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Summary

When attempting to model théduman gut cell culture research has traditionally employed

a reductionist approach to encapsulate the nuanced behaviours of thesercsits

However, as these studies almost exclusively employ static cell culture methodologies, the
biological relevance of such research could be disputed, as many of the complex factors that
influence the3 dzibedaviour and responsiveness to external stiratgi omitted. From
hostmicrobial interactions to dynamic flow, such factors are omnipresent within the gut

and, in the case of the host microbiome, have been historically proven to induce
considerable behavioural changdhis thesis aims to examine the imgt of both dynamic

flow ¢ which is regularly absent from cell culture studiesnd bacteria, specifically

probiotics, on four intestinal cell lines used commonly within cell culture studies.

By introducing a dynamic flow element to cell culture via the Kirkstall Quasi Vivo® QV500
milli-fluidic flowrthrough system, it was hypothesised that an alteration in cellular behaviour
would be observed, although whether such changes would pose a positivegative

influence remained unknown. Following verificatiohany observed behavioural changes,
bacteriac both probiotic and pathogenic¢ were introduced to theQV500to enable ce

exposure of flow and bacteria to cell lines.

Ultimately, this study &s concluded that the presence of dynamic flow and thewiuring

of cell lines with both flow and bacteria is beneficial for improving current gut
methodologies. While this study has provided a preliminary insight into the importance of
flow in modellirg theproduction of preinflammatory cytokinesrom human cells to

bacterial stimul, further research is required to optimise flow systems for application in
wider studies ando overcome the limitation®f systems such as the QV500, as this study
has prgosed thatflow may be invaluable in furthering the current understanding

surrounding the guaind its essential factors
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1 Introduction

Given the importance of cell culture models in the wider field of gastrointestialelling

the extensiveevolution of cell culture methodologies from 2D to 3D systems over the past
20 years has proven invaluable in expanding upon existing methodologies wbeltdiaeis
assessed for its response to a given stimulus through introducing a myriad of adéiogic
relevant stimuli. Furthermore, while the combined analysis of probiotic products with cell
culture has enabled a considerably improved understanding of the effects induced by
specific strains of bacteria, and artificially combined bacterial consiatiad in commercial
probiotic formulations, the combination of these probiotics and cell lineslés$o results

that on occasion conflict with what is seen in studies conducted on mice, or human impact

studies.

This thesis seeks to address the impach @bmmercially available dynamic flow through
system on four commonly utilised cell lines, how the response of these cell lines varies
under flow conditions compared to static conditions, and how the introduction of probiotic
bacteria influences the cellar response under flow. The aims of the thesis, which will be
outlined in finer detail in the following chapters, could be broadly stated as testing the

effect of physiological flow in cell culture, and whether the observed results can be stated as
providing results that better represents what would be expectedity, despite the

limitations inherent in cell lines.

In the following chapter, the key features of cell culture research, cellular parameters, 3D
cell culture and probiotic research will lbatlined, with particular emphasis on how these

contribute to this study.



1.1 Cell culture within research

Cell culture is the scientific practice of utilising human cells to replicate the biological
response of a specific tissue/cell type following expedora given stimulus by controlling

the physiochemical environmeifPhilippeos et al. 2012Jhis method of conducting human
research generally seeks to exploit the physiological characterigteaneoer, and

immortalised cells, including their ability to extensively reproduce, due to a reactivated
telomerase(Blagoev 2009pr artificially manipulated cell ling&aur and Dufou2012)that
express general characteristics of interesich as de novo mucin production. Making use of
these cell lines allows for a high throughput and relatively consistent means of assessing the
human response to a given stimulus. Primary cell caltsl also a commonly employed

branch of cell culture that utilises a collection of human cells directly cultured from the
organ or region of interegiStacey 2006)Theuse of primary cell lines can provide the

unique benefit of greater biological accuracy and improved relevancy when compared to
immortalised cell lines, as primary cells typically express characteristics of their tissue of
origin (Pastor et al. 2010However due to the difficulty in isolating primary cells, and the
finite number of replication cycles these cells may undertake, most preliminary research will
revolve around the implementation of readilytablished immortalised cell lines for

optimisation prior to the introduction of primary cells.

However, whilst cell culture is considered both highly effective and comparably simple to
implement(Masters and Stacey 20Q'0he must consider additional limiting factors when
designing a cell culture experiment, with particular focus on the cell lines selected and the
conditions to which the cells are exposed. While cell culture is widely employed, the limited
comparability of inmortalised cells to healthy functionality will inevitably limit the scope of
the study, requiring the eventual use of primary cell ligells directly extracted from
biopsies or direcfrom-source, and that have yet to undergo a subculturing procedure
(Geraghty et al. 2014pr ideallythe use of methodologiem viva Despite this,

immortalised cellines provide an invaluable tool, providing considerable insight, upon

which future research and concepts can be built.



1.1.1 Animal modelling and their role in modelling methodologies

While cell culture has proven an invaluable tool in assessing the respbaseell line to a
given stimulusanimal models have historically provided an effective means of assessing
both disease development and the physiological response of an organism to a given
stimulus(Barré-Sinoussi and Montagutelli 201%)neof the greatest benefits to animal
research is the ability to utilisexariednumberof speciefAndersen and Winter 2019)
exploiting the benefits of each in an attempt to circumvent the limitations present within
different animal model system3Vhile there are a numbeuf ethicalconcernsregarding the
continued implementation of amal models into widescale human studieshe application
of these animal models in attempting to unravel the underlying mechanisms of digease
improvedisease diagnosis, prognosis and treatment remains an invaluable tool that, at
present, prevents theