMFI =

Equation2.3. Equation to determine nMFIThe relationship betweemedian fluorescence
intensity (MFI) of positive and negative staining in relation normalised MFIMF) is
described.

Polychromatic sample staining

The selected directhzonjugated macrophage markers were titrateddrder to determine
the optimal staining concentration. Antibodies were used at the manufacturer
recommended concdmationsand with the following dilution factorst:5 (v/v) followed by
serial dilutions of 1:2 (v/v). Staining index was determingédugétion2.4) and usedto
produce an antibody saturation curve identify optimal antibody stainingshown on
concatenated dot plots of thatrated antibody samples (red boxeBigure2.2).

o wQe"Q?QQ“Q& OPe | QO DAVQ QMO QL Q

CWi 0 weE AAUVMAQNO Q¢ ¢

Equation2.4. Equation to determine staining index. The relationship between standard
deviation and median fluorescence intensity (MFI) of positive and negative samples to
determine staining index for a selected fluorchrome is described.

Cells dispersed in a singlell suspension were washed in staining buffer anduspended

at 0.5x10 cells/mL with 1 mL transferred to individual microtubes. Samples were
centrifuged at 1800 g for 2 minutes, and supernatant discarded. Cells wersugpended

in 40uL staining bffer with 10uL FcR blocking reagent and incubated for 15 minutes at 4
°C. A titrated amount of each fluorochrortenjugated antibody was added and the total
volume made up to 10QL with staining bufferfable2.8). Samples are incubated for 20
minutes on ice, and protected from light. Cells were washed twice in 1 mL of staining buffer
and amineNB I OGA @S o0fdzS fAGBSKRSIR adGlrAy ol a dz
instructions. Cells were washed twice in 1 mL stainingebwihd finally resuspended in
350uL 1 % (w/v) paraformaldehyde diluted in PBS. Samples were analysed within 48 hours

of staining.
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Figure2.2. Concatenate displays of antibody conjugates and ramtibody reagents. Monocyte-derived macrophage gates were set based
on FSESSC dot plots, followed by exclusion of doublets andviable cells. Concatenate displays of titrations for CDE®), CD163%(B),
CDA45E eFluor 6100y CD8BF ©vanine{D), C[206°Fuor 450(F), CD36PC (P, CD14'exa Fluor 709G) - and amineeactive blue ), where each
concatenated dot plot represents all concentrations of each antibody ranging from 1:10 to 1:1600 dilutions, are compaeanéadured
fluorescence for eacfiuorochrome. Titres used for optimal staining conditions are highlighted (red box).
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Specificity| Fluorochrome Arétli:::y Vendor Catalogue no. concségfrI;tion Dilution
CD14 | Alexa Fluor® 70 61D3 eBioscience 56-0149 0.050 pg/pL 1:20
CD36 APC ACD6 MACS Miltenyi Biote{ 130-100-307 | 0.055 pg/pL | 1:10
CD45 PE eFluor® 61C HI30 eBioscience 61-0459 0.050 pg/pL | 1:20
CD80 FITC 2D10.4 eBioscience 11-0809 0.200 pg/pL | 1:20
CD86 PE Cyanine7 IT2.2 eBioscience 25-0869 0.025 pg/pL | 1:20
CD163 PE eBioGHI/61 eBbscience 12-1639 0.050 pg/pL 1:20
CD206 eFluor® 450 19.2 eBioscience 48-2069 0.050 pg/pL 1:20

Viability Ami”;LeeaC“"e n/a Life Technologies | L23105 nla 1:1000

Table2.8. Flow cytometry reagent informabn. Detailed information on the commercially available antibodies norantibody
reagentsused. Not applicable (n/a).
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Polychromatic sample analysis

A customised LSRII flow cytometer (BD Biosciences, California, USA) with the configuration

shown h Table2.9 was used to collect all polychromatic flow cytometry data.

Laser Wavelength| Laser Spectral | Long pasg Band pass| Fluorochrome
(type) (nm) power range for (nm) (nm)
(mw) detector
(nm)
515545 505 530/30 FITC
Coherent® 488
{ I LILKA|  (Blue) 562-588 550 575/26 PE
(solid state 20
600630 600 610/20 PEeFluor 610
750810 755 780/60 PECyanine7
Coherent 405 25 425475 - 450/50 eFluor 450
wl RA dza ) (Violet)
(solid state)
Lightwave 355 20 425475 - 450/50 Reactie blue
.0 GS]T (Uv)
(solid state)
W5{ | YA 650670 655 660/20 APC
1344P (helium 633 17
neon (HeNe) (Red) 707.5752.5 - 730/45 | Alexa Fluor 700

gas)

Table2.9. LSRIInstrument configurdion. Thepolychromatic flow cytometnpanel was
set up using a customised BD LSR Il with the listed lasers and filters.

Data was analysed using FlowJo software and the following gating strategy applied to all

stained samplesHigure2.3). FSC and SSC gating was used to remove debr€ i and

anti-CD45 antibodies were used to selected the cells of interest and single cells were

selected to remove doublet events. A time gate was used to check for stable flow of cells

and viability gate was used to remove nomble cells stained with amia@active blue

viability stain. Flow cytometry data in this work is presenteith both percentage of cells

positive andnMFlvalues reported. dgether thesevaluesprovide an accuratsummary of
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the results percentageositivegates (set based on <1 % positive cells in unstained samples)
alone reduce theresolution of the dataas they can be skewed to outliers and dot

account for banges in fluorescence intensity. This informat®provided by nMFI values
(Charet al.,2013)
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Figure 2.3. Gating strategy used forpolychromatic flow cytometryanalyss. Monocytederived macrophages were stained with 7
fluorochromeconjugated antibodies in aditin to an aminereactive viability stain. Areas of stable flow were select®dafd debris was
excluded from the analysiB), Any CDI€D45events were excluded} before single) and viableK) cells were selected. The remaining

cell population(F) isused for analysis.
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Compensation and fluoresceneminus-one controls

During cell staining, CompBeads and ArC Compensation Beads were stained according to
0KS YI ydzfF I O dzNB NBudsperdygdairioNsdfd (1 Re2pyraformaldeRydeNib
PBS. laddition, a sample of dead cells was prepared by incubating cells for 15 minutes in
100 % (v/v) ethanol at room temperature. These were mixed with the same number of
viable cells and stained with amimeactive blue viability stain according to the
manufeO i dZNBE NRa Ay aGdNHzOGA2y & d ¢tKSasS al YL} Sa
fluorochromes in polychromatic stained samples. An example compensation matrix is
provided [Table2.10). Fluorescenceninusone (FMO) controls weresed to set gating for

all selected fluorochromes as showfiqure2.4).
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&N B S _ A Coherent Lightwave | Cx
I 2KSNBydt {FLLKANBy| O L TSIl we Ly A LKE &
Blue 530/30 | Blue 575/26 | Blue 610/20 | Blue 780/60 | Violet450/50 | UV 450/40 | Red 660/20 | Red 730/45
Blue 530/30 - 43.3357 18.2063 1.6358 0.000 0.2610 0.000 0.3025
Blue 575/26 0.5077 - 42.7495 4.9803 0.0000 0.0246 0.0000 0.0508
Coherent®
{ F LILIK A| Blue 610/20 18.59 42.79 - 0.38 0.00 0.33 0.01 0.04
Blue 780/60 0.00 5.00 11.01 - 0.00 0.20 0.21 1.09
Coherent | Violet 450/50 0.10 0.00 0.03 0.00 - 19.37 0.00 0.00
wl RA dza
Lightwave |\ 450140 0.30 0.02 0.00 0.45 2.72 ; 0.02 0.00
- 0éedus
DS Red 660/20 0.00 0.04 0.35 0.08 0.19 1.32 - 0.46
Ly ALKk
1344pP Red 730/45 0.00 0.00 0.00 0.00 0.00 0.02 33.34 -
Table2.10. Compensation matrix. ¢ KS / 2Y LISy al GdA2y YFGNRE | LILX ASR oeé 5 [{wL

Compensation Beads.
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Figure2.4. Fluorescenceminus-one controls.Fluorescencaninusone (FMO) controls excluding CB&5uor 610B) and CD1/4exa Fluor 709C)
were used to accurately gate CDBhd CD45positive cells@). The use of unstained cells adoto draw gates (red dotted linéy) would
have resulted in selection of CDhégative cells as falgmositive. FMO controls excluding FIB; PEF), PE Cyanine 5|, eFluor 450H)

and APCI)Y were also used for the correct positioning of gates.
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2.6 Andysis of model culture media

Cell culture media was collected from MDM in adherent culture (2D) following 7 days of
differentiation from monocytes, or from collagen hydrogels containing MDM alone or oral
mucosa models containing FNB6 and NOF in additioid®/ (3D) following 14 days of
culture. Cell culture media was centrifuged for 5 minutes at 18§Gakquoted and stored
at-80 'C until analysisThese sampls were analysed usiremzymelinked immunosorbent

assay (ELISAhda lactate dehydrogenase releasdDH assay as described below.

Enzymelinked immunosorbent assay

Conditioned media was collected and analysedthe presence of 6 protein by ELISA

dzaAy 3 |y . % Eh$AlsetlL(BD« Biokclesic€alifornia, USA) following the

YI ydzFl OG dzNB ND & A v GoNdiztratiargf Y-8 drotein ivhsBidtesrnyined

using a spectrophometefTecan Mannedorf, Switzerlangdat 450nm (with wavelength
O2NNBOGA2Y G ptnanyYo FyR FylLrftedaSR | O0O2NRA
Microsoft Excel.The concentration of protein was determined by comparison to a standard

curveusing a range of 1& of known concentrations

Lactate dehydrogenase assay

The CytoTox 96® n@adioactive cytotoxicity assay (Promega, UK) was used to detect
lactate dehydrogenase (LDH) release as a measure of cell deddbtate dehydrogenase

is released upon cell lysis. In this assay, LDH released from lysed cells results in the
conversion of iodonitrotetrazolium chloride (INT salt) into a red formazan product. Cell
culture conditioned media was used to detect LDFSrela S F2f f 2 Ay 3 (GKS
instructions. The amount of red colour formed was proportional to the number of lysed
cells and can be measured at an absorbance wavelength of 490 nm by spectrophotometer

(Tecan Mannedorf, Switzerland).
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2.6.1 Gene expression alysis
RNA isolation

Total RNA was isolated from cell pellets of PBM immediately following magnetic cell sorting,

or from cell pellets of MDM cultured for 7 days adherent to tissue culture plastic, in the
absence or presence of KSF or GNCSF using Isoatl RNA mini kit (Bioline) according to

GKS Yl ydzFl OGdzZNEND&a AyadNiHzOGA2yao wb! ljdz y
spectrophotometer (Fisher Scientific) to assess the ratio of absorbance at 260 nm and 280
nm (only samples with a ratio of appimately 2.0 were used). RNA was storeeB&t'C

until use.

Preparation of cDNA

Complementary DNA (cDNA) was prepared from isolated RNA using a high capacity cDNA
NEJSNES (NI yaONRLIiAz2zYy (1AdG o! LI ASR .rdsz2zaeéali
Using a 2720 thermal cycler (Applied Biosystems), -@peeific and oligo dT priming was
enabled at 25C for 10 mins, followed by 120 mins at"8&7for optimal reverse transcription

of RNA and 5 mins at 88 for termination of the reaction. cDNA svatored at20 'C until

use.

Quantitative reattime PCR

cDNA was subsequently analysed using quantitativetinea polymerase chain reaction
(QRTFPCR) by the addition of cDNA to gFOR master mix containidg SYBR Green mixture
(Applied Biosystems) wit0.5uM gene specific forward and reversarpers (Sigma) Small
nucleolar RNA U6 (TagMan probe) was used as an endogenous control for-8ICERT
assays. Assays were performed in triplicate using 7900 HT Fast real time PCR equipment
(Applied Biosystemsandmeasured usingDS version 2.4. Forty cycles comprising 6€95

for 15s to enable cDNA strand denaturation, Dfor 60s to enable primer annealing and

strand elongation, and 95 for 15s for strand termination were usedycle threshold@T)

values were recorded using RQ manager version 1.2.1 and the di&erienCT values
0SG6SSy GKS GIFINBSG 3ISYyS FYyR SyR23Sy2dza 02y
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Ol f Odzf F ISR 0& Yy 2NXNI f A&RAY Prinpel séquatices adedndicaie® dzy
in Table2.11.
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Primer Name Forwardsequence Reverse sequence

CPM p RAGGTGGAATGCAAGAT| o-OGATATTTACAGCATGACA

Table2.11. Oligonucleotide sequences.
The melt curve of designed SYBR Green primm@oiaded in the appendix

2.7 Statistical analyses

Error bars are not typically recommended for experiments where n=3 or less, therefore
individual data points have been plotted where possible. To draw comparisons between
control and experimental data, standard error mean bars have been shown for
independently repeated experiments (n=3 or more) and the number of repeated measures
have been indicatedCumminget al.,2007) The length of these inferential error bars can
give a graphic depiction of uncertainty in the data, as opposed to descriptiee fears,

such as range and standard deviation, which show the spread of the data. Where

representative experiments are shown (i.e. n=1) statistics have not been presented.

As repeats in this work are typically limited to n=3, the distribution of thia ¢annot be
determined. Therefore, parametric tests have been used as it is recommended that non
parametric tests are only used wheniO in the absence of normally distributed datae

to the Central Limit Theorum. In addition, nparametric testswhilst making fewer
assumptions than parametric tests, often provide higher p values, resulting it difficulties
identifying true differences, especially in the case of small sample sizes. For small sample
sizes, statistical tests are not robust, and camyagive an indication of whether the null

hypothesis may be rejected or accepted.
GraphPad Prism 7 was used for all statistical analysis.

Onesample Ftest

A onesample fiest compares the mean of data to a hypothetical value. A small p value

suggests tht differences between the mean and hypothetical value are unlikely to be due
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to coincidence and so may be statistically significant. Conversely, a large p value suggests

there is no evidence for difference between the mean of the data and a hypothetitsd.

Unpaired Ftest

An unpaired Ttest has been used to compare the means between two different groups. A
small p value suggests that the differences observed between the two means are not a
coincidence. A large p value here suggests that there ismmigh evidence to show that

the means of the data differ.
Oneway ANOVAs A (i K ¢ dz[t&se Qa L2 &

A oneway analysis of variance (ANOVA) compares three or moreaitohed groups and
determines whether or not random sampling would result in equal means.h \ti¢
I RRAGAZ2Y 2 Fest oodnjuliple@amparigoasiia ongay ANOVA provides more
robust statistical analysis that accumulating results from multiptests. A small p value
suggests any differences observed between means are unlikely to beodtendom

sampling.
Linear regression

Linear regression was calculated to determine the H#sline and hence determine

collagen concentration from matrix stiffneBggure5.9.
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3 Chapter 3: Development of 2D Culture
Methods for Primary and Cell Line Monocytes

and Macrophages
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3.1 Introduction

Monocyte cell lines are often used in place of primary cells due to the challenges of
acquiring ethical approval, collecting patient samples and isolating cells from samples.
Although trere is an abundance of published research using both primary and cell line
monocytes and macrophages, a huge variety of methods are cited. Therefore, the two
dimensional (2D) culture methods of both primary and cell line monocytes and

macrophages requiredptimisation.
3.2 Isolation and purification of peripheral blood monocytes

3.2.1 Isolation of peripheral blood monocytes from whole blood

Whole blood is mostly made up of plasma (55 %) containing electrolytes, nutrients, organic
waste and proteins dissolved in wateThis aids the transport of erythrocytes (45 %) and

peripheral blood mononuclear cells (<1 %). Monocytes are found in the buffy coat layer,
along with small numbers of other leukocytes (neutrophils, eosinophils and basophils) and

platelets.

Whole bloodfrom healthy volunteers was stained with #&njugated antCD14 antibody,
erythrocytes lysed and samples analysed by flow cytometry to determine the percentage of

monocytes presentHigure3.1). A CD14+ gate was drawn basedarunstained sample.
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Figure3.1. Laikocyte composition of whole blood.CD14+ events whole blood A) are
labelled as monocytes and shown separated frgmphocytes and neutrophilsy FSC and
SS(B) with percentage numbers of cells in whole blood display€ates were set based
on unstained cells. Dot plots are representative of two independent experingn
measured in duplicatenE2 and summarised in scatter plotC} where error bars show
standad error mean.

A distinct population of cells stained positive for CD14 and could easily be separated from
the rest of the cells in the whole blood preparation. The nMFI of monocytes was 16.4
compared to 1.03 for lymphocytes and 2.34 for neutrophils. Ssjmn of monocytes,
based on CD14 expression, from lymphocytes and neutrophils (subsequently gated based

on FSC and SSC) shows that samples of whole blood were comp&5et%flymphocytes,

29.0 % neutrophils and 5.9 % monocytes
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3.2.2 lIsolation and puriication of peripheral blood monocytes from buffy coats

Buffy coat layers are separated from plasma and erythrocytes through the centrifugation of
whole blood and the use of these for isolation of PBM may result in a higher yield o+ CD14
cells. Additionty, a pan monocyte isolation kit using negative selection by depletion of
magnetically labelled, nemonocyte cells, can further enrich the number of Cbtélls

(Figure3.2).
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Figure3.2. Purificationof peripheral blood monocytes isolated frorbuffy coats. The
percentage of CD14+ celisbuffy coatlayers before use of a magnetic purification column
(A), after magnetic separationB] and residual cells remaining bound tet magnetic
column Q. Dot plots are representative of two independent experiments, measured in
duplicate (=2 and summarised in scatter pld@)( Error bars show standard error mean.

Isolation of monocytes from buffy coats using Fitgibaque centfugation resulted in an

increase of CD14+ cells from 5.9 % in whole blood to 33.7 % in the peripheral blood
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mononuclear cell preparation. The additional use of a magnetic purification column
resulted in a markedhcrease in the percentage of CD14+ cell94.2 %with only 4.5 %

CD14+cellsresiduallybound to the columrafter its use.

3.3 Monocyte to macrophage differentiation

Monocytes are small, spherical cells with a reniform nucleus and very few grgAulésy

et al.,2009; Geissmann, 2010; Ginhoux and Jung, 2014; Terry and Miller, 20td3ponse

to MCR1, monocytes are recruited to sites of injury where they extravasate into the tissue,
from the blood stream, and differentiate into macrophages. Thisngkacan be
characterised by a morphological change where cells increase in size and graQlaaity

et al.,2012) In vitro, human monocyte to macrophage differentiation can be stimulated
through gdastic adherence or the use of exogenous cytokine stimulation, such@SMor

GM-CSF.

3.3.1 Differentiation of peripheral blood monocytes to monocytderived

macrophagesn vitro in 2D

PBMC isolated from buffy coats through Fitylpaque density centrifugain were seeded

at 1x1Gcells/mL (v/v) to 5x1%cells/mL(v/v) to determine an optimal seeding density, with
3x10 cells/mLfrequently reported in the literature and found here to provide a good yield

of MDM per 75cr tissue culture flask. As monocytedhere rapidly to tissue culture
plastic, PBMC were washed after 3 hours, 24 hours, and every 3 days thereafter for up to

14 days to remove contaminating lymphocytes.

Detachment of monocytederived macrophages from cell culture plastic

In order to determme purity and viability of MDM, cells required detachment from tissue
culture plastic. Previous literature mostly omitted information relating to cell detachment,
therefore a variety of methods were tested, including the use of cell scrapers into flow
cytometry staining buffer or cell culture media, low adherence plates, macrophage
detachment solution, EDTA alone or in combination with trypsin and cell dissociation

solution. Detachment methods were compared in terms of MDM recovered as a
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percentage of thdotal events, and the percentage of these that were viable, determined

by staining with PIRigure3.3).
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Figure3.3. Recovery of viable 2 vitro cultured monocyte-derived macrophagesising

a variety of detachment methodsFollowing monocyte to macrophage differentiation over

14 days of adherent culture, monocytierived macrophages (MDM) were recovered using

a variety of methods (shown in key). Recovered MDM were stained with propium iodide
for dead cell exclusion and percentages of total eveA)sahd percentages of viabtells

(B) reported. Gates were set based on unstained cells treated under the same detachment
conditions. Data shown are for three independent experiments (n=3) and error bars show
standard error mean.

Low adherence plates prevented monocytes from adtgein the first instance resulting in
unsuccessful culture of MDM. The use of EDTA alone (9.1 %) or in combination with trypsin
(15.5 %), or cell dissociation solution (7.9 %) led to recovery of a very low percentage of
intact MDM. The use of macrophadetachment solution (62.7 %) and scraping into PBS
(87.8 %) or IMDM (61.0 %) enabled improved recovery of intact MDM. Of the three
detachment methods that yielded the highest percentages of intact MDM, scraping into
IMDM resulted in the highest percenta@f viable cells (67.9 %) compared to macrophage
detachment solution (57.5 %) and scraping into flow cytometry staining buffer (28.6 %).
Statistical analysis using @a@way ANOVA Wi K ¢ dz] SeQa YdzZ GALX S O2°
significantly higher percentagef viable MDM after scraping into IMDM compared to
scraping into staining buffer (p=0.0301). However, there was no statistically significant
difference in the percentage of viable MDM through scraping into macrophage detachment

solution compared to eithescraping into staining buffer (p=0.0983) or scraping into IMDM
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(0.6261). For all further experiments, MDM were recovered using scraping into IMDM due
to improved recovery of intact MDM and percentage of viable MDM recovered following

adherent culture i2D, compared to other detachment methods tested.

Percentage of monocytelerived macrophages expressing CD14+ over 14 days

CD14binds microbial ligands such as LPS to initiate an inflammatory resgBosssiret

al., 1998) It is often used as a marker for monocytes and macrophages. Literature
frequently cites culture of MDM from 7 to 14 days in order to acquire a population of MDM
>95 % CD14+. Indar to determine the optimum cell culture time for >95 % CD14+ cells,
PBMC were differentiated to macrophages for up to 14 days. Purity was assessed using
anti-CD14 antibody staining and analysis by flow cytometry, after 3 hours, 24 hours, 7 days
and 14 cys of culture. The percentage of CD14+ events was compared to those found in
whole blood and immediately after Ficdlypaque density centrifugation. Gates used were

based on unstained samples from the same time pdigyre3.4).
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Figure3.4. Percentage of monocyteerived macrophages expressing CD14 following
isolation and culture. The percentage CD14+ events in whole bloApddr immediately
after Ficolthypaquedensity catrifugation Qhrs,B), andsubsequent culture fo8 hours Q),

24 hours D), 7days E) and 14 daysH of plastic adherent culture Following culture of
various times, cells were stained using &DB14F antibodies and analysed using flow

cytometry, fdlowing dead cell exclusion using propium iodide.
unstained cells cultured under the same conditions. Data are summarised in scatter plot

Gates were set using

(G) and dot plots are representative of three independent experiments (n=3), error bars
show saindard error mean and significance was determined using results from -avape
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The percentage of CD14+ events analysed by flow cytometry increased from whole blood
(4.8 %), again following density cafigation (25.7 %) and again following culture for 3

hours (52.4 %), 24 hours (76.0 %), 7 days (92.6 %) and 14 days (93.1 %). The size of individual
cells and spread of the whole population also increased over 14 days. There was no
significant differencen the percentage of CD14+ events identified between whole blood

and 0 hours (p=0.0675), 3 hours and 24 hours of culture (p=0.0346), 24 hours and 7 days of
culture (p=0.1938) or 7 days and 14 days of culture (p=>0.9999), however there was a
marked increas in CD14+ events from 76.0 % after 24 hours to 92.6 % after 7 days. There
was also a significant increase in the percentage of CD14+ detected between 0 hours and 3
hours of culture (p=0.0157) and 3 hours and 24 hours of culture (p=0.0346). Consequently,

MDM were cultured for 7 days in ensuing experiments.

Carboxypeptidase M gene expression by monocgerived macrophages in 2D

The cell surface expression of carboxypeptidase M (CPM) by macrophages has been shown
to be increased compared to expression byrmacytes. CPM has therefore become a widely
used marker of monocyte to macrophage differentiat{@®ehliet al., 1995) The expression

of CPM by PBM isolated from buffy coats and purified using magnetic separation was
compared to the expression of CPM by MDM cultured in the presence of eitheZ&MM

CSF or wstimulated for 7 days. The expression of CRM measured using gRPICR
(Figure3.5).
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CPM fold change

Figure 3.5. Monocyte-derived macrophagesappear to express higher levels of
carboxypeptidase Mhan peripheral blood monocyte Expres®on of CPM byeripheral
blood monocytes®BM), or monocytederived macrophagesMDM) culturedfor 7 daysin

the absence or presence of cytokines-Q%F or GNCSF) was compared using fold change
determined by gPCR. Data are representative of two indepeneeperiments i=2).
Compared to monocytes, which expressed very low levels of CPM, MDM expresedd 29
more CPM. In addition, stimulation with G&SF and MCSF resulted in even higher levels
of CPM expression, with a-3dld and 41fold increase irexpression respectively compared
to monocytes. In proceeding experiments, &3F and MCSF were used in M1 and M2

stimulated cultures of MDM, respectively, and compared to MDM cultured in the absence

of additional cytokine stimulationsed to promote differentiatior{Table2.3).

3.3.2 Differentiation of Mono Mac 6

Previous literature has shown that MM6 monocytes could be differentiated to display
characteristics of macrophages, such as reduced proliferation and increase phagocytosis
through the use of prostaglandin ERPS or PM&ieglerheitbroclet al.,1994) However,

this study was unable to successfully differentiate MM6 cells and replicate published

results.
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3.4 Preliminary comparison between THE, Mono Mac 6 and peripheral blood

monocytes

THR1 and MM6 commerciallywvailable monocytes are often used in research to represent
PBM, however there is limited evidence comparing the expression of key markers in these
cells. THR and MM6 monocytes cultured in suspension were compared to PBM in relation
to size, granularityand cell surface expression of key monocyte and macrophage markers

using flow cytometry.

3.4.1 Differences in morphology of THP, Mono Mac 6 and peripheral blood

monocytes

PBM, THR and MM6 monocytes in cell culture medium were visualised using light
microsc@y and analysed by flow cytometry. Monocytes were gated based on FSC and SSC
to exclude contaminating lymphocytes in the mononuclear cell preparation and cell debris
from all samples. The size and granularity of the different monocyte cell types was

compared Figure3.6).
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Figure3.6. Differences in morphology operipheral blood monocytesTHR1 and Mono Mac 6 Peripheral blood monocytes (PBM)
immediately followiry isolation and magnetic cell sorting, or FHRBRnd Mono Mac 6 (MM®6) cells cultured in suspension were imaged and
analysed using flow cytometryLight microscopy images show the differences in giZ2BM(A), MM6 and THPL (B) cells. Dot plots show
differences in size (FSC) and granularity (SSC) ofG@BWM6 ©) and THRL (B cells, with gates usddr analysiglisplayed following dead

cell exclusion using propium iodidérrows indicate PBMA) and THRL (B) in suspension, andgiuresdisplay datdrom a single experiment

(n=1.
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Light microscopy showed visible differences in size between blood monocytes (6 um) and
THR1 cells (16 pmChitraet al.,2014). Forward scatter data collected using flow cytometry
was measured as 553, 512 and 456 for PBNR1 and MM6 respectively, and side scatter

was measured as 254, 269 and 342, respectively.

3.4.2 Differential protein expression imfTHR1, Mono Mac6 andperipheral

blood monocytes

To determine whether THP or MM6 monocytes could accurately represent PBMhim
expression of key monocyte and macrophage markers, flow cytometry using antibodies
targeting CD14, CD45, CD80, CD163, CD206 and CPM was used. RPBMnd M6
monocytes were stained with primary and fluorochrommenjugated secondary antibodies

or fluorochromeconjugated primary antibodies and analysed by flow cytometry to detect

cell surface expression of selected markétigre3.7).
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Figure3.7. Differential expressim of key monocyte and macrophage markers in FlHPMono Mac 6 and peripheral blood monocytes.
Peripheral blood monocytes (PBM) directly following isolation and-T'dPMono Mac 6 (MM6) monocytes cultured in suspension were
labelled with antibodies to etect expression of CD14, CD45, CD80, CD163, CD206 and carboxypeptidase Mr@@BMjlow cytometry
analysis. Black, unfilled histograms show expression of markers fo(ABMHPL B) and MM6(C) celk, compared to an isotypmatched
control (grey/filled histogram) in the absence of FCR blocking reagent. Gates used for ana\assshown ifFigure3.6, where cells are
gated on size and granularity in the absence of dead cell exclusion. Green box highlights M1 n88egand red box highlights M2
markers, CD163 and CD206at&®are shown for a single experiment=().
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As expressed by nMFI values, PBM expressed high levels of CD14 (327.8), CD45 (92.7),
CD163 (14.3) and CD206 (6.8) with lower levels of CPM (21.0) BBA (2.5).
Comparatively, THR monocytes expressed lower levels of CD14 (25.8), CD45 (41.8), CD163
(1.8) and CD206 (1.6) but higher levels of CPM (23.5) and CD80 (5.0). MM6 monocytes
expressed the lowest levels of CD14 (18.3), CD45 (9.7), CD206 PM3[j6.8) and CD80

(1.4) but expressed higher levels of CD163 (4.4) compared td TEBs, although this was

still considerably lower than for PBM cells.

3.5 Preliminary comparison between THPPMA and monocytalerived macrophages

Although THRL PMA cells & often used to represent MDM, it has previously been
reported that they do not show the same increases in size, granularity or cytoptsmic
nuclear ratio as those seen in MOMaigneaulet al.,2010) 2Dcultured THPL PMA were
compared to MDM in rel@gon to size, granularity and cell surface expression of key

monocyte and macrophage markers.

3.5.1 Differences in morphology of THP PMA and monocytealerived

macrophages

Once differentiated, THR PMA and MDM were compared using light microscopy and
analysedoy flow cytometry. A gate excluded smaller events likely to be cell debris and the
two cell types were compared using FSC and SSC as measures of size and granularity

respectively Figure3.8).
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Figure3.8. PMAtreated THRP1 monocytes appear to display a difference immorphology

to monocyte-derived macrophages.Monocytederived macrophages (MDM) cultured for

7 days in adherent culture or THPmonocytes treated with PMA for @ays in adherent
culture were imaged and analysed using flow cytomelright microscopy images show the
differences in size afhonocytederived macrophages (M, A) and PMAtreated THR1
(THR1 PMAB) cells. Dot plots show differences in siZ8C) andranularity (SSC) of N\iD

(© and THPL PMA (D) cells, with gates usefbr analysisdisplayedfollowing dead cell
exclusion with propium iodideBlock arrows indicate macrophages, dashed arrows indicate
nuclei and noradherent cells are highlighted in cie. Figuresdisplay data from a single
experiment (=1).

The visible differences between THRPnonocytes and PBM were again apparent between
THR1 PMA and MDM. Through light microscopy, MDM were visualised as a homogeneous
population will large, flatells displaying a large nucleus and cytoplagicuclear ratio.

In contrast, THR. PMA formed a heterogeneous population with some cells displaying

features of differentiated macrophages, whilst others appearedatfected by PMA

treatment. In additio, the large differences in size between MDM (31um) and-TRRIA
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(23um) could be observehitraet al.,2014). Flow cytometry measured FSC for MDM as
462 and 615 for THP PMA. SSC was measured as 214 for MDM and 287 feit PNIA,
indicating that MDMwere larger and more granular than THIFPMA.

3.5.2 Differential protein expression of THR PMA and monocytalerived

macrophages

To determine whether THP macrophages could accurately represent MDM in the
expression of CD14, CD45, CD80, CD163, CD206 anfildwP&§tometry was performed.
THR1 PMA and MDM were stained with primary and fluorochrecemjugated secondary
antibodies or fluorochrom&onjugated antibodies for cell surface expression of selected

markers to enable comparisons to be drawn betweentihie cell types Figure3.9).
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Figure3.9. Differential expression of key monocyte and macrophage markeiihAtreated THR1 andmonocyte-derived macrophages
THR1 morocytes treated with PMA (THP PMA) for 8 days or monocytierived macrophages (MDM) cultured for 7 days in adherent
culture were detached using scraping into IMDM and labelled with antibodies to detect the expres€ibi4f CD45, CD80, CD16B206
andcarboxypeptidase M (CPM). Black;filled histograms show the expressiah markers by MM (A) andTHR1 PMA 8), compared to
an isotypematched control (grey, filled histograms) in the absence of FcR blocking reagent. Gates used for analysis\areiafigiioe
3.8, where cells were selected using size and granularity, in the absence of dead cell exclusion. Green box highlights NCD®ay leergl

red box highlights M2 markers, CD163 and CD2@da &e shown for a singkxperiment (=1).
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Measured by nMFI, MDM showed high expression of CD14 (9.7), CD80 (1.8), CD206 (14.9)
and CPM (14.9) with lower expression of CD45 (4.1) and CD163 (4.6) comparedlto THP
PMA which expressed lower levels of CD14 (4.2), CD80 (1.1), @Q0Batd CPM (5.2) but
higher expression of CD45 (23.9) and CD163 (6.3).

3.5.3 Preliminary comparison of monocyte to macrophage differentiation of
THR1 to THP1 PMA and peripheral blood monocytes to monocyte

derived macrophages

The nMFI values of the panafl markers used to characterise PBM, THMM6, MDM and
THR1 PMA cells were used to draw comparisons in the expression of selected markers

between PBM and MDM, and THRand THA PMA Figure3.10).
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Figure 3.10. Changes in expression levels of key monocyte and macrophage martkecigh differentiation of peripheral blood
monocytes to monocytederived macrophages, and THPto THR1 PMA. Peripheral blood monocytes (PBMymediately following
isolation and magnetic purification, THPmonocytes cultured in suspensiofi-iRP1 monocytes treated with PMA (THPPMA) for 8 days
or monocytederived macrophages (MDM) cultured for 7 days in adherent culture were detached usapingcinto IMDM (THR and
MDM only) and labelled with antibodies to detect the expressiorCbfLl4, CD45, CD80, CD16®206 and carboxypeptidase M (CPM).
Normalised median fluorescence intensity (nMFI) values for CD14, CD45, CD80, CD163, CD206 aadli€®ptd/ed as bar charts to
compare PBM with MDMA) and THR with THPL PMA B). Data shown are for a single experimamtJ).
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As measured by nMFI values, a decrease in the expression of CD14 (327.8 to 9.7), CD45
(92.7t0 4.1), CD80 (2.5t0 1.8), ®3114.3 to 4.6) and CD206 (6.8 to 1.0) was observed in
PBM and MDM respectively. An increase in the expression of CPM was observed from 14.9
in PBM to 21.0 in MDM. A comparison between IHihd THR PMA showed a decrease

in the expression of CD14 (850 4.2), CD45 (41.8 to 23.9), CD80 (5.8 to 1.1), CD206 (1.6

to 1.0) and CPM (23.5t0 5.2), and an increase in CD163 expression (1.8 to 6.3), respectively.

3.6 Discussion

There are many barriers in research preventing scientists from using primary cells in al
experiments; ethical approval, primary tissue availability, patgatient variation, longer
protocols and added costs, to name just a few. Therefore, cell lines are often used as
alternatives due to ease of culture and increased reproducibility. Weweells lines are

in most cases derived from malignancies and are therefore not representative of primary,
normal cells in many aspects. The results in this chapter have shown the optimisation of
methods for the isolation and culture of primary monoeytand macrophages, and a
preliminary comparison to their cell line equivalents has been drawn. These results will

now be discussed in light of the published literature.

3.6.1 Isolation of peripheral blood monocytes

Monocytes are the precursors to macrophagesynocytes can be found circulating in
peripheral blood, whereas macrophages can be found terminally differentiated and residing
in tissues. Typically, monocytes are isolated from peripheral blood and differentiated to
macrophagedn vitro. This is mostlgiue to difficulties in acquiring macrophagentaining
primary tissue and a lack of tools available to specifically isolate macrophages from primary

tissue.

CD14 is commonly used as a specific monocyte and macrophage marker and is often used
to assess theurity of primary monocyte preparations using flow cytometry. In whole
blood, CD14+ cells represented just 5.9 % of the population, slightly less than is typically

reported. CD14 is not expressed by lymphocytes, and is expressed at only very low levels
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by neutrophils. However, it is expressed on dendritic cells which may therefore can result

in contamination of the monocyte population.

Firstly, to improve the yield of monocytes retrieved, the percentage of CD14+ cells isolated
from buffy coats was copared to that from whole blood. Ficdlypaque density
fractionation of whole blood resulted in the separation of a buffy coat layer containing
peripheral blood mononuclear cells such as lymphocytes, monocytes and dendritic cells,
from other components o#vhole blood, such as erythrocytes and polymorphonuclear cells
such as eosinophils and neutrophils. Flow cytometry analysis of the PBMC preparation
resulted in an increase in the percentage of CD14+ cells from 5.9 % in whole blood to 33.7
% in the buffy oat layer. In addition, fractionation of whole blood to separate the buffy
coat layer removes much of the dendritic cell contamination which can be found
representing <1 % of the buffy coat lay&reudenthal and Steinman, 1990Yeutrophils

and lymphocytes are very shelived, andare typically dead after 48 houfantalSzalmas

et al.,1997)

In order to further purify monocytes from the PBMC preparation, the use of magnetic
purification was explored. A negative monocyte isolation kit was used to precémation

of monocytes by binding of the CD14 receptor. This uses an antibody cocktail to specifically
label all noamonocyte cells. These biotoonjugated antibodies bind to andtiotin
magnetic beads, that with the use of a magnet, results in thdibg of nonmonocyte cells

to a purification column, whilst monocytes elute through the column for collection. The
additional use of magnetic purification resulted in an increase in CD14+ cells to >90 %, with
<5 % of CD14+ remaining bound to the coluafiter purification. However, the yield of

PBM following this purification step was consistent{x1® cells which is too low for many
applications. This highlighted a real need for methods to isolate and purify primary cells, in

large quantities.
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3.6.2 Differences between THR and Mono Mac 6 cell lines and peripheral

blood monocytes

The THR1 promonogytic cell lineis often usal as an alternative to PBM in various
experimental procedures, often because of ease of culture and difficulty in isolating primary
cells from bloodQin, 2012) However, there is limited published evidence to show that
their phenotype is similar to that of PBM. Therefore, the morphological characteristics and
expression levels of key cell surface monocyte and macrophage mavkee examined to
determine if THFL and MM6 share similar phenotypes with PBM. Flow cytometry and light
microscopy were used to compare the size and granularity of ITHIM6 and PBM and
flow cytometry was used to assess the expression profiles of GIN45, CD80, CD162,
CD206 and CPM in the three monocyte types.

Light microscopy showed that PBM from healthy volunteers were visibly smaller than both
THPR1 and MM6 cell lines. However, this could not be confirmed using flow cytometry due
to changes in Mtages during data collection. During haematopoiesis, monocytes become
smaller, compared to monoblasts and promonocytes, and as an immature monocyte, it
follows that THPL monocytes will be larger than PBM. Therefore, the data presented here

confirms previously published dateChitraet al.,2014).

In addition to differences in size and granularity, PBM from healthy volunteers expressed
high levels of the pateukocyte marker CD45 and the monocyte markers CD14 and CD163,
as has been previously describ@lratet al.,2004; Griffinet al.,1981; Zhangt al.,2013)

In contrast, expression of these important cell surface markers orITade MM6 cells was
markedly lower. THR and MM6 monocyte cell lines are dexd from patients suffering

from acute myeloid leukaemia (AML) and monoblastic leukaemia respectively, where
leukocytes from these cancer patients are typically characterised by low levels of CD45
compared to healthy subjeci®eszcet al.,2001; Lacombet al.,1997) Both THHR and

MMB6 cells are immature prononocytes as a result of premature release from the bone

marrow into the circulation.
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The expression of CD14 has been shown to increase an@mocytes devi®p into mature

blood monocytegFraseret al.,2006)providing an explanation for the higher expression of

cell surface CD14 on PBM from voluntedinan on both premonocytic cell lines. In
addition, the expression of low levels of CD163 on-THElls compared to PBM has been
previously describedNeuet al.,2013) The marked differences in the expression of the
classical leukocyte/monocyte markers, CD14, CD45 and CD163 between PBM and the pro
monocytic cell lines may cause marked differences in the cell biology exhibitecegy th
cells. For example, CD14 is a receptor for bactdeaved LPS and so differences in the
expression of this receptor may alter the immune response ofTINRM6 cells compared

to PBM. CD45 is crucial for T cell receptor activation and so there Is@mpe significant
differences in immune signalling and T cell activation. Similarly, CD163 is a scavenger
receptor with essential roles in homeostasis and adhesion, binding both endothelial cell
adhesion molecules and haemoglolfkowalet al.,2011) Low expression of this molecule

in the promonocyte cell lines may perturb cell function.

Expression of CPM and CD80 was similar in PBMT#&HPL cells but lower for MMB6,
suggesting that similarities in marker expression exist between PBM and Tell3. In all
cases, expression of key cell surface markers was very low on MM6 suggesting that these

are most different phenotypically from PBM

The differences in the expression of important cell surface molecules suggests that the pro
monocytic cell lines have a different phenotype to PBM and may therefore not be
appropriate cells to model PBM in these experiments. Whilst this compariserdpobonly
preliminary data to show the differences in expression of key markers between PBM, THP
1 and MMB6, it also highlighted the need for a robust flow cytometry panel for in depth
characterisation of monocytes. In addition, due to abundant expressidi¢ R on the
surface of monocytes, essential in facilitating their roles in immune surveillance, data
highlighted the need for an Fcwlocking step in sample preparation for flow cytometry;

non-specific binding of the isotypmatched control can be olksved in Figure 3.7
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particularly in the staining of MM6 cells ariigure3.9 in samples stained with CD183%

and isotypematched controls.

3.6.3 In vitro monocyte to macrophage differentiation

During monocyte to macrophage differentiation, monocytes become larger with
increasingly large cytoplasms, increase in granularity and nuclei change in shape from
reniform to spherical. Previous literature cites differentiation time periods ranging from 7
to 14 days reglting in a pure (> 95 % CD14+) population of CD14+Célisaet al.,2014;
Eliginiet al.,2013;Kreutz and Andreesen 199@artinezet al.,2006; Rehlet al.,2000; Vogt

and Nathan, 2011) This can be stinlated in vitro using plastic adherence or exogenous
cytokines(Kelleyet al., 1987) The addition of GMCSF oM-CSF has previously been
reported to promote monocyte to macrophage differentiation, but has also been reported

to promote macrophage polarization to M1 or M2 phenotype.

Published literature describing research involving MDM largely omits informatiating

to macrophage detachment from cell culture plastic. For flow cytometry analysis of cell
surface receptors, the use of namzymatic detachment of cells is recommended as
enzymes, such as trypsin, may cleave the protein of interest from the cilce@@hanget

al., 2012) MDM are highly adherent and consequently many different products are
marketed for the easy detdenent of viable macrophages followiig vitro culture. Many

of these are norenzymatic, including the macrophage detachment solution tested in this
work (PromoCell, Heidlberg, Germany). In addition, cell culture plastic with special coatings
are marketel for nonadherent or lowadherent cultures. Attempts to culture MDM using
non-adherent or lowadherent culture plates were unsuccessful, and of the detachment

methods tested, scraping into IMDM resulted in the highest percentage of viable MDM.

Whilst @Il scraping has previously been shown to increase the expression of annexin V
associated with apoptosiBundschereet al.,2013) it has also been shown by SEM that
membrane domain structures are minimally altered, even if the integrity of the membrane

as a whole may become mechanically dama(stistaet al., 2010) This is reterated in
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the data presented in this thesis, as while cell viability is decreased with cell scraping
(although it retains the highest viability of MDM of the methods tested), the events
collected by flow cytometry are consisteptfound in the MDM gate, rather than in the
region where cell debris and extracellular vesicles are folkat.some applications it may

be that enzymatic detachment such as the use of trypsin is optimal, however this must be

determined by the investigatdor different purposegMutin et al.,1996).

The culture of MDMn vitrois often cited as taking between 7 and 14 days and whilst the
purity of the resulting cell populations is reported as a percentage CD14+, to the best of our
knowledge, the changes percentage expression of CD14 by MDM over 14 days has never
been measured. Itis important for the resulting MDM population to have a high percentage
of CD14+ cells, however the use of MDM in subsequentierng cultures planned in this

work requires sbrter differentiation protocols.

This work has shown that the percentage of CD14+ cells increases over time, throughout 14
days from 25.7 % after density centrifugation to 93.1 % after 14 days. At first, there are
significant increases in the percentage@D14+ cells between 0 and 3 hours, and 3 hours
and 24 hours. Between 24 hours and 7 days, no statistically significant difference in the
percentage of CD14+ was observed, however 92.6 % CD14+ cells were identified after 7
days. Whilst not of statistitaignificance, this increase is scientifically important. Very little
increase in the percentage of CD14+ cells was subsequently found between 7 days and 14

days. Consequently, MDM were cultured for 7 days for the remainder of this work.

During thein \itro differentiation of monocytes to macrophages, regular washing of the
cells to remove nosadherent cells is recommended by most published protocols. -Non
adherent cells are typically lymphocytes as the other major leukocyte cell types, such as

neutrophis, have a short lifespan and are often paable in buffy coat preparations.

Unlike PBM, THP monocytes do not become spontaneously adherent or differentiate to
macrophages. Instead, they require stimulation from exogenous stimuli, such as Phorbol

myristate acetate (PMA) or 1,2&hydroxyvitamin B which promote adherence,
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phagocytosis, and expression of CD14, whilst preventing proliferation in order to imitate a
differentiated macrophagdike state through the activation of protein kinas¢&thwende

et al.,1996) PMA is a protein kinase C (PKC) agonist, which activates the Raf/MEK/ERK
pathway in THRL monoblastic cells for transcription of genesolved in differentiation
(Traoreet al.,2005)

There are many different protocols available for theritro generation of macrophagkke

cells from THR using PMA treatment; over Z¥urs Smithet al.,2015), 48 hourgChanput

et al.,2013; Parlet al.,2007) 3 days of treatment followed by 1 day of reMftiitar et al.,
2011), and 3 days of treatment followed by 5 days of ré@3aigneaultet al., 2010) The
method developed by Daigneaut al.,was used in this work as their data showed these
THR1 macrophages more closely resembled MDM than -TH@ifferentiated using
alternative protocols. In particular, their comparisons focussed on itlezease in
cytoplasmieto-nuclear ratio and downregulation of CD14 expression, associated with MDM

differentiation from monocytes.

In the work presented here, differentiated MDM appeared as a mildly heterogeneous
population, with cells ranging from cirau to spindleshaped. However, they all displayed

a spherical nucleus and large cytoplastoiuclear ratio. In comparison, THPPMA
appeared as a highly heterogeneous population, with some very small cells, that were
lightly adherent, and some thaesembled MDM with a large cytoplasm@-nuclear ratio,
spherical nucleus and flattened morphology. This is in accordance with previously

published datgDaigneaulet al.,2010)

THR1 monocytes treated with PMA and plastidherent PBM displayed changescell
morphology, becoming larger and more granular indicating differentiation to macrophages,
confirming previously published datBosqueet al.,1997) However, the different methods

used to achieve this is reflected in the differential expressibthe differentiation marker,

CPM. CPM is a specific marker of monocyte to macrophage differentiation and previous
studies have shown that cell surface expression of CPM increases as monocytes

differentiate into macrophagegRehliet al.,1995) This is confirmed by gene expression
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data which showed a 2fbld increase in CPM expression in MDM comparedBd. In the

presence of GMCSF and MCSF, this was further increased.

Importantly, the protein expression of CPM by Pildated THP1 macrophages was much
lower than that by MDM. Accordingly, cell surface expression of CPM increased as PBM
were differeniated to MDM. However, although CPM expression was detected oALTHP
cells, its expression decreased with PMA treatment. Since CPM expression correlates with
macrophage maturation, it is likely that the low levels of CPM observed on the surface of
THR1 macrophages are due to their immature phenotyff&ehliet al.,2000) The failure

to increase expression of this key differentiation marker suggests that-@if¥ekentiated

THR1 cells do not adequately odel the monocyte to macrophage differentiation of
primary cellsin vitro. Regarding the differentiation of MM6 cells, attempts to confirm
previously published data by Zieglerheitbrelal.,were unsuccessfyZieglerheitbroclet

al., 1994)

3.6.4 Differences letween THPL PMA and monocytalerived macrophages

The expression of CD14 and CD45 has previously been shown to decrease during monocyte
to macrophage differentiation(Zieglerheitbrock and Ulevitch, 1993) As previously
described, both PBM and THFPMonocytes displayed decreased expression of CD14 upon
differentiation to macrophage§Ambaruset al.,2012) However, whilst PBM also displayed
decreased expression of CD45 uponedéhtiation, PMAtreated THPL cells showed an
increase in CD45 expression. Taken together, these data suggest thatréied THPL

cells show dramatically altered expression of differentiation markers compared to
peripheral blood MDM. This may be dte the actions of the potent protein kinase C

stimulator (PMA) used to initiate the differentiation process.
3.7 Conclusio

Due to the 2D culture methods optimised in this chapter, large numbers of CD14+ PBM and
MDM can be isolated and viably culturéd vitro and detached for use in downstream

applications. In addition, a preliminary comparison has been drawn between primary and
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cell line monocytes and macrophages. Howevermare robust, multi-colour flow
cytometry panelmay enable a more thorough characisation of the préein expression
profiles of these different cell types to confirm any differences in expresgkaiditionally,

the expression of a range of markers using-®R could provide further understanding in
differences at the gene expressitevel. Whilst THR and MM6 have been preliminarily
compared in this work, further work could also compare other human monocyte cell lines
such as AMH193, established from a young female with AML with lymphoblast morphology
and GMCSF dependengikangeet al.,1987) HL-60, a promyeloblast cell line which has the
capacity for differentiation to a macrophagiée cell, established from the peripheral blood
leukocytes of a female with AMCollins, 1987)Kasumi3 derived from the blast cells of an
adult male withmyeloperoxidasenegative acute leukaemia, which is capable of maturation
of a monocytic lineagéAsouet al., 1996) and U937 derived from an adult male with

histiocytic leukaemia and can be terminally differentia{@ilndstrom and Nilsson, 1976)

In conclusion due to the important differences in morphology and protein expression
observed in THR and MM6 cell lines compared to primary cells (particularly of key markers
CD45, CD14 and CD163) PBM and MDM will be used in the ensuing experiments. However,
as veryfew optimized protocols are available for the 3D culture of primary monocytes and
macrophages, cell lines will be used for method development, and these methods will then

be applied to the 3D culture of primary cells.
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4 Chapter 4 3D @lture of Functioral and Viable

Macrophages
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4.1 Introduction

Tissueengineering is increasingly used in regenerative medicine for improved wound
healing and several companies offer tissregineered oral mucosa for use in the clinic
(Moharamzadehet al., 2012) In addition, tissuengineering is becoming a more
widespread technique in research as it provides several benefits canpa2D and mono
culture experiments which are very simple, quick, and -effgctive, but lack the
complexity ofin vivotissues. As such, 2D monolayer experiments have been shown
repeatedly to fail to represent thi vivoenvironment(Cukiermaret al.,2001; Kriegebaum

et al.,2012; Mazzoleret al.,2009) Animal models are often used to test drugs for clinical
application, however, due to the differences between humans and animals, results from
these experinents are not always transferab(&aballahet al.,2008; Kimliret al., 2013;
Mazzoleniet al.,2009; Qian and Pollard, 2010Yherefore, there is an increased demand
for accurate models of human tissues, whichn gapresent ann vivoenvironment and
therefore inform future clinical trial decisions and further understanding of disease
progressionln vitro3D coculture models offer the benefits of including multiple cell types
to more accurately represent humanmssues, whilst providing a cesffective, clinically
relevant alternative tan vivomodels and at the same time retaining the ease of use and

reproducibility of 2D culture.

However, there are very few examples of 3D cultured immune cells, and of these, e
fewer use primary human immune cells. As macrophages are shown to have an increasingly
important role in the development and progression of oral cancer, this project aims to
develop methods for the 3D culture of viable and functional macrophagesder do

further develop existingn vitro 3D models of oral cancer.

4.2 Viable 3D culture of THR monocytes

THRL cells are an established cell line which are often used to represent primary monocytes
as they do not require lengthy isolation procedures, peséte in culture and can be

differentiated using PMA to produce a macrophdtie cell. This commercially available
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cell line was initially used in this research to optimise methods for the 3D culture of

monocytes and macrophages within a collagen hydroge

4.2.1 Changes in proliferation of THP cells cultured in a collagen hydrogel

In order to show viable 3D culture of THIRcells over an experimental time course, an
appropriate viability assay was required which dat involve cell lysisAlamarBlu® is a
non-toxic cellviability assay which measures cell proliferation through the reduction of non
fluorescent, membrangermeable resazurin into resorufin during cell metabolism. Cell
culture media surrounding collagen hydrogelshe presence or absence BHRL1 cells was
sampled over 14 day®n days 1, 4, 7, 10 and 1ah)d the red fluorescence of resorufin was

measured at 57@m by a spectrophotometefTecan Mannedorf, Switzerland

A collagen hydrogel was prepared as previously descrii@ohgariBagtzoglou and
Kashleva, 2006hto which 1x18 THR1 cells were incorporated. Once set, hydrogels were
cultured with 1 mL supplemented RPMI 1640 for 14 days. Cell cultudzaméth the
addition of alamarBlue® was sampled and analysed for changes in resorufin absorbance on
days 1, 4, 7, 10 and 14. Media from TH€bntaining hydrogels was compared to media

from cellree hydrogels maintained under the same conditiofgj(re4.1).
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Figure4.1. Absorbance of alamarBlue® over 14 dayld-dR1-containing or celfree
collagenhydrogels were cultured for 14 dagsdabsorbance of alamarBl@avas

measured at 570nnon days 1, 4, 7, 10 and 18amples from six independent

experiments were measured in triplicate (n=6), error bars show standard error mean, and
significance was determined using an unpaired-taited Ftest ** = p<0.005).

Over 14 days;eltHree models showed no conversion of resazurin into resorufin, however,
there was a small increase in resorufin in media surrounding-IFétihtaining models
suggesting an increase in the number of proliferating céligufe4.1). After 14 days, an
unpaired twotailed Ttest was carried out and concluded that collagen hydrogels
containing THH cells showed a significant increase in absorbance at 570 nm (p=0.0001)

compared to a celfree hydrogel.

4.2.2 Preparation of 3D cultured HR1 cells for flow cytometry

Flow cytometry is a technigue which uses lasers to interrogate individual cells in a fluid
sample stream in order to detect scattered light relating to the physical characteristics (such
as size, complexity and expression pbteins labelled with fluorochromeonjugated
antibodies) of the cells in a sample. Previous data suggested thatl Thiéhocytes
spontaneously differentiated to macrophages when cultured within a collagen hydrogel
(Jennings, L., unpublished data). Tliere, flow cytometry was selected to detect changes

in cell size and granularity which are associated with monocyte to macrophage
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differentiation. However, a singleell suspension was required for flow cytometry analysis.
In addition, viability stainsould be incorporated into flow cytometry sample staining

methods for precise quantification of cell viability.

The concentration of collagen for hydrogel preparation was tested betweémig/mL in

order to optimise formation of a hydrogel suitable for mulation, viable cell culture and

to enable rapid digestion of the hydrogel. In addition, incubation times of varying lengths
were tested for rapid digestion of models, with and without the use of shaking or additional
co-factor molecules suchs calciunthlorideions, which stabilise the enzyme and promote

its activity by facilitating its binding to collagen. Incubation of 2 mg/mL collagenase IV
diluted in cold DMEM for 1.5 hours at 3€ with shaking aL00 rpmenabled visible
disaggregation of the clalgen hydrogel. After tdays of culture, THR-containing
collagen hydrogels were digested using collagenase IV to release individual cells. However,
un-digested collagen fibres prevented a FHRell pellet forming upon centrifugation.
Therefore, theuse of a cell strainer to remove wthgested fibres was explored. THP
monocytes, cultured in 3D for 14 days, before and after use of a cell strainer were compared
to a suspension of THP monocytes cultured in 2D and a collagen hydrogel preparation
dewid of cells that had not been subjected to processing with a cell stréifigure4.2).

These samples were analysed using flow cytometry.
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Figured.2. Preparation of a singkeell suspension suitable for flow cytometry. THR1
monocytes cultured in 3D for 14 days were prepared into a single cell suspension suitable
for flow cytometry using a cell strainer to eliminate contaminatingdigrested collagen
fibres. Dot plots show drward scatter (FSC) and side scatter (SSC) data measured using
flow cytometry. The removal of undigestedllagen molecules, such as those present in
hydrogels devoid of cell§A) from disaggregated collagen hydrogetsoduced a
homogeneoussinglecell sispension suitable for flow cytometrB), comparable to THP

cells cultured in suspensio®)( without the collagen contamination which was previously
observed D). Dot plots Bow representative data from thresdependent experiments,
measured in duptiate H=3).

A collagen hydrogel devoid of cells, digested with collagenase IV and prepared for analysis
by flow cytometry, without prior processing with a cell strainer, retained particles of
undigested collagen that were falsely detected as cells dulangdytometry analysis. Once

this sample had passed through a cell strainer, no events were detected by the flow
cytometer (data not shown). The use of a cell strainer removed this undigested collagen
contamination from THR monocytes cultured in 3D reking in detection of a
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homogeneous THR cell population using flow cytometry, which was comparable to that
of THP1 cells cultured in 2D. All subsequent samples e¢3lured cells for flow cytometry

analysis were processed using a cell strainer leestaining with antibodies.

4.2.3 Viability of THP1 cells cultured in 3D

In order to quantitatively determine the viability of THReells cultured in 3D over 14 days,
singlecell suspensions of THPmonocytes released from a digested collagen hydrogel
were stined with propium idodide (PI). However, repeated, high levels of cell death were
observed. Different aspects of hydrogel preparation were investigated to determine if gel
dehydration during gelation, gel disaggregation using collagenase 1V, cellecoitdia

used, or gel pH were responsible for cell death. For the preparation of the hydrogel, the
published protocol described Sdzi NI f Aal GA2y | OO2NRAy3 (2 WA
GradzZ tfe o0& GKS 02 f(onyhriBagizoglotasd Kaikiévg, 2006).NB R X
However, thisresulted in a mixture of pH 9.1, as determined by pH probe analysis. The
preparation of a hydrogel of pH 7.4 required a reduced quantity of NaOH, displaying a subtle

change in colour of phenol re&igure4.3).

Figure4.3. Preparation of collagen hydrogels of different pHimages show the colour
difference of solutions of pH 9.A)Y and pH 7.4R) used for collagen hydrogel preparation.

Colagen hydrogels prepared under the guidance of a colour change of phenol red resulted

in a hydrogel pH of 9.1. To determine whether this highly alkaline pH affected cell viability
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during 3D cell culture, THPmMonocytes were cultured in gels prepared &t .1 and pH

7.4, and viability analysed by flow cytometry usingAriure4.4).
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Figure4.4. Viability of THP1 monocytes cultured within a collagen hydrogelTHR1 monogtes cultured in suspensiof®), with the
additional treatment ofcollagenasdV as a control Ctrl, B) and in 3D, in a collagen hydrogel of either pH ©Q4of pH 9.1 D) for 14 days
were analysed using flow cytometry. Viability assessed by dead ckisen using propium iodide is summariseddatier plot ). Gates
were set based on unstained samples treated under the same condiBamples from three independent experiments weneasured in
duplicate (n=3) whereot plots show representative da Error bars show thstandard error mean and significance was determined using
aoneway ANOVA A 1K ¢dzl SeQa VYdzZ GALIX S O2YLI NR&A2YEA OFFFF [ LFnodnnnmod
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THR1 monocytes cultured in 2D showed 97.0 % viability as measured with Pl and analysed
by flow cytonetry. Preparation of collagen hsabels of pH 7.4&nabled recovery of a
significant increase in the percentage of viable THPEells recovered after 14 days
compared tohydrogels opH 9.1 up to 91.8 % from 19.7 % respectiv@y<0.0001). THP

1 cells alturedin 3Dwithin collagen hydrogels of pH 7.4 shesno significant decrease in
viability compared to THE cells cultured ina 2D suspension (p=0.4045). THFRcells
cultured in a 2D suspensidreated with collagenaséV, used as a control (Ctrhhowed

86.4 % viability andlso showed no significant decrease in viability comparetHB1 cells
cultured in 2D without treatment with collagenase IV (p=0.0543). Subsequently, all ensuing

collagen hydrogel mixtures were giobed before addition of cedlto ensure a pH of 7.4.

4.2.4 Visualisation of THR cells cultured in 3D

In order to visualise THPmonocytes cultured within the collagen hydrogel, formdiked
hydrogels containing THP cells after 14 days of culture were processed, bisected and
paraffin-embedded. Haematoxylin and eosin (H&E) stains were used to identify cell nuclei

and cytoplasms respectively, and cell distribution oveFadre4.5).
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Figure4.5. H&E stainedTHR1 cells cultured within a collagen hydrogelCollagen hydrogels containing T-HPnonocytes cultured for 14
days were formalin fixed, sectioned and stained using H&fagegaken at 10xA4), 20x B) and 40x Q) magnificatiorare representativeof
three independent experiments §8). Monocytes with typical morphology are exemplified (arrows). Scale bars indicater2@¥), 100

um B) and 5um (O.
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Following 14 days of culture within a collagen hydrogel, evenly dispersed clustéigbf T
cells stained with H&E can be observed. Here-Tldélls can be observed as small,

spherical cells with a reniform nucleus and very few granules.

4.2.5 Changes in proliferation of viable THPcells cultured in a collagen

hydrogel

Previous data in thishapter showed that THP monocytes cultured in 3D, stained with PI
and analysed by flow cytometry were viable. Additionally, the use of alamarBlue® over the
time course of 14 days to measure cell proliferation, combined with the use of PI at the end
of the cell culture period to measure cell viability was explored. Culture media of collagen
hydrogels containing THPcells with or without the addition of alamarBlue® were sampled

(Figure4.6) and compared to samples from THIRdIs cultured in suspension.
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Figure4.6. Viability of THPRL1 cells cultured within a collagen hydrogel treated with
alamarBlue®.THR1 cells cultured in suspensioA)(or in a collagen hydrogébr 14 days

in the absenceR) or presence of alamarBlud® were analysed by flow cytometry using
propium iodide dead cell exclusiorGates were set based on unstained samples treated
under the same conditionsDot plots are representative of two independegxperiments
measured in duplicatenE2).

THR1 monocytes cultured in 2D or in 3D without the addition of alamarBlue® showed >90
% viability, however those treated with alamarBlue® showed <1 % viability measured with
PI.
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4.2.6 THR1 monocytes cultured in 2D an8D show no differences in size and

granularity

Previous evidence suggested that monocytes cultured in 3D spontaneously differentiate to
macrophages in a manner representative of circulating monocyte differentiation to
macrophages within tissuas vivo(knnings, L., unpublished). Monocyte to macrophage
differentiation is characterised by a morphological changg cells increase in size,
cytoplasmieto-nuclear ratio and number of cytoggmic granules to increageoduction of
hydrolytic enzymes(Changet al., 2012) Previous data determined monocyte to
macrophages differentiation visually by light microscopy and H&E staininguof BFPE
sections. However, with methods now developed for analysis BtBtured THFL
monocytes by flow cytometry, changes in size (FSC) and granularity (SSC)lotellsp
indicative of monocyte to macrophage differentiation, could be compared between those
cultured in 2D and 3D. THPcells cultured within a collagerytirogel for 14 days were
retrieved using collagenase IV digestion and a sioglesuspension was prepared using a

40 pum cell strainerkigure4.7).
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Figure4.7. Comparison of gie and granularity of THR cells cultured in 2D and 3D.
Forward scatter (FSC) and side scatter (SSC) data df @¢llB cultured im 2Dsuspension

(A) or in a3Dcollagen hydrogdbr 14 day¢B) was measured using flow cytometry following
dead cell &clusion using propium iodide, and compared using summarised data in scatter
plots (Cand D) for FSC and SSC respectively. Gates were set based on unstained samples.
Samples from three independent experiments were measured in duplicate (n=3), error bars
show standard error mean and significance was determined using an udp&tiest.

FSC values of THRmonocytes cultured in 2D were measured as 52215.28 compared

to those cultured in 3D which were measured as 4828.59. SSC values were measured
as 355.3t 30.42 in 2Bcultured THPL monocytes, and 368.523.92 in those cultured in

3D. An unpaired-fest showed that THR cells cultured in 2D and 3D showed no significant

difference in size or granularifp=0.3238 and p=0.7508spectively)

4.3 3Dculture of peripheral blood monocytes

Following the successful culture of FHMonocytes in 3D within a collagen hydrogel for 14
days, the 3D culture of PBM was explored. Monocytes were isolated from buffy coats using

density centrifugation and puriféeusing magnetic separation. One million of the resulting
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cells were incorporated into a collagen hydrogel for 3D culture and cultured with

supplemented IMDM for 14 days.

Due to poor yields of purified populations of monocytes using magnetic separdtivasi
not possible to acquire enough primary monocytes for analysis of 3D cultures by flow
cytometry. Of the pooled samples that were tested, viability was very low after 24 hours,

and no viable cells could be detected following 14 days of culture (dstahown).

4.4 3D culture of Mono Mac 6

Whilst THPL cells are regularly used to represent PBM, a need for a more mature monocyte
cell line was addressed by Ziegheitbrocket al., who established a new human monocyte
cell line, Mono Mac 6, which expressgldenotypic and functional features more similar to
mature monocytes than THP or U937 monocyte cell lindZieglerheitbroclet al.,1988)
However, MM6 cells are also derived from a patient with monoblastic leukaemia, so while
they may be preferential in some aspects of monocytddgyg compared to THP cells,

they may not be representative in other aspects.

Due to the limitations in the viable 3D culture of PBM, the use of MM6 monocytes was
explored as an improvement to THRMonocytes. In a similar way to T-HEells, MM6 are
cultured in suspension and rapidly proliferate once established in culture. Therefore, it is

possible to culture large numbers of these cells to prepare 3D cultures.

A collagen hydrogel was prepared into which 15016 cells were incorporated. After 14
days, MM6 cells were retrieved from the collagen hydrogel using collagenase 1V digestion,
prepared into a single cell suspension using a cell strainer, and stained with PI for flow
cytometry analysis. Alternatively, models were fixed in formalin, embeddpdraiffin and

stained with H&EHRigure4.8).
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Figure4.8. Viability of 3D-cultured Mono Mac6. Mono Mac 6 (MM6) were cultured in

3D within a collagen hydrogel for 14 days awdnpared to those cultured in suspension
(2D). For flow cytometry analysis, cells were selected based on dead cell exclusion and
gates set based on unstained samples cultured under the same conditions. For histological
analysis, models were formalin fixeskctioned and stained with H&Kiability of MMé6cell

line cultured in ® (A) or within a 3D collagen hydrogd) (s summarised in scatter pld@)(

H&E stained MM@ultured in 3D D) and dot plots are representative of two independent
experiments (=2). Errorbars shows standard error mean and arrows indicate MM6 cells
sparsely populating the hydrogel.

Viability of MM6 cells cultured in a 2D suspension, measured using Pl and analysed by flow
cytometry, dropped from 86.2 % to 50.4 % when cultured ih 3However, 2ultured

MM6 monocytes treated with collagenase IV only resulted in 10 % loss in viability (data not
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shown). MM6 cells cultured in 3D and stained with H&E can be observed sparsely

distributed throughout the hydrogel.

4.4.1 Differentiation of peripheral blood monocyteso monocyte-derived

macrophagesn situwithin collagen hydrogel

CPM cleaves terminal arginine and lysine residues on peptides to control binding of growth
factors and hormones on the cell surface and degradation ofsoelace ptides.
Importantly here, it is a marker of monocyte to macrophage differentiation as its expression
levels are higher in macrophages than in monocytes. In the literatureCGMand NCSF

are often used to promote monocyte to macrophage differentiatemd therefore to
stimulate an increase in the expression of CFM.increase in expression of CPM was used
to indicate monocyte to macrophage differentiation on monocytes and macrophages

cultured in 2D and 3D and in the presence or absence 6f0SM or MCSF.

Carboxypeptidase M gene expression in 3D

One million PBM isolated from buffy coats and purified using magnetic separation were
incorporated into a collagen hydrogel and cultured with supplemented IMDM for 14 days,
in the presence or absence of GBSFr M-CSF. After 14 days, cells were retrieved using
collagenase 1V digestion of the hydrogel and processed using a cell strainer to remove

undigested collagen fibres. RNA was extracted from cell pellets and yield determined.

Due to poor yields of purdd populations of monocytes using magnetic separation, and loss
of cells during the processing of 3D cultures, negligible amounts of RNA were acquired and

it was therefore not possible to analyse gene expression of CPM by PBM cultured in 3D.

Carboxypeptilase M protein expression in 3D

One million PBM isolated from buffy coats and purified using magnetic separation, or MDM
were incorporated into a collagen hydrogel and cultured with supplemented IMDM for 14

days. After the culture period, hydrogels weieetl, paraffinembedded and stained with

120| Page



H&E and immunohistochemically stained with a@fM antibody and countestained with

haematoxylin Figure4.9).
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Figure4.9. Carboxypepidase M expression ofperipheral blood monocytesand monocyte-derived macrophagesn day 1 and day 14 of

3D culture. Immediately following isolation and purification of peripheral blood monocytes (PB®),or following 7 days of adherent
culture of maocytederived macrophages (MDND-F), cells were cultured within a collagen hydrogel. Models were cultured in the absence
(A andD) or presence of GACSFEandE) or MCSFGandF) for 14 days. Light microscopy images displaiagen hydrogels containg
PBMon days 1A andD) and 14 B, C EandF) of culture stained using arREPM antibodies and countstained with haematoxylin. Images
are representative of twandependent experiments (n=2). Arrows indicate areas of staining positive for CPstaedars indicate 100

um.
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PBM appeared visibly smaller than MDM on day 1, however they were of comparable size
by day 14. Additionally, increased amounts of CPM staining could be visualised in MDM
samples compared to PBM samples. Whilst no CPMisgagould be observed in models

containing PBM on day 1, small amounts could be detected on day 14 in the presence of

GM-CSF, which was further increased in the presence-Qf9w.

4.5 3D culture of THRA PMA

To determine whether THP PMA could be viably culted in 3D, THR monocytes were
stimulated with PMA in 2D for 8 days (Daigneatlal.,2010). After differentiation, 1x*0

THR1 PMA were incorporated into a collagen hydrogel and cultured for 14 days with
supplemented RPMI. After 14 days, cultureseviarmalinfixed, processed, stained with

H&E and visualized using light microscopy. Additionally, hydrogels were disaggregated
using collagenase 1V, processed using a cell strainer, and stained with Pl for assessment of

cell viability using flow cytomeyr(Figure4.10).

100 pm

Figure4.10. Viability of 3Dcultured THPL PMA. THR1 monocytes treated with PMA
(THP1 PMA) for 8 days were recovered using cell scraping and culturedhwitbollagen
hydrogel for 14 days. H&E stained sections of-TIPRIA cultured in 3D are representative
of three independent experiments (n=3). Arrows indicate -IHPMA and scale bar
indicates 10Qum.

Two cells can be visualized in the uppermost layahefhydrogel. H&E staining shows a
large nucleus and minimal cytoplasm. Due to the low numbers ofITPMA recovered

following 14 days of 3D culture, it was not possible to perform viability analysis using flow
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cytometry. Of the pooled samples that wetested after 24 hours, <30 % of cells were

viable (data not shown).

4.6 3D culture of monocytederived macrophages

Small numbers of macrophages have previously been cultured within a collagen hydrogel
model of the dermigLindeet al.,2012) However, this has not been successfully combined
with a tissueengineered model of the oral mucosa. With so many differences identified
between MDM and THR PMA, it was essential to determine methods for the viable 3D
culture of MDM. In order to determine whether MDM could be cultured in 3D, a variety of
methods to incorporate MDM within a collagen hydrogel were tested; monocytes were
seededinto wells or on top of models and allowed to differentiate for 7 days as it was
hypothesized that differentiated MDM may extravasate into the collagen hydrogel.
However, MDM remained on the surface of the hydrogel and could not be visualized within

the hydrogel (data not shown).

4.6.1 Viability of monocyte-derived macrophages cultured i&D

Monocytes differentiated to MDM in 2D over 7 days were detached using gentle scraping
into IMDM. One million MDM were incorporated into the collagen hydrogel mixturd, a
once set, cultured for 14 days with supplemented IMDM. After 14 days, cells were retrieved
from the hydrogel using collagenase IV, processed using a cell strainer and viability
measured using Pl and analysed using flow cytometry. Alternatively, heidragere
formalinfixed, processed, paraffiambedded, stained with H&E and visualized using light

microscopy fcigure4.11).
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Figure4.11. Viability of 3Dcultured monocyte-derived macrophages Monocytederived
macrophages (MDM) cultured for 7 days in adherent culture were recovered using cell
scraping and analysed using flow cytometry. Viability of MDM cultur@®i\) or within

a 3D collagen hydrogeB)is summarised in atter plot (. H&E stained MDM cultured in

3D D) and dot plots are representative of three independent experiments (n=3). Error bars
shows standard error mearArrows indicate MDM and scale bar indicates @

Following 14 days of 3D culture, >95d%0MDM were measured as viable using flow
cytometry. An unpaired twaailed Ftest concluded that there was no significant difference
in viability observed between MDM cultured in 2D and 3D (p=0.7978). Compared to

unstained samples, viability gates weset at different positions for 2D and 3D samples,

suggesting that the autfluorescence, FSC and SSC were altered in MDM cultured in 3D
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compared to 2D. Staining of hydrogels with H&E showed an even distribution of MDM
throughout the hydrogel. These cedlppeared as large, irregulshaped cells with a darkly

stained spherical nucleus.

4.6.2 MDM cultured in 3D release inflammatory cytokines in response to LPS

Macrophages play a key role in host defences, providing the first line of defence against
invading pahogens. LPS is the major component of the outer membrane of-geyative
bacteria which binds to CD14 on the surface of macrophages, resulting in the production of
an inflammatory response. This is characterised by the release oeinfmoamatory

cytokines, such as 6.

To demonstrate that MDM are not only viable in 3D culture, but can also respond to
exogenous stimuli in a manner representative of their ale@ivg LPS was added to fresh
media on 2D and 3D cultured MDM on days 7 and 14 of culasgectively. After 24 hours,

cell culture media was collected and assayed for any cytotoxic effects of LPS through LDH
release, and evidence of a pimflammatory response was detected using ELISA to measure

IL-6 releaseFigure4.12).
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Figure 4.12. Monocyte-derived macrophages cultured in 2D and 3D releases IIn
response to lipopolysaccharide Monocyte-derived macrophages (MDM) were cultured

for 7 days in adherent culturend recovered using cell scraping (2D). For 3D cultures, MDM
were additionally cultured for 14 days within a collagen hydrogel. Lactate dehydrogenase
(LDH) releaseN(andB) and IE6 release Cand D) of MDM cultured in 2DXandC or 3D B

andD) were neasured using LDH assay and ELISA respectively. Data are representative of
three independent experiments measured in triplicate (n=3) and error bars show standard
error mean. Significance was determined using an unpantestl****=p<0.0001).

The addiion of LPS did not result in an increase in release of LDH from MDM in both 2D and
3D cultures (p=0.3782 and p=0.5678, respectively) as determined by an unpairéailegdo

T-test. However, the amount of LDH released from MDM cultured in 3D was higher tha
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that of MDM cultured in 2D. In both 2D and 3D cultures, there was a significant increase in
IL-6 released in response to stimulation of MDM with LPS (p<0.0001). However, the amount
of 1-6 released from 2D cultures was almost-fb@ higher than that eleased by 3D

cultures.

4.7 Discussion

Collagen is the main component of the ECM and as such can be used to form a hydrogel for
the 3D culture of cells to mimic the ECM. Whilst it lacks the complexity of other scaffolds,
such as DED, cells can easily benparated into the mixture whilst it is still viscous. This
makes it ideal for the 3D culture of cells which typically reside within the ECM, such as
macrophages. In order to best represent tissue resident macrophag@# this research
sought to moel monocyte to macrophage differentiatian situwithin the gel. Previous

data suggested that monocytes cultured within a 3D hydrogel may spontaneously
differentiate to macrophages in response to culture within a 3D environment (Jennings, L.,

unpublished.

Published studies that have incorporated monocytes into tissogineered models
typically use THR or MM6 cell linesTable1.2); no studies could be found incorporating
primary human monocytes into a collagen hydrogel. his thapter, the viable 3D culture

of primary human monocytes within a collagen hydrogel is explored. Due to the challenges
presented by isolating primary cells, 3D culture methods were developed using TéiP

line which is often used to represent pramy monocytes. However, results from Chapter 3
demonstrated important differences between PBM, THRnd MM6. Consequently,

optimised methods were then applied to the 3D culture of primary cells.

4.7.1 Viable 3D culture of THR

No published articles could Heund describing the culture of THPPmonocytes within a
collagen hydrogel. Previous H&E data showed that-THikonocytes cultured in 3D

appeared larger with a macrophadjge appearance suggesting differentiation of THP
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monocytes to macrophages (Jengs, L., unpublished). This work also identified challenges

in maintaining the viability of THP cells in 3D culture.

To measure cell viability within the collagen hydrogel over theldy culture period, an
assay for measuring cell viability was reqdire Commonly used cell viability reagents
include (34,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium (MTT),
PrestoBlu® Resazurin and alamarBfeieAn MTT assay involves cell lysis, making it an end
point assay so it cannot be usemimeasure cell viability over time. Resazurin, PrestaBlue
and alamarBlu® are all resazuribased reagents and so can be used interchangeably
depending on reaction times required. AlamarBlueas selected to measure THP
viability on days 1, 4, 7, 1dnd 14. Published models of the oral mucosa, using DED, are
cultured for 14 days, hence, the viable culture of THR 3D was sought for 14 days (Colley
et al,, 2011; Hearndeet al., 2014).

AlamarBlu@®detects cell viability as a measure of metabolitvaty. The modest increase

in absorbance of alamarBl@ever 14 days indicates a modest increase in metabolic activity
of the cells within the hydrogel. Macrophages are less metabolically active than monocytes,
so through differentiation, little increasin metabolic activity would be detected using
alamarBlu® This supported previous data suggesting that in response to a 3D

environment, THRL monocytes were differentiating to macrophages.

Flow cytometry can not only detect changes in size and gratytdrcells, or morphological
changes associated with monocyte to macrophage differentiation, but could also be used
to quantitatively measure cell viability and expression levels of proteins associated with
monocyte to macrophage differentiation, such@BM. In order for flow cytometry analysis

to be possible, a singleell suspension was required. This involved the disaggregation of
the collagen hydrogel using collagenase IV to retrieve cells contained within it. Whilst
conditions were optimised fothe visible disaggregation of the collagen hydrogel; un
digested collagen fibres prevented a pellet of THPhonocytes from forming upon
centrifugation and also resulted in collagen fragments falsely detected as cells during flow

cytometry analysis. Celtrainers are often used in flow cytometry, particularly for cells
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which typically form adherent junctions, such as keratinocytes, to prevent clogging of the
flow chamber. In this case, a cell strainer was effective in removing contaminating un
digested ollagen fibres to produce a singtell suspension of THPmonocytes suitable for

flow cytometry analysis.

Previous data has shown an increase in the size and granularity otriebtéd THPL cells
compared to THR monocytegDaigneaulet al.,2010)and therefore changes in FSC and
SSC respectively could indicate monocyte to macrophage differentiation. Flow cytometry
analysis comparing the size and granularity of-LH#®lls cultured in 2D and 3D showed no
significant difference. Histological analysit 3D cultured THR using H&E staining
revealed evenly distributed clusters of cells indicative of cell proliferation. Further analysis
using proliferation markers, such as Ki67, may indicate whether-1ITHEIlls are
proliferating. However, it is widelyconsidered that macrophages are terminally
differentiated and therefore do not proliferate within tissues, although unless treated with
PMA, or other differentiatioAnducing stimuli, THR monocytes are not considered

terminally differentiated.

Analysiof THRP1 monocytes cultured in 3D using flow cytometry also enabled quantitative
measurement of viability over 14 days. Pl is a membrane impermeant intercalating dye
which penetrates cells with damaged or permeable membrane to bind to the DNA, thus
enablng dye exclusion of newiable cells excited at 488 nm and detected at emission
wavelength of 617 nm. Itis often used to assess viability using flow cytometry. This showed
that cells cultured in 3D for 14 days were raable. The decrease in metabadictivity
identified by alamarBlu@thought to indicate monocyte to macrophage differentiation was

in fact due to cell death. However, probing of the collagen hydrogel mixture identified a pH
of 9.1, that is not supportive to maintaining viable cellstertig the pH to 7.4 resulted in

successful, viable culture of THRmonocytes for 14 days within a collagen hydrogel.

Resazurin, in the alamarBl®eeagent, fluoresces at the same wavelength as PI, with 71 %
overlap in emission spectra, resulting inls¢teated with alamarBlu@measured falsely as

non-viable by flow cytometry. Whilst there are alternative viability dyes available for flow
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cytometry, a major component of this project is the development of a polychromatic flow
cytometry panel for detadld characterisation of macrophages. The use of alama®lue
limits the number of fluorochromes available for use in the racdtiour panel, as its
fluorescence emission spectra demonstrates spectral overlap with many commonly used
reagents (such as 24 %eslap with FITC, 87 % overlap with PE and 63% overlap with Texas
Red). By using separate hydrogels for each time point and/or analysis, the benefits of using
a live cell assay would be lost. In addition, the manufacturer reports thataBlu®is
metalolized by leukocytesmaking it difficult to interpret results (ThermoFisher).
Therefore, in ensuing experiments, flow cytometry will be used to quantitatively measure

cell viability during extended culture.

4.7.2 3D culture of peripheral blood monocytes

In ordea to develop anin vitro culture system truly representative of thén vivo
environment, the use of primary cells is preferred. No published articles could be found
describing the 3D culture of PBM within a collagen hydrogel. As methods had previously
been developed for the 3D culture of commercially available monocytes, attempts were
made using PBM isolated from healthy volunteers. PBM were purified using magnetic
separation and cultured for 14 days within a collagen hydrogel. However, due to thelimit
number of PBM resulting from magnetic purification, few PBM were available for seeding
into the collagen hydrogel. H&E staining identified cells sparsely populating the hydrogel,
and after 14 days, no events were detected using flow cytometry. Afse2@ hours in 3D
culture, cell viability was <20 % suggesting that lacgde cell death was occurring over 14
days. A previously published study incorporated PBMC into a Thin@mated with gelatin

for 24 hours, but did not assess viability of c€lischachojaet al.,2014)

Within human tissues, monocytes exyasate from the blood stream into tissues where
they differentiate to macrophages. With the use of exogenous stimuli, the differentiation
of PBM to macrophagen situwithin the hydrogel was explored. It was hypothesized that
differentiation of PBM to NDM may improve the pooviability of PBM cultured in 3D

observed previouslyby more accurately replicating tha vivotransition from circulating
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monocyte to resident tissue macrophage. CPM is used as a marker of monocyte to
macrophage differentiatiorfRehliet al.,2000)and whilst immunohistochemical staining of
CPM provided some evidence that monocytes could be stimulated to differentiate to
macrophages within the models, the numbers of monocytes labis after magnetic
purification were too low and hydrogels were sparsely populated with cells. Using currently
available methods of monocyte isolation and purification, it was not possible to seed the
required number of PBM into the hydrogel in order Bufficient cells to be recovered for

measurement of viability by flow cytometry.

4,7.3 Viable 3D culture of Mono Mac 6

To test methods of 3D monocyte culture optimized for THEells, and as a more mature
monocyte alternative in the absence of success B8ithculture of PBM, the 3D culture of
MM6 was assessed. MM6 cells are also an alternative to primary monocytes, but as shown
previously in Chapter 3, display many differences to PBM. H&E stained sections of 3D
cultured THPL monocytes showed large clusseof cells, indicative of cell proliferation, that
were absent in the 3D cultures of MM6. Instead, cells were found sparsely populating the
hydrogel, with low percentages of viability measured using flow cytometry. As previous
work had identified that NMI6 may not be representative of PBM in size, granularity, and
protein expression profile, and with the additional challenges in their culture compared to

THPR1 monocytes, they were discarded.

4.7.4 3D culture of THA PMA

As insufficient numbers of PBM could iselated to prepare 3D cultures at physiologically
relevant concentrations of cells, the use of macrophages in 3D cultures was explored.
Again, due to the challenges accompanying the isolation and purification of primary-tissue
resident macrophages, thvgork sought to use 2 vitrogenerated MDM. However, there

are also challenges posed during the isolation and culture of MDM, which during method
development were overcome by using Phtéated THPL to represent macrophages.

PMAtreated THPL have preiously been shown to be representative of MDM in
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characteristics such as resistance to apoptosis, phagocytosis and increased cytoefgasmic
nuclear ratio(Daigneaulet al.,2010) However, data presented in Chapter 3, showed that
the expression of key mkers was markedly different between THPand primary
macrophages. Crucially, for method development in this work-TIRMA are adherent
and similar methods for cell detachment and subsequent incorporation into the collagen

hydrogel are required as foviDM.

The protocol selected for the generation of macrophdige cells from THR using PMA
resulted in low yields of differentiated cells compared to the high numbers of cells seeded
at the beginning of the 8lay differentiation protocol. In addition, em fewer cells were
recovered using collagenase after 14 days of culture within a hydrogel. As a result, too few
cells could be detected using flow cytometry to accurately determine viability. However,
the cells could be visualised, sparsely populatir@pahydrogel. Interestingly, single cells
were visualised within the gel, compared to the clusters of cells visualised in models
containing unstimulated THR cells. This could indicate terminal differentiation of THP
following treatment with PMA, orthat cells are notviable. TUNEL or
immunohistochemistry to detect caspase expression could be used to determine cell
viability or cells undergoing apoptosis. No other examples of ITAMA cultured within a

collagen hydrogel could be found.

4.7.5 Viable 3D citure of functional monocytederived macrophages

Compared to 3D culture of THPPMA, MDM responded very positively to culture within a
collagen hydrogel. Not only was there a high percentage of viable cells measured after 14
days, but MDM could be fourglvenly dispersed throughout the gel. The 3D culture of-THP

1 monocytes showed evenly dispersed clusters of cells indicating proliferation. However,
these were not observed in the 3D cultures of MDM. In large amounts of the literature,
MDM are consideredo be terminally differentiated, and therefore do not proliferate,
although this is still a subject for debagéenkinst al.,2011; Klappachest al.,2002) Of

those models which had previously incorporated MDauthors either did not measure

viability directly(Leonardet al.,2010; Lindeet al.,2012)or cells were largely newiable(Liu
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et al.,,2016) The only study thatlietected viableMDM in 3D cultureused calcein AV
analysel using immunofluoresceng@echetoilleet al.,2011) By using flow cytometry to
measure cell viability however, it is possible to quantify precisely the viable cells and exclude

non-viable cells from further analysis.

Maaophages are integral to the innate immune responsenteading pathogens and thus
play a key role in the initiation and maintenance of inflammation. In response to PAMPs
binding PRRs, macrophages releaseipflammatory cytokines such as#l_1-8 andTNF
(Rosscet al.,2011) In order to assess the functionality of MDM in 3D culti@&oliLPS

was applied to cell culture mediarf@4 hours, following 14 days of culture.PS is often
used to activate maophages and the release of-6L. among other pranflammatory

cytokines, can be measured using ELISA.

Previous literature has shown that in response to 100 ng/mL LPS, in coamptariower
concentrations of LPS, macrophages secrstgdificantlyincreased amounts of TNF which
further stimulated release of 46 (Thorley et al., 2007) In addition, incubation of
macrophages with LPS raked more pranflammatory cytokines after 24 hours than time
points at 6, 12 and 18 hours. Data presented here shows a similar pattern, with a
significantly increased amount of-BLreleased by macrophages cultured in 2D and 3D
following stimulation withLPS compared to those which werestimulated. Interestingly,
higher amounts of 6 were measured in cell culture media from 2D cultures compared to
3D cultures. Due to the differences in culture techniques between 2D and 3D culture,
macrophages wereultured at a higher concentration in 3D cultures. Therefore, the lower
amounts of measured & in cell culture media may be due to capture of the cytokine within
the collagen scaffold. Previously published literature has found tlgtikines diffuse
throughthe ECM faster thathroughcell culture media unless they bind to the EQWittal,

2012) It has previously been observed tHat6 doesnot bind to ECM proteindyut TNF

can bindtightly to ECM proteins such dminin and fibronectipand to a lesser amount to
collagen(Alonet al.,1994) The use of a collagen hydrogel to measure cytokine diffusion

rates is generdy popular as it accurately models those rates foumaivo(Ramanujaret
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al., 2002) Therefore, in future experiments the dafjen hydrogel was degraded using

collagenase and the solution stored for future analysis.

4.8 Conclusion

The 3D culture of THP, THPL PMA, MM6, PBM and MDM was explored in this chapter.
Ultimately, MDM were selected for addition into ensuing 3D culturebeg demonstrated
superior viability compared to the other cell types, as well as increased physiological
relevance. Following 14 days of culture in 3D, not only did flow cytometry detect that these
macrophages were viable, but ELISA also demonstratemjraficant release of & in
response to LPS challenge suggesting that MDM are functional within the hydrogel.
Following the successful monaulture of MDM within a collagen hydrogel, the
incorporation of MDM into a tissuengineered model of the oral utosa can now be

attempted.
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5 Chapter 5: Development of a 3D \Mtro Oral

Mucosa Model Containing Macrophages
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5.1 Introduction

The 3D culture of cells is becoming increasingly popular due to the limitations of 2D cell
culture andin vivomodels. 3D0n vitro models provide a more physiologically relevant
culture environment compared to 2D culture which enable cells cultured in 3D to more
accurately represent cella vivo(Abbott, 2003; Kimliet al.,2013; Leeet al.,2008; Let al.,

2013; Mazzolenet al.,2009) In addition, European legislation has identified a need for
more and improvedn vitromodels to produce more clinically relevant data and reduce the
numbers of animals used in researlilienblumet al., 2008) An increasing number of
culture systems modelling the oral mucosa have become available, however, very few of
these contain an immune component and none contain primary human immune cells
cultured for more than 2sours(Baoet al.,2015b; Kosteret al.,2015; Pirileet al.,2015;
Tschachojart al.,2014) In addition, the analyses possible on the individual cells within

these models is often limited to IHC or IF microgcop

Chapter4 described methods for the 3D culture of monocytes and macrophages. However,
in order to determine the role that TAM play in oral cancer progression, the next aim of the
project was to further develop this monculture collagen hydrogel cuite system into a

co-culture model of oral cancer which contains immune cells. In addition, methods for
detailed analyses of the individual cells, and their interactions with other cells of the tumour

microenvironment, and engineered tissue as a whole Maweed to be optimised.

The following data will present the development of tisseregineered oral mucosa models

using an oral keratinocyte cell line established from a malignant biopsy (H357) and an
AYY2NIFEAASR Wy 2NXYIFEfQ 2NIFf {SNIGAy20eiGS OS
5.2 Incorporation of THPL cells into an oral mucosa model containing H357 oral

squamous cell carcinoma cell line

Initially, an oral mucosa model containing H357 oral squamous cell carcinoma cell line and
THR1 monocyte cell line was used for method develegnt) the H357 cell line was

established from the tongue of a patient suffering from oral squamous cell carcinoma, and
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the THPL monocyte cell line was established from a patient with acute myeloid leukaemia.
Based on previously published literature, 0.8kNOF were incorporated into a collagen
hydrogel in the absence or presence of 0.2xI®HPR1 cells (DongariBagtzoglou and
Kashleva, 2006; Lina al.,2012) Five hundred thousand H357 cells were seeded on top,
and the model system was cultured for 14 days at aftialiquid interface. After 14 days,
models were fixed in formalin, processed, parafimbedded, sectioned and stained either
with haematoxylin and eosin (H&E), or immunohistochemically stainedysmiCD68,
anti-Ki67 and pascytokeratin (AE1/3) antibodies and countsiained with haematoxylin.
These were compared to isotypeatched controls. Mounted and stained sectionsi40
apart were analysed using light microscopy and staining assessedllywismder the

supervision of an oral pathologidtigure5.1).
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Figure5.1. Addition of THP1 monocytes to oral mucosa models containi@fSCC cell linéJ357 appeared to incrase epithelial invasion.
Tissueengineered oral mucosa models containing oral squamous cell carcinoma cell line, H35ormatl oral fibroblastsNOF were
cultured at airliquid interface in the absenc@&{D) or presencel-H) of THPL monocytes. Fdwing 14 days of culture, models were fixed
and sections were stained with H&E gnd E), and immunohistochemically stained to show the expression of CB&&0d 1), Ki67 C G

and J) and AE1/3[@ and H), and countesstained with haematoxylin. Imageésand J show examples of CD68+ and Ki67+ cells in high
resolution, with the latter demonstrating a mitotically dividing cell. Arrows indicate areas positive for protein expreBsitanare shown

for a single experiment (n=1) and scale bars indicatel@0@-H) and 50 puml(@andJ).
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H&E staining showed an even distribution of NOF within the hydrogel, with many cells
visible in each section. H357 cell line formed a thick, Aay®red epithelium in both the
presence and absence of THIRells, howeverttis did not appear as a stratified epithelium;
cells were not organised into rows, nuclei were present throughout the epithelium and
proliferating cells, indicated by staining with antibodies targeting Ki67, could be found
throughout the epithelium. In paicular, models containing THPmonocytes showed an
even more disorganised epithelium and in addition displayed an increase in the invasion of
the epithelium into the connective tissue component of the model where cells expressing
proliferation and cytokratin markers (Ki67 and AE1/3) could be found penetrating much
deeper within the connective tissueArrows in figure indicate tumour invasion visualised
as tumour islandsHigure5.1, D and H). Modelsdevoidof THR1 monocytedid not stain
positively for CD68.

Epithelial invasion in the presence of FHBonocytes did not appear to be a result of the
high numbers of cells present as even the inclusion of only 745k#H®1 monocytes,

resulted in the invasion of both H357 andBo\cell linesKigure5.2).
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Figure5.2. Addition of THR1 monocytes to oral mucosa models containing FNB6 and
H357 keratinocyteseven in reduced numbergppeared to increasepithelial invasion.
Tissueengineered oral mucosa models containimgnortalisedFNB6keratinocyte cell line
(A and Q or oral squamous cell carcinoma cell lit¢€357 (B and D) were cultured inthe
absence A-B) or presence@D) of THPL monocytes Fdlowing 14 daysof culture at air
liquid interface, models were fixed and stained with H&Bata are shown for a single
experiment (n=1)and scale bars indicate 2Q0m. Arrows indicate areas of epithelial
invasion visualised as tumour islands.

H&E staimg showed a sparsely populated hydrogel, with stromal cells rarely visualised in
sections. Both FNB6 and H357 cell lines formed a thick,-tayétred epithelium in both
the presence and absence of THfmonocytes, however this did not appear as a stiedif
epithelium. As seen previously Kigure5.1, the addition of THR monocyte, albeit in

reduced numbers, resulted in an increase in epithelial invasion into the collagen hydrogel

which could be visualised as tumour islandgha connective tissue component of the
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model. In addition, preliminary experiments used the culture media fromTElls alone,

or after simple 2D ceulture of THPL and NOF, on oral mucosa models containing
keratinocytes and NOF alone. In thesegpghelial invasion was visualised in the absence
of intact cells (data not shown). Further repeats of this work were performed using THP

cells cultured at low passage and results could not be confirmed.

5.3 Incorporation of monocytederived macrophages it an oral mucosa model

containing FNBG6 cell line

H357 keratinocytes originate from an oral cancer biopsy, and I RiBnocytes originate

from a leukaemia patient. Therefore, as these cell lines are derived from malignancies, the
use of FBN6 cell line @Y ¥ 2 NI f AASR Wy 2NXIfQ 1SNIidAy2C
explored in order to produce an oral mucosa model which more closely represents
malignancyfree oral mucosa. Monocytes were differentiated to MDMitrousing plastic
adherence over 7 days and mered into supplemented cell culture medium using cell
scraping. A collagen hydrogel mixture containing NOF was prepared and models were
prepared either additionally containing or devoid of MDM. Once set, FNB6 cells were
seeded upon the hydrogels andltued at ALI for 14 days. Models were fixed, processed
and stained using H&E or analysed using immunohistochemistry and cesiabeed with
haematoxylin to measure the expression of CD68 arthdherin Figure 5.3); pan
cytokemtins (AE1/3), vimentin and Ki6Figure 5.4); or collagen IV and compared to
isotypematched controls Kigure 5.5). Mounted sections were analysed using light

microscopy.
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Figure5.3. H&E, CD68 and-&dherin expression otissueengineeredoral mucosa
modelscontainingimmortalised keratinocyte cell lineFNB6 normal oral fibroblasts and
monocyte-derived macrophages Tissueengineered oral mucosa rmdels containing
immortalised keratinocyte cell line, FNB6, and normal oral fibroblasts (NOF), were cultured
at airliquid interface inthe absence A-C) or presence -F) of monocytederived
macrophages (MDM)Following 14 days of culture, models wereetixand gections were
stained with H&EA and I) or immunohistochemically stained to show the expression of
CD68 B and E) andE-cadherin CandF) and counterstained with haematoxylin. Images

are representative of three independent experiments (na8jiscale bars indicate 2Qdm.
Arrows indicate CD68+ staining and boxes highlight areasadliterin expression.
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H&E staining showed an even distribution of NOF in the connective tissue component of
the model and a stratified epithelium resembling thainairmal tissue; cells were organised

into layers, with cuboidal cells forming a stratum basale and cells devoid of nuclei forming
a stratum corneum. The extracellular matrix was stained pink, suggesting ECM deposition

has occurred. Stratification is a gbmaker of epithelial maturatio{Schroeder1981)

CD68 is a classical macrophage marker. Models containing MDM stain positively for CD68,
however those devoid of MDM are absent of CD68 staining. CD68+ cells can be observed
throughout the connective tissue component, but not within the epithletiompartment of

the model, and can be viewed abundantly in every section.

E-cadherin, as a marker of cell adhesion, can be viewed in the epithelium, but not in the
connective tissue of the model. Expression-aaHherin is highest in the basal calfghe

epithelium and it is present at the periphery of individual cells, where these form adherent
junctions with other keratinocytes in the epithelium. There does not appear to be a

difference in staining for-Eadherin in models containing or devoidMDM.
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Figure5.4. Cytokeratin, vimentin and Ki67 expressiorf tssue-engineeredoral mucosa
modelscontainingimmortalised keratinocyte cell lineFNB6 normal oral fibroblasts and
monocyte-derived macophages Tissueengineered oral mucosa modelsontaining
immortalised keratinocyte cell line, FNB6, and normal oral fibroblasts (NOF), were cultured
at airliquid interface inthe absence A-C) or presence -F) of monocytederived
macrophages (MDM)Following 14 days of culture, models were fixed and sections were
immunohistochemically stained to show the expressiorcyibkeratins (AE1/3A and D),
vimentin (B and E) andKi67(CandF) and counterstained with haematoxylin. Images are
representativeof three independent experiments (n=a8nd scale bars indicate 2Q0n.
Arrows indicate areas of positive staining.
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Pancytokeratin staining using AE1/3 shows that the epithelium is entirely composed of cells
expressing cytokeratins. No specific stairoh@dE1/3 can be seen in the connective tissue
of the model indicating that there is no invasion of keratinocytes into the connective tissue

in either the absence or presence of MDM.

Vimentin is an intermediate filament typically expressed by mesenchyetial of which
only fibroblasts are present in this model. Both models containing and devoid of MDM
show abundant expression of vimentin in the connective tissue, but additionally it is

expressed in the stratum basale of the epithelium.

Ki67 is used to geifically distinguish cells in the active phases of the cell cycle from those
in resting phase (5. Its presence therefore indicates cells which are actively proliferating.
Few cells positive for Ki67 can be observed in the epithelium of both modsisicimg and

devoid of MDM. These are primarily in the bottanost layers of the epithelium.
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Figure5.5. Collagen IV expression dissue-engineeredoral mucosamodels containing
immortalised keratinocye cell line,FNB6 normal oral fibroblasts and monocytderived
macrophages compared to an isotypeatched control Tissueengineered oral mucosa
modelscontaining immortalised keratinocyte cell line, FNB6, and normal oral fibroblasts
(NOF), were cultue at airliquid interface inthe absence A-B) or presence GD) of
monocytederived macrophages (MDMYollowing 14 days of culture, models were fixed
and sections weranmunohistochemically stained to show the expressiooalfagen IVA

and ©Q comparel to isotypematched controls B and D) and counterstained with
haematoxylin. Images are representative of three independent experimentsgnd3cale
bars indicate 20Qum.

Type IV collagen is a major constituent of the basement membrane, howeveosidve
staining for collagen IV can be observed in models either in the absence or presence of

MDM.
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5.3.1 Monocyte-derived macrophages cultured within a tisseengineered oral
mucosa model release inflammatory cytokine - in response to

lipopolysaccharide

Macrophages rapidly respond to the binding of PAMPs, such as LPS present on the
membrane of grammegative bacteria, to their PRRs by releasing-ipflammatory
cytokines. To determine whether MDM cultured within an oral mucosa model retained the
ability to respond to pathogen challenge, LPS was added to the cell culture media of models
containing an FNB6 epithelium for an additional 24 hours following 14 days of culture at
ALI. Response was determined by measuring the release @nflmmmatory cytokindL-

6 using ELISA and compared to models devoid of MDM. Additionally, models were fixed,
processed and stained with H&E, and the cytotoxic effect of LPS on models was analysed

using an LDH assay.

Lipopolysaccharide does not have a significant cytotoxieeffon oral mucosa models

containing monocytederived macrophages

After treatment of models with LPS for 24 hours, cell culture media was aspirated and

analysed using an LDH asdag(re5.6).
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Figure5.6. Lactate dehydrogenaseelease bytissue-engineered oral mucosa modgl
containing FNB6 cellsnormal oral fibroblasts and monocytderived macrophages
stimulated with lipopolysaccharide Tissueengineered models of the orahucosa
containing immortalised keratinocyte cell line, FNB6, and normal oral fibroblasts (NOF) in
the absence or presence of monocyderived macrophages (MDM) were cultured at-air
liquid interface. Following 14 days of culture, cell culture medium wagpted and lactate
dehydrogenase release in response to lipopolysaccharide (LPS) memsilnmedbsenceX)

or presence B) of MDM. Data areepresentative of three independent experiments
measured in triplicatén=3)error bars show standard error meand statistical significance

was determined using an unpairedtdst.

There was no significant difference in the amounts of LDH released in the presence or
absence of LPS treatment in both models devoid of or containing MDM (p=0.3755 and

p=0.4464, respectely).
Models containing monocytederived macrophages release interleukih

After treatment of models with LPS for 24 hours, cell culture media was aspirated and

analysed using ELISA to detect release-6f(figure5.7).
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Figure5.7. Tissueengineered oral mucosanodelscontainingimmortalised keratinocyte

cell line, FNBG, in the absence or presence of monoaygeived macrophages release-I1L

6 in response to lipopolysacchard Tissueengineered oral mucosa models containing
immortalised keratinocyte cell line, FNB6, and normal oral fibroblasts (NOF), in the absence
(FN) or presence (FNM) of monocyterived macrophages (MDM) were cultured at-air
liquid interface.  Following1l4 days of culture, models were stimulated with
lipopolysaccharide for 24 hours, after which cell culture media was collected afhd IL
releasewasmeasured by ELISA. Data are representative of three independent experiments
measured in triplicate(n=3), @ror bars show standard error mean and statistical
significance wa determined using an unpairectdst.

Models devoid of MDM released low levels obllwhich was unaltered in the presence of
LPS stimulation. However, in the presence of MDM teleag increased even in un
stimulated models. The addition of both MDM and LPS to oral mucosa models resulted in
the release of the highest concentration ofdL However, an unpaired twiailed Ttest did

not identify a significant difference in the levelsiL-6 released in response to LPS in models
devoid of MDM (p=0.7056) or containing MDM (p=0.4783). Interestingly, models
containing MDM, but in the absence of LPS stimulation also released an increased amount

of I.-6 compared to compared to models degaf MDM.

5.4 Optimising cell numbersvithin oral mucosa model

In order to develop an oral mucosa model truly representativenofivooral mucosa, the

numbers of cells used required optimisation.

150| Page



5.4.1 Optimising the number ohormal oral fibroblasts

Within the canective tissue, NOF are responsible for matrix deposition. Whilst collagen
type | is the main constituent of the extracellular matrix, and thus the source of the hydrogel
used in this culture system, the E@Mvivocontains many other proteins, inclugjrelastin,
fibronectin and laminin. Within the collagen hydrogel in 3D, fibroblasts release many of
these proteins, thus improving the physiological relevance of the ECM compared to the use
of a collagen hydrogel devoid of fibroblag@osteaet al.,2003; Latkowsket al.,1995) In
addition, biological tissues are well populated with cells, so the optimisation of NOF number

was explored.

A collagen hydrogel was prepared with either 0.08x001x16 or 0.2x16 NOF and seeded
with 0.5x16¢ FNB6. Models were cultured for 14 days at ALl and subsequently formalin
fixed, paraffinRembedded, sectioned, H&E stained and analysed using light microscopy

(Figureb.8).

] R =11

Figure5.8. Optimisation of nomal oral fibroblast number in oral mucosaodels. Normal

oral fibroblasts (NOFwere cultured in 3D with 0.05x%(n), 0.1x16(B) or 0.2x16(Q cells

per model with an FNB6 epithelium. H&E stairsstttions are representative of three
independent experiments (n=3) and scale bars indicate| 200

Models containing 0.05x2WNOF were visibly acellular and NOF were identified in very few
sections and fields of view. In contrast, NOF could be founckrfrequently and evenly
distributed in models containing 0.1X40IOF. The highest frequency of NOF could be

visualised in sections of models containing 0.2X40F. Additionally, the ECM of these
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models was stained the darkest pink compared to modeldainimg 0.1x18and 0.05x18
NOF.

5.4.2 Optimising the number of monocyta&lerived macrophages

The number of macrophages present in a biological sample varies greatly depending on the
tissue, and state of health or disease. Therefore, it was not possible tondet an
absolute number of MDM to represent primary tissue. Due to limitations of cell culture, it
was not possible to include more than 4820DM per model, however in stained sections

of these models, many MDM could be visualised per field of view frama these it was

possible to isolate sufficient numbers of cells for gene and protein analyses.

5.5 Measuring the stiffness of tissuengineered oral mucosa

Tissue stiffness can vary greatly in health and disease, between different sites of the oral
cavity and between patient¢Chenret al.,2015; Handor€t al.,2015; Paszeét al.,2005) In
particular, changes in the microenvironment during tumour development alter the stiffness
of a tissue, largely due to changesmatrix deposition and activation of myofibroblasts
(Bagulet al.,2015 Masonet al.,2011). To measure stiffness, the use of a rheometer was

explored to perform a frequency swp.

To determine the sensitivity of the rheometer for measuring the stiffness of tissue
engineered oral mucosa, collagen was prepared at a range of concentratior$5(Q.5
mg/mL) and the elastic modulus was measured in order to draw a standard dtigued
5.9).
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Figure5.9. Rheometry was used to measuthe stiffnessof collagen hydrogels composed

of collagen at varying concentrations Collagen hydrogels composed of cgéa ranging

from 2.515.0 mg/mL were prepared and stiffness measured as elastic modulus at 0.1 Hz
o0 DWing rheometry

As the concentration of collagen increases, so does the value of the elastic modulus
measured at 0.1 Hz {R 0.9675, p=0.0004). Tissengineered models of the oral mucosa
containing NOF and FNB6 were prepared and analysed individually. The elastic modulus
was measured at 71659.67 and gap size measured at 181@.07. Aone-sample fest
showed no significant variande stiffnessor gap size (p=0.25 and p=0.5, respectively)
between differentbiologicalsamplesprepared under the same conditionshérefore, no

technical repeats, only biological repeats, were performed on proceeding samples.

To determine if oscillation of the toabn the rheometer may cause damage to the
epithelium of the tissueengineered mucosa, poesheometry samples of tissuengineered
oral mucosa models containing NOF and FNB6 cells were foffixalih processed,
sectioned and stained with H&E. These werepared to samples prepared under the

same conditions that had not been subjected to oscillatory teSiguie5.10).
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Figure5.10. Rheometry does not cause visible damage to thpiteelium of tissue
engineered oral mucosa. Tissueengineered oral mucosa models containing FNB6
immortalisedkeratinocytesand normal oral fibroblasts (NOWgre compared withoutA4)

and after analysis by rheometrB), H&E stained sections are reprassive of three
independent experiments (n=8nd scale bars indicate 2@@n.

Stained sections of tisseengineered oral mucosa showed no visible differences in
epithelial integrity or signs of shearing of the stratum granulosum in samples analysgd usin
rheometry, compared to those which had not. Following the optimisation of methods
presented here, comparisons between models containing or devoid of MDM and those

containing NOK, FNB6 or H357 epithelia are discussed in Chapter 7.

5.6 Discussion

Due to the mportant role that macrophages play in cancer progression, they are used as
diagnostic and prognostic markers in breast and colon carcinomas, for exérpde al.,

2009; Medreket al.,2012) An increasing numlpef studies have identified a correlation
between TAM and poor patient prognosis, suggesting they may play an important role in
oral cancer progressiofBagulet al.,2016; Balermpast al.,2014; Boa%t al.,2013 Liet

al., 2002; Moriet al.,2011) Although oral cancer research has readily adopted the use of
3D models as an improvement to 2D models, very few models have incorporated immune
cells and of those, none have incorporated primary human macroph@zgeet al.,2015b;
Kosteret al.,2015; Pirileet al.,2015; Tschachojaet al.,2014) With macrophages forming

more than 65 % of the tumour mass, the inclusion of macrophages in te&syieeered
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models of the oal mucosa is essentiflliuet al.,2008) In addition, macrophages are a
highly secretory cell, and the cytokines they release play an important role in altering the
tissue environment to promote tumour progression. Therefore, new and improved tools
are required to furthe understand the interactions that macrophages have with other cells
of the tumour microenvironment. The results presented in this chapter aim to demonstrate
the development of one such tool; a tisseagineered model of the oral mucosa containing

macroplages.

5.6.1 THPR1 monocytes may promote epithelial invasion

Previously, 2D coultures of THR1 monocytes and oral cancer cell lines (YD38 and OE) has
shown that ceculture with monocytes promotes cancer cell invasion and migration relative
to malignancyLeeet al.,2014) In this study, THP monocytes were coultured with NOF
and the oral cancer cell line, H357, at arl@juid interface for 14 days. Results show that
incomporation of THPL monocytes promoted an increase in invasion of oral cancer into the
comective tissue component @D in vitro oral cancer models In addition, observations
demonstrated that their inclusiopromoted contraction of collagen within the e&cellular
matrix compared to a control excluding THIfnonocytes.This was also observed in models
containing FNB6 immortalised keratinocyteddowever, when repeated with low passage
THPR1 monocytes, the amount of invasion was markedly lower. It isiplssthat THRL
monocytes in the initial experiment had undergop&enotypic drift through repeated
passaging,promoting their pretumour phenotype. In addition, preliminary data
incorporating THA. macrophages or conditioned media from THRonocytes altured in

2D alone or in combination with NOF showed mvasion of the epithelium to the
connective tissue. Therefore, it is likely that epithelial invasion is a resideogted
proteins involved irthe crosstalk between fibroblasts, monocytes onacrophages and
keratinocytes, either all together or in various combinati¢g@®mitoet al.,2014) In any

case, this line of thought requires further investigation.
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5.6.2 Tissueengineered normal oral mucoseontaining monocytederived

macrophages

Previous data in chapter 3 showed that FTHRnd MM6 cell lines were not necessarily
representative of primary monocytes and macrophages in morphology and the expression
of key markers. Therefore, following the 8@ture of MDM, which were shown to be viable
and responsive to LPS, MDM were included within an oral mucosa model containing normal

immortalized keratinocytes.

Unlike modelgontaining THA monocytes, thgresence of MDM did not result in invasion

of the epithelium into the connective tissue. However, the use of FNB6 cells to replace
H357 cells resulted in the formation of a stratified epithelium, although some nuclei could
be visualized in the outermost layers of the epitheliuimdicative of moderate ykplasia
(Geethaet al., 2015) Immunohistochemical staining of these models showed that E
cadherin, AE1/3 and Ki67 were restricted to the bpital component of the models, and
CD68 staining was restricted to the cattive tissue component ahodek containing
MDM which confirmed previously published datenormal oral mucoséColleyet al.,2011;

Held and Wahba, 2016&rideviet al.,2015) However Ki67 staining was not restricted to
the stratum basalgindicating proliferation of cells beyond the basal cells, indicative of

dysplasigColleyet al.,2011)

Vimentin, a marker of stromatells,was expressed in the stratum basale of the epithelium

and not restricted to the connective tissue componeithis did not match previous data
which showed no expression of vimentin in the epithelium of normal oral mucospa@d

to low expression of vimentin in OS(&alasundaranet al.,2014) Vimentin is often used

as a marker of EMT and published data using a breast carcinoma cell line suggests that these
intermediate filaments play a key in role in reorganization of the cytoskeleton, adhesio
stiffness and motility of epithelial cells undergoing EMT which is associated with their
decreased expression ofdadherin(Liu et al., 2015; Mendezet al., 2010) However,
positive staining for £adherin wasobserved in the model presented here in a similar

pattern to that found in normal oral mucosa, and was not found to be downregulated as in
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the case of EM{Balasundaranet al.,2014) Previously published data has shown that
aberrant vimentin expression correlated with histapalogical grade of dysplas{&awant
et al.,2014)

Collagen IV and laminin are deposited by fibroblasts residing in the connective tissue and
repreent the major components of the basement membrg®andersoret al.,1986) The
basement membrane separates thpithelial and connective tissue components of the oral
mucosa(Squier and Kremer, 20Q1)Howevey during cancer progression, epithelial cells
breach the basement membrane, and at this point the cancer is considered invasive
(Bradleyet al., 2010; Scully and Bagan, 2009alollagen IV was used to identify the
basement membrane in the model, however, no positive staining was observed in these, in
contrast to positively stained positive control samples. This is in contrast to previously
published data that showed the deposition of laminin, integti® and collagen IV in
organotypic models containing macrophages, fibroblasts and dermal keratinocytes. In
those models, a continuous basement membrane did not form as had been observed in
murine models, particularly in the presence of MiNhdeet al.,2012) In addition, models
containing many more fibroblasts resulted in the deposition of both laminin and collagen
IV which fomed a basement membrane, especially following further addition of KGF
(Costeaet al.,2003) A previous model of the oral mucosa devoid of macrophages and using
DED showed strong positive staining for collagen IV at the interface of the epithelium and
conrective tissue(Colleyet al., 2011) Commercially available basement membrane
substitutes, such as Matrigel, as well as other materials, can be used to mimick the protein
expression of the basement membra(®yeet al.,2014) The importance of the basement
membrane was shown in a previous study which used a collagen type | scaffold coated with
laminin and collagen IV to produce a tisserggineered oral mucosa. These additions

promoted the differantiation of keratinocytes into a stratified epitheliu(Kimet al.,2001)

The oral mucosa model presented in this thesis demonstrated similarities in protein
expression and tissue architecture compared to previously puliista¢a analysing patient

oral mucosa biopsies (Colley al., 2011). In addition, the aim of this research was to
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include viable and functional macrophages within this tissngineered oral mucosa. The
primary role of macrophages is in defence againsading pathogens, providing innate
immunity (Sheel and Engwerda, 2012; Shi and Pamer, 2011; Wegkdy, 2011; Yanget
al., 2014a) Macrophages respond to PAMPSs, such as LPS on the surface ofggative
baderia, by releasing prinflammatory cytokines, such asl_1l-8 and TNERosscet al.,
2011) The release of these @ordinates alditional immune cells to respond to the

pathogen challenge.

Therefore, to determine whether macrophages may retain some functionality when
cultured in 3D, models were treated with LPS for 24 hours, following 14 days of culture at
ALI. Following LPS stifation, culture media was collected and an LDH assay was used to
detect LDH release in response to LPS, to detect cell death. ELISA was also used to measure
release of pranflammatory cytokine, H6, in response to LPS stimulation. Similarly, to Haw

et al., who analysed the activation of BV2 microglia in a 3D collagen hydrogel, results show
that low LDH release was observed following stimulation of models witi{H#&&et al.,

2014) Additionally, this published study used a cytokine bead array and gPCR to analyse
the expression ofil-6 at both the gene and protein level 6 hours and 48 hours post
stimulation. A significant increase in@lLwas detected following LPS stimulation. An
alternative model measured the activation of RAW 264.7 murine macrophages when co
cultured within a3D tissueengineered skin model. Here, LPS stimulation induced increased
expression of H6 measured by ELISA in both the absence and presencecoitooe with
engineered skirfChunget al.,2014) Whilst not statistically significant, in this work ELISA
measured a marked increase indlrelease following LPS stimulatiomgnéirming that

macrophages are functional within this model, in line with previously published results.

5.6.3 Collagen hydrogetontraction

During wound healingildroblasts become activated and contractileel @ontraction assays
are often used to measure thectivation of fibroblasts. Whilst informative, within a tissue
engineered oral mucosa model based on a collagen gel $taffbroblast contraction

posed challenges to tissue disaggregation. The addition of fibroblasts is key for the
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proliferation and gatification of the epithelium(Latkowskiet al., 1995) However,
observations suggested that models containing an increased number of NOF experienced
increased amounts of contractionh&number of NOF addequired balancindgpetween

the amount of matrix deposition (famprovedphysiological relevance and to prevent the
connective tissuérom being too acellular) and contractionfoo much contractioresulted

in poor disaggregation of thmodels using collagenasedid prevented analysis using flow
cytometry. The amount of matrix deposition could be detected using haematoxylin staining
and appeared as pink staining in the connective tissue component of the rf{feideheret

al., 2008) An alternative approach for reducing the amount of contraction, rather than
reducing the number of fibroblasts, may be found in addition of Src kinase inhibitor PP2
(Fletcheret al.,2011) Results show that the addition of 0.2%190F generated a well
populated connective tissue. A decreased amount of contraction was found to enable
disaggregation of the tissue for analysis by flow cytometmportantly, the inclusion of

MDM, in contrast to THR, within the model resulted in a reduced amount of contraction.

5.6.4 The stiffness of tissu@ngineered oral mucosa

During normal development and during disease progression, the stiffness of tissued aroun
the body can vary enormously. In particular, malignant tissues increase in stiffness
compared to normal tissue and can be used in screening for potential malignancies; for
example, an increase in stiffness of mammary tissue associated with breasboaaocnan

be detected as a hard lun{Boydet al.,2014; Paszeét al.,2005) This increase in stiffness

of malignant tissues is likely due to abnormal matrix deposition and the contraction of
myofibroblasts(Bagulet al., 2015) In turn, changes in tissue stiffness can alter the
proliferative, migratory and invasive phenotypes of cells, resulting in a positive feedback
loop (Masoret al.,2011). Preliminary observations of oral cancer models containing THP
1 monocytes and H357 oral squamous cell carcinoma cells suggested that these were more
contracted following 14 days of culture, compared to models devoid ofITki®nocytes.

In addition these models appeared stiffer than those which had not contracted. Therefore,

the use of rheometry and contraction assays was explored to quantitate these chartges.
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stiffness of a material can be analysed using a variety of metf@@alsoviet al.,2016) For

the analysis of biological samples however, indentation and rheometry are most commonly
used. In this chapter, the suitability of rheometry to detedbanges in collagen hydrogel
stiffness was explored. Results showed that oscillatory tests performed by the rheometer
caused minimal damage to the epithelium of models, and changes in stiffness of collagen
hydrogels containing increasing concentrationsoliagen could be detected. Therefore,
rheometry may be useful in detecting changes in the stiffness of models containing a variety

of components from the tumour microenvironment.
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6 Chapter 6: Development of an-8olour Flow
Cytometry Panel for the Analys of

Macrophage Polarisation Status
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6.1 Introduction

Flow cytometry uses lasers to interrogate individual cells for specific markers which can be
identified by bound fluorochromeonjugated antibodies. It can not only quantitatively
identify changes in pttein expression of individual cells, but also changes in expression of
the entire cell population as a whole. This provides a quantitative analysis of both
intracellular and extracellular proteins, and any changes in expression in response to various
stimuli. Recent advances in technology have enabled researchers to analyse multiple
protein markers at the same time using polychromatic flow cytometry. Whilst an increasing
number of fluorochrome conjugates have become available recently, the number of

antibodies targeting macrophaggpecific cell surface proteins remains limited.

The development of polychromatic flow cytometry panels requires thorough optimisation

of every step of the experiment; from reagent selection, to equipment configuration, to

data analysis. In view of this, flow cytometry journal, Cytometry, Part A, preferentially
Lldzo f A aKS A& a dzOK LIy St a dzy RSNJ | dzy A lj dzS
LYYdzy2Ft d2NBaOSyOoS tIyStQo {AyO0S (KS TANE
publishedin total. These typically feature cells of the immune system, such as T cells,
natural killer cells and B cells, however none to date have been directed towards

macrophages.

In addition to a limited choice of reagents targeting macrophsagecific protens, with a
limited range of fluorochrome conjugates, flow cytometry analysis of macrophages is
challenging due to the high levels of atftoorescence that they display which limits the
choice of suitable fluorochromes even further. The aim of this wak o develop a novel
polychromatic flow cytometry panel that could be used to quantitatively analyse the
expression of key macrophage markers on macrophages cultured within a 3D model of the
oral mucosa. As with previous chapters, cell lines were ugetthéoinitial optimisation of

methods. These optimised methods were later applied to primary cells.
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6.1.1 Separating macrophages from fibroblasts and keratinocytes

The model of the oral mucosa presented in this thesis contains fibroblasts and keratinocytes
in addition to macrophages. Human macrophages are typically a large cell betwezth 20
microns in diameter compared to fibroblasts at18 microns and keratinocytes around 10
microns. The differences in size and granularity of different cell types canlxtased to
distinguish between the cells using flow cytometry. For example, monocytes can easily be
identified from lymphocytes and neutrophils in flow cytometry samples prepared from
whole blood Figure3.1). However, as thexample showsKigure6.1), THPL monocytes

overlap in size and granularity with keratinocytes and fibroblasts.
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Figure 6.1. Separation of THA monocytes from normal oral fibrolasts and H357
keratinocytes using size and granularity. THR1 monocytes cultured in suspension, or
normal oral fibroblasts (NOF) and oral squamous cell carcinoma cell line, H357, cultured in
adherent culture were analysed using flow cytometry. Gatesvget to measure forward
scatter (FSC) and side scatter (SSC), for size and granularity respeaftiMeiyl (A), (NOF

(B) and H357@. Data are shown for a single experimént1) following dead cell exclusion

with propium iodide

In addition, as merophages can vary greatly in size depending on environmental cues due
to their plastic nature, the separation of these immune cells from other cells within the
model based on FSC and SSC is not suitable. Therefore, unique markers were required for

the identification and separation of macrophages from fibroblasts and keratinocytes.
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6.2 Selection of reagents for polychromatic flow cytometry

The aim of the polychromatic flow cytometry panel was to firstly identify macrophages
within a coculture of macrophagesibroblasts and keratinocytes, and subsequently enable
characterisation of macrophage phenotype using a range of M1 and M2 marleslett
fluorochromes for serial gating, reagents were given priority ratings in order that the
brightest fluorochromes auld be assigned to thlighest prioritised antigens for gating
purposes Table6.1). Furthermore,the panel was designed so that @Btigens with the
smallest selection of commercially available antibodiese assigned the mosoommonly

available luorochromes.

Priority | Category Rationale Reagents
Rating
1 Identification of leukocytes | To remove any cells not CD45, CDh14

and specifically, macrophagq relevant to the analysis

2 Viability To exclude dead and highly| Aminereactive
auto-fluorescirg cells blue
3 Polarisation 1 Key macrophage protein CD163

involved inoral cancer

4 Polarisation 2 Further polarisation marker§y CD36, CD80,
to characterise the CD86, CD206
macrophagepopulation

Table6.1. Development strategy of thenulti-colour flow cytometrypanel.

For the identification of macrophages from fibroblasts and keratinocytes, CD14 and pan
leukocyte marker CD45 were selected. Due to its emerging role as a marker for poor
prognasis in oral cancegBalermpaset al.,2014; Fujiet al.,2012; Fujiteet al.,2014; Heet
al.,2014; Moriet al.,2011; Webeet al.,2014; Wehrharet al.,2014) CD163 was selected

as the highest prioritised magphage polarisation marker, followed by CD80 and CD86 (M1
markers), and CD36 and CD206 (M2 markers). As with previous work in this thesis, THP

monocytes were initially used for the optimisation of techniques that were later applied to
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primary human maaphages; followindgrigure6.2 and Figure6.3, all the following data in
chapter 6 has been collected using primary human MDM based on optimisation of methods

presented in the preceding chapters.

6.2.1 Selectionof antibodies for the identification of monocytes

CD14 is a monocyte and macrophage cell surface marker that is not expressed by NOF.
Therefore, fluorochrome&onjugated antCD14 antibodies were used to separate
monocytes from fibroblasts using flow oyhetry. As one of the highest prioritised markers,
CD14 required conjugation to a bright fluorochrome, such as PE, to enable clear separation
of CD14+ from CD14vents.

Separation of monocytes from fibroblasts using CD14 expression

To determine the ef€acy of CD14 expression to separate monocytes from NOF, purified
PBM from healthy volunteers and THRr MM6 monocytes cultured in suspension were
combined in equal number with NOF cultured in 2D stained with-@Bt.£E antibodies

(Figure6.2) and the results analysed using flow cytometry.
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Figure6.2. Separation ofmonocytes from normal oral fibroblasts using R&njugated
anti-CD14 antibody. Peripheral blood monocytes immedely following isolation and
purification; THPL or Mono Mac 6 (MM6) monocytes cultured in suspension; or normal
oral fibroblasts (NOF) cultured in adherent culture were recovered, mixed and labelled
using antiCD14 antibodies and analysed using flowonyetry. Gates were set based on
unstained samples of relevant cells tientify CD144events in NOF aloné), andmixtures

of NOFwith peripheral blood monocytef), THPL (O or MM6 (D) monocytes. Data are
shown for asingle experimen(n=1) followingdead cell exclusion with propium iodide

Dot plots show that NOF alone showed high levels of dlutirescence at the same
wavelength as PE, resulting in a high percentage of events recovered in the CD14+ gate, in
the absence of monocytes. As shown poexgly Page87), PBM express higher levels of
CD14 than both THP or MM6 monocytes, and the three cell types differ in size and
granularity Page85). Dot plots here show that the high expressaf CD14 on PBM and

the difference in size of PBM and NOF, enabled the two cell types to be clearly separated.

THR1 monocytes, although larger than PBM and expressing lower levels of CD14, could still
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be separated from NOF by size and CD14 expressiomever, due their larger size and

markedly lower levels of CD14 expression, MM6 and NOF could not be clearly segregated.

In parallel, it was observed that the expression of CD14 decreased during monocyte to
macrophage differentiation in both primary cediad THPL cell line Page93). Therefore,
the additional use of CD45 leukocyte marker was assessed for the separation of monocytes

and macrophages from NOF by flow cytometry.

Separation of THA from normal oral fibroblass and H357 using CD45 expression

As an alternative to aMCD14 antibodies, an€D45'  antibodies were explored to enable

the identification of the THR monocytes from NOF and keratinocytes used within the
tissueengineered oral mucosa developed in gliel Pagel37). THPL, NOF and H357 cells
were cultured individually in 2D or in various combinations of 3Eutures using a
collagen hydrogel. Hydrogels were cultured at ant@iliquid interface for 14 days and
modek processed into singieell suspensions using collagenase IV and a cell strainer.
Viable cells were selected using Topro3, which contains a carbocyanine dye that enters dead
cells through compromised cell membranes, causing them to fluoresce. The sgpret

CD45'"was analysed using flow cytometiyigure6.3).
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Figure 6.3. Separationof THR1 monocytes from normal oral fibroblasts and H357
keratinocytes in 2D and 3[using FIT&onjugated anttCD45 antibody. THR1 monocytes
cultured in suspension, or normal oral fibroblasts (NOF) and oral squamous cell carcinoma
cell line, H357, cultured in adherent culture, were retrieved and used, unstained, to set
gates A-C) respecively. Samples labelled with as@D45'™were analysed for each cell

type individually D-F) for THPL, NOF and H357 respectively. Additionally, cells were
cultured within a collagen hydrogel for 14 days either individu&H) for THPL, NOF and

H357 respectively, or in coulture; THR1 with NOF@) or THPL, NOF and H35H). [ata

are shown for &ingle experiment (n=Idllowing dead cell exclusion using propium iodide
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THR1 monocytes expressed high levels of CD45, with >99 % o1 THIB culired alone

in 2D appearing in the CD45+ gate. In contrast, NOF and H357 keratinocytes cultured alone

in 2D showed no expression of CD45 and hence <1 % of events appeared in the CD45+ gate.
However, once cultured alone within a collagen hydrogel, 31.7Cks\and 92.4 % H357

cells appeared within the CD45+ gate. This resulted in a high percentage of CD45+ events

appearing in 3D coultures omitting THR. cells ancgoor separatiorof THR1 monocytes

from H357 cells and NOls 3D tricultures.

Parallel expgments enabling the viable culture of MDM in 3Bagel24) resulted in the
3D culture of THR being discarded; all subsequent experiments use MDM and data from

experiments using THPmonocytes were used to inform future eeqimental design.

6.2.2 Selection of viablanonocyte-derived macrophages

MDM autofluoresce in every laser channel, and as cells die, the membrane becomes
permeable allowing antibodies to penetrate the cell resulting in aliorescence which

may be detected s a false positive signal. In addition, MDM reqpirecessing in order to

produce a singkeell suspenisn suitable for flow cytometry thatan lead to a decrease in

cell viability over time. Therefore, asuitable reagent fothe gating of viablecellswas

required wSI ISy ia dzaAy3a [AIKGol @S - 0eidiSu € &SN

as thiswould not affect the selection of othdluorochrome reagents.

Amine dyes are available in a wide choice of colours, including those excited with &ktJV las
These dyes bind amine groups which are only accessible once the cell membrane has
become permeable. Only a few amine groups are present on the surface of viable cells with
intact membranes, therefore these dyes can penetrate wa@ble cells to bindhe amine
groups on proteins inside the cell, resulting in a brighter fluorescence oiviadhe cells

than those that are viable.

Treatment of viable MDM with saponin or ethanol, heshiock or freezeéhaw cycles for cell
permeabilisation were tested inrder to produce a positive control for nenable cells.

Treatment with 100% ethanol for 15 minutes at room temperature enabled clear separation
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of viable and norviable MDM. Fixable Viability Dye eFluor® 455UV (eBioscience, USA) was
compared to LIVE/DED® Fixable Blue Dead Cell Stain (Life Technolog)essid¥ viable

and ethanoltreated nonviable macrophages (1:1 v/v ratio) to determine dye efficacy
(Figure6.4).
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Figure6.4. Viability stain comparison. Monocytederived macrophages (MDM) were
adherently cultured for 7 days, retrieved using cell scraping and analysed using flow
cytometry. LIVE/DEAD® Fixable Blue Dead Cell Stain (Life Techndigies, Fixable
Viabilty Dye eFluor® 455UV (eBioscier@ayere used to detect viable and ethartobated
non-viable macrophages mixed in a 1:1 (v/v) ratio to examine reagent performance.
Unstained cells, treated under the same conditions as sample cells, were used tdaiy via
gates A). Data representative of three independent experiments (n=3). Gates were set
using unstained cells treated with ethandl)(

A gate was set based on unstained cells treated with ethanol, and used to compare the
separation of viable and banoktreated nonviable MDM. LINE/DEAD® Fixable Blue Dead
cell gain showed a sharp peak of 61+2.8 % of cells within the lefiand viable gate with

an MFI of 95.8 2.7, and a second peak of 38.33L.1 % of cells was visible distinctly
separated fran the first with an MFI of 3094 591.2. AlternativelyFixable Viability Dye
eFluor® 455U8howed a shift in the whole population of cells beyond the-tefhd viable

gate, where only 9.5 0.5 % of cells were found. Two peaks could be identified with t

dye (the first with an MFI of 268:849.19 and the second with an MFI of 168895.1),
however, there was overlap between the two peaks and no clear distinction could be made

between the viable and noewiable cell populations.Of the two stains used.IVE/DEAD®
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Fixable Blue Dead Cell Stain showed superior separation of vaatie nonviable

macrophages and was consequently used in ensuing experiments.

6.2.3 Selection of antibodies for identification of monocytderived

macrophages

A limiting feature of mcrophages, in polychromatic flow cytometry panel design, is their
high level of autefluorescence that limits the choice of fluorochromes that can be used. In
particular, FITC and PE fluorochromes should be avoided for the initial separation of MDM
from other cell types as MDM are highly atflaorescent at the same wavelength as these

fluorochromes.

Selection of antiCD14 antibodies for polychromatic analysis of monocyterived

macrophages

To enable separation of MDM from fibroblasts and keratinocyteso-culture, a suitable
anti-CD14 antibody was required. MDM cultured in 2D were stained with-GDfi4
antibodies conjugated to PE, eFluor450 and Alexa Fluor 700 and compared to unstained
samples. The normalised median fluorescence intensity (nBiRhé three antibodies was

compared Figure6.5).
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Figure6.5. Selectionof anti-CD14 antibody. Monocyte-derived macrophages (MDM)
were cultured for 7 days, retrieved usiogll scraping and CD14 expression analysed using
flow cytometry. Anti-CD14 antibodies conjugated to Pg, (eFluor 450K) and Alexa Fluor

700 © were tested and compared using normalised median fluorescence. Filled (grey)
histograms show unstained cglland open histograms show singkained cells.Data are

from a single experiment (n¥&and gates were set based on unstained cells following dead
cell exclusion

Anti-CD1ZEdisplayed the highest MFI (110.14) compared to -&li14'exa Flu®700 (7 8g)

and CD1go®450(1 39). In addition, both artCD1&Fand antiCD14'exaFlus®700 showed a
CD1#" and CD149" population that was not visible with the less bright eFluor 450

fluorochrome.

Selection of antiCD45 antibodies for polychromatic analg of monocytederived

macrophages

Previous data demonstrated that during monocyte to macrophage differentiation, the
expression of CD14 decreased. Therefore, the use of both CD14 and CD45 may be used to
identify MDM from fibroblasts and keratinocytas & mixed ceculture. MDM cultured in

2D were stained with arHCD45 antibodies conjugated to PE eFluor 610 and FITC, and
compared to unstained samples. The normalised median fluorescence intensity (nMFI) for

the two antibodies was compareéigure6.6).
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Figure6.6. Selectionof anti-CD45 antibody. Monocyte-derived macrophages (MDM)

were cultured for 7 days, retrieved using cell scraping and CD45 expression analysed using
flow cytometry. Anti-CD45 antibodies conjugated to PE eFluor 890afd FITCB) were

tested and compared using normalised median fluorescence. Filled (grey) histograms show
unstained cells, and open histograms show sisgigened cells. Data arefrom a sngle
experiment(n=1) and gates were set based on unstained cells following dead cell exclusion
The use of both aMCD45E eFlu® 610gnd antiCD45' Cclearly identified CD45+ events
compared to unstained cells, although the MFI of &Dif)45E eFu@610\was higher at 79.56
compared tol.41for ant-CD45'C In addition, antiCD45E eFlu®61qyasable to distinguish
between CD4%3"and CD48" events, and FITC had previously been shown to be unsuitable

for use in detecting MDM cultured within aghly autefluorescent collagen hydrogel.

Separation of monocytederived macrophages from normal oral fibroblasts cultured in
3D

To retrieve cells from the collagen hydrogel, methods using collagenase IV had previously
been optimised. However, previoyspublished literature suggested that collagenase IV
may cleave cell surface proteins of interest. Therefore, the expression of CD45 and CD14 in
MDM cultured in 2D with and without additional treatment with collagenase IV were
compared using nMFI to quafht any differences in expression measured by flow cytometry
(Figure6.7).
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Figure6.7. CollagenasdV does not affect the expression of CD14 and CD48onocyte-
derived macrophges (MDM) were adherently cultured for 7 days, and retrieved using cell
scraping before analysis using flow cytometithe expression of CD1A&ndC) and CD45

(B and D) by MDMwas unaffected by treatment with (+ coll., dotted line) and without (
coll, solid line) collagenask/. Data are compared as histogramsand B) and column
charts Cand D). Grey, filled histograms regsent unstained MDMerror bars show
standard error mean and significance was determined using an unpairethiled Ttest.

Data are representative of three independent experiments (n=3).

Histograms showed very similar expression levels of CD14 and CD45 by MDM cultured in
2D either with or without additional treatment with collagenase I1V; 9212 and 8.3 1.8

for CD14, and67.5+ 7.3 and 193.2 8.7 for CD45 in the absence or presence of collagenase
treatment, respectively. An unpaired twailed Ttest showed that MDM treated with

collagenase IV displayed no significant difference in the expressiGDd4(p=0.7165) or
CD45 (p=0.0578).

As there was no apparent decrease in expression of CD14 or CD45 by MDM following

treatment with collagenase 1V, MDM and NOFcadtured within a collagen hydrogel for 14
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days at ALI were stained with both a@D14'®x@ Flul®700gnd C@5PE eFu®@610tg enable

separation of MDM from NORigure6.8).
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Figure6.8. Separation ofmonocyte-derived macrophage$rom normal oral fibroblasts
cultured in 3D. Monocyte-derived macrophages (MDM) cultured for 7 days in adherent
culture were retrieved using cell scraping andotdtured for an additional 14 days with
normal oral fibroblasts (NOF) within a collagen hydrodgntification of CD14+A(andD),
CD45+BandE) and CD14+CD4524ndF) cells in 3D collagen hydrogels containing normal
oral fibroblasts in the absenc&{C or presence-F) of MDM. Gates were set based on
fluorescenceminusone controls following dead cell exclusiddotplots are representave

of three independent experiments (nk3

Collagen hydrogels devoid of MDM showed 1.8 % of events in the CD14+ gate and 0.6 % of
events in the CD45+ gate. In addition, 2.4 % of events appeared in the CD14+CD45+ gate.
In contrast, hydrogels containiddDM showed a clear population of cells in both the CD14+
gate (representing 27.5 % of events) and CD45+ gate (representing 41.1 % of events).
Analysis of MDMontaining hydrogels showed 68.8 % of events in the CD14+CD45+ gate,
that were not present in théydrogels devoid of MDM.

175| Page



6.2.4 Polarisation of monocytederived macrophages

A huge variety of macrophage polarisation markers have been identified in the literature.

In this study, CD80, CD86, CD163 and CD206 were selected as they were the most highly
cited ard due to antibody availability. In order to generate positive controls for the selected
proteins, the use of various exogenous stimuli was required. The published literature cites

a variety of different combinations of cytokines to stimulate high expoessf CD80, CD86,
CD163 and CD206. Therefore, a variety of polarisation protocols were followed, and for

many, results did not confirm published data.

Selection of polarisation stimuli

Of the published polarisation protocols, the use of G&F, MCSF, W4, [1-:10, LPS and IFN
appeared frequently. MDM were cultured in 2D for 7 days with the additional presence of
GM-CSF combined with LPS and!If the final 24 hours to induce high expression of
CD80 and CD86, and-®BF combined with either-4Lor [1-:10 to induce high exgssion of
CD163 and CD206. The expression of the selected markers was compared between MDM
cultured with different cytokine stimulation, including MDM cultured in the absence of any
cytokine stimulation (control, MO) and compared to unstained cells teegeine nMFI
(Figure6.9).
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Figure 6.9. Expression of key macphage polarisation markers followingexogenous cytokine stimulation. Monocyte-derived
macrophagesMDM)were alherently cultured for 7 days in the absence (control) or presendd¢lo{GMCSF, IFNand LPS; green line) or
M2 (M-CSF combined with either-4L(red line) or H10 (blue line) cytokinesThe expression of M1 markers, CD80Kandl) and CD86R,
Fand J), and M2 markers, CD16G, GandK) and CD2060, HandL) on MDM were compared. Dot plots represent timulated MDM
(A-O or M-CSF/I110-stimulated MDM D). Stained samples aocempared to an unstained control (grey, filled histogram). Histograh$
are summarised as bar charisl]. Data are representative of two independent experimemts?. Gates were set based on unstained
samples treated under the same conditions following dead cell exclusion.
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Dot plots show the percentage expressiohtbe selected marker under conditions to
stimulate a positive control, with gates set compared to an unstained sample. These show
that after stimulation with GMCSF, LPS and 1FMd high percentage of MDM expressed
CD80 and CD86 (37.7 % and 77.9 % réisedg. In addition, the levels of CD80 and CD86
expression by the whole MDM population increased resulting in a shift in MFI beyond that
of MDM stimulated with MCSF with ¥4 or 11:10. Stimulation of MDM with MCSF and 1L

10 resulted in 11.4 % of celexpressing CD163, and a small increase in nMFI compared to
MDM stimulated with GMCSF, LPS and IFM M-CSF with H4. Stimulation of MDM with
M-CSF and {4 resulted in 88.1 % of cells expressing CD206, however, the overlay histogram
and nMFI values showed that MDM stimulated with @8F, LPSand IFN SELINS a4 4 SR
levels of CD206 when MDM wertnsulated with M-CSF and 4. Consequently, CD36 was

selected to confirm an M2 phenotype in addition to CD163 in later experiments.

Selection of polarisation marker antibodies

MDM were cultured in 2D for 7 days with the additional presence of@@# comhbed with

LPS and IFNor the final 24 hours to induce high expression of CD80, CD86 and CD206, and
M-CSF combined with-IlO to induce high expression of CD36 and CD163. MDM were
stained with antiCD80 antibodies conjugated to FITC;-#&i163 antibodie conjugated to

PE and APC; arfiD36 antibodies conjugated to PE and APCGGD86 antibody conjugated

to PE Cyanine 7; and aiiiD206 antibodies conjugated to eFluor 450 and PE. The
expression of marker and fluorochrome combinations was compared tarestained

sample and the nMFI determineé#ifure6.10).
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Figure6.10. Slection of antibodies targetingnacrophagepolarisation markers. Monocyte-derived macrophages (MDM) wee cultured
for 14 days, retrieved using cell scraping and CD36, CD80, CD86, CD163 and CD206 expression analysed using flovAcitGRD80yY.
antibodies conjugated to FITC, clones MEBB @) and 2D10.4R); antrCD163 antibodies conjugated to RE &nhd APC); antrCD36
antibodies conjugated to PE)(and APCHj; ant-CD86 antibody conjugated to PE Cyanir@®7 &ntrCD206 antibodies conjugated to eFluor
450 H) and PEI| were tested and compared using normalised median fluorescence. Filledi{gtegyams show unstained cells, and open
histograms show singlstained cells.Gates were based on unstained cells, following dead cell excluSiata. arefrom a singleexperiment

(n=1.
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CD168Edisplayed a highemMFI (1.58)than CD168°¢(1.36)and as a key marker in this
panel, the brightest fluorochrome was allocated to CD16g§ure6.10). By this stage,
further choices were very limited and fluorochromes were selected according to availability
(CD86E Syannegand CB0F'™Y; clone 2D10.4 showed a highekMFI (2.54)than clone MEM
233(1.07)for CD86G'™and so was selected in preferenc€ED36"“showed a lower nMFI
(49.93) thanCD365(70.67), howevewith PE required for CD163, CBR6wvas added to

the panel. The MFI of CD8& ©Yannefyas 47.39. AlthougtD206Fshowed a higher MFI
(19.87)than CD208o®450 (2 01) the latter was selected as the PE fluorochrome was
required for CD163.

6.3 Optimisation ofFe R blocking methods

Macrophages express many‘ Feceptors (FcR) which enable them to recognize and
internalize foreign antigens in order to perform their role in antigen presentation to cells of
the adaptive immune system. However, the abundance of Jcesent on macrophages
results in norspecific (norepitope) binding of flow cytometry antibodies. In addition,
antibodies can penetrate the membrane of nurable cells and nospecifically bind
intracellular targets. For these reasons, it was vitause FEcR blocking prior to flow
cytometry staining of MDM. In order to detect napecific binding, selected isotype
controls were used with the same fluorochrome (at the same F:P ratio), and at the same
concentration as the antibody targeted to antigens ofer@st. FcR blocking reagent was
tested at two different concentrations and incubations were performed & 4r on ice for

15 minutes Figure6.11).
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Figure6.11. Optimisation of F¢ Rblocking methods. Monocytederived macrophages (MDM) were cultured for 14 days, retrieved using
cell scraping and analysed using flow cytomeffe fluorescence from an unstained sample is compared to that of a sample stained with
isotype control ér FITCA), PE eFluor 61@), PEQ), PE CyanineD), APCH), eFluor 450K) and Alexa Fluor 70@). Data are representative

of three independent experiments (nx3
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Ten microliters of FCR blocking reagent incubated & demonstrated improved bdiing

of non-specific binding of isotype controls, to levels comparable to unstained samples. No
difference in nMFI was measured or visible differences in histograms could be visualized
between unstained samples and those stained with isotype controlsafdibodies
conjugated to FITC, PE eFluor 610, PE, APC or eFluor 450. However, a small increase nMFI
was observed for PE Cyanine 7 (1.25) and Alexa Fluor 700 (1.47) in-staipped samples.

6.4 Phenotypic characterisation of polarised monocytierived macophages cultured
in 2D

The fully optimised polychromatic flow cytometry panel could now be used to characterise
and compare the expression of key macrophage markers by MDM cultured under the
stimulation of various polarising cytokines. MDM were culture@D without additional

stimulation or with the addition of GMCSF with LPS and {EFNr M-CSF with HLO.

6.4.1 Fewer M1 monocytederived macrophages are CD14+ compared to M2

monocyte-derived macrophages

The morphological changes of unstimulated MDM and MDdfagsed to M1 or M2
phenotypes were compared using light microscopig(re6.12), and changes in size and
granularity were measured using flow cytometry for CD14+CDHEigtre6.13) and CD45+
(Figure6.14) events.

182| Page



Figure6.12. Polarised monocytalerived macrophages undergo morphological changes in 2Bonocytederived macrophages (MDM)
cultured for 7 days in theabsence of exogenous stimufi)(or in the presence of Mfolarising cytokines GMSF, LPS and 1HB) or M2
polarising cytokines MCSF and 110 (© were imaged using light microscopy. Data are representative of three independent experiments
(n=3) andscale bars indicate 50m. White arrows highlight rounded cells, and black arrows highlight spsidiped cells.
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Unstimulated MDM and those stimulated with M2 cytokines showed a high proportion of
flat, round cells (white arrows) compared to spindleaped fibroblastoid cells (black
arrows). In contrast, those stimulated with M1 cytokines showed an increased
representation of fibroblastoidike cells similar to results described previougbassoket

al., 2009)
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Figure6.13. Polarised CD®¥CD45+ monocytderived macrophages undergo physical
changes in 2D.Monocytederived macrophages (MDM) cultured for 7 days in the absence
of exogenous stimuliand D) or in the presence of Mfolarising cytokines GMSF, LPS
and IFN (BandE) or M2polarising cytokines MCSF and 410 (CandF) were analysed using
flow cytometry. CD14+CD454Q) events were selected following dead cell exclusion and
their size and granularity compareD-p).
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Measurements of FSC and SSCCDfL4+D45+eventsto examine changes isize and
granularity were 80213 4268 and 48021 3484 (M0), 85184 7829 and 7848% 9093

(M1), 78059+ 4950 and 51371 3824 (M2) respectively. This data indicates that MDM
stimulated with M1 cytokines were larger antbre granular than both those unstimulated

and those stimulated with M2 cytokines, with much smaller differences in FSC and SSC
observed between the lattelOf the unstimulated MDM, 40.% 1.2%were CD14+CD45+
compared to 7.6 0.6% of Mlstimulated and1.3+ 1.9% of M2stimulated. However, in

all sampls, >90 % of events were CD45+, therefore, changes in size and granularity of

CDA45+ were also compardeigure6.14).
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Figure6.14. PolarisedCD45+ monocytederived macrophages undergo physical changes
in 2D. Monocytederived macrophages (MDM) cultured for 7 days in the absence of
exogenous stimuli{andD) or in the presence of Mpolarising cytokines GMSF, LPS and
IFN (B andE) or M2polarising cytokines MCSF and 110 {Cand F) were analysed using
flow cytometry. CD45+A(C) events were selected following dead cell exclusion and their
size and granularity compareB-g).
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Measurements of FSC and SSC of CD45+ deestamine changes in size and granularity were
65408+ 10240and 46176+ 2400(M0), 34240+ 9600and 57888+ 9504 (M1), 60768+ 10080
and47744+ 1408(M2) respectiely. This data indicates that Mstimulated MDM are smaller

and more granular than thosengtimulated or stimulated with M2 polarising cytokines. This is
comparable to data analysed CD14+CD45+ MDM. Interestingly, FSC and SSC dot plots of CD45+
MDM showed two different populations, as opposed to the single, homogeneous population of

CD14+CD45MDM seen previously.

6.4.2 M1 monocytederived macrophages appear to express CD80, CD86 and
CD206, whilst M2 monocyteerived macrophages express CD36 and
CD163

The expression of CD36, CD80, CD86, CD163 and CD20stiaiulated and M1 or M2
polarised MDM wasompared using percentage expression and nMFI for CD14+CD45+

(Figure6.15) events and CD45+ event&dure6.16).
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Figure6.15. Differences in expession of key monocyte and macrophage markers in unstimulated, M1 and M2 CD14+CD45+ manocyte
derived macrophages. Monocyte-derived macrophages (MDM) were adherently cultured for 14 days in the absence (MO) or presence of

I virRulafed with MCSmand{10ZMR). Bhé percentage of CD14+CD45+ events expressing CD80, CD163, CD86,
CD206 and CD36 respectively, {the normalised median fluorescence (nMBjland nMFI data summarised as column cha@sfe shown.

Grey, filled histogams represent usstimulated MDM, green line depicts Mstimulated and blue line depicts M&imulated macrophages.

Gates were set based on fluorescesmo@us one controls and CD14+CD45+ events were selectedFaguire6.13, following dead cell

GM/ { CZ LChb!

exclusion. Data are representative of two independent experiments (n=2).
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M1-stimulated MDMdisplayed a higher expression of CD868.2 %,) CD86(69.4 %)and
CD20g88.1 %) compared to urstimulatedMDM (1.4 %, 18.1 ®nd 34.6 % respectively)

and M2stimulatedMDM (0.7 %, 3.3 % and 40.6 % respectively). In additiorstiililated

MDM displayed higher average nMFI values for CD80 (2.2), CD86 (6.0) and CD206 (5.8)
compared to urstimulated MDM (1.0, 2.4 and 1.9 respeely) and M2stimulated MDM

(1.1, 5.4 and 1.5 respectively).

A slightly increased percentage of M2mulated MDM expressed CD36 (99.6 %) and CD163
(21.7 %) compared to ustimulated MDM (99.5 % and 6.3 % respectively) and M1
stimulated MDM (92.9 % and 3% respectively). In addition, Mimulated MDM
displayed higher average nMFI values for CD36 (9.9) and CD163 (1.4) compared to un
stimulated MDM (6.2 and 1.2 respectively) and -stinulated MDM (4.7 and 1.2
respectively). Whilst changes in the percemtagxpression and nMFI were observed
through the different polarization stimuli, these changes represented the cell population as

a whole, as opposed to the segregation of separate populations of cells.
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Figure6.16. Differences in expression of key monocyte and macrophage markers in unstimulated, M1 and M2 CD45+ moedenyt
macrophages. Monocyte-derived macrophages (MDM) were adherently cultured for 14 days in the absence (MO) or presenc&€& GM
LCb* YR [t{ 6am0-CSFanILa @12).YTHe peréeMtatie of EOUE+ ewents expressing CD80, CD163, CD86, CD206 and
CD36 respectively], the normalised median fluorescence (nMBjland nMFI data summarised as column cha@sfe show. Grey, filled
histograms represent ustimulated MDM, green line depicts Mslimulated and blue line depicts M&imulated macrophages. Gates were

set based on fluorescenarinus one controls and CD45+ events were selected &gyure6.14, following dead cell exclusion. Data are

representative of two independent experiments (n=2).
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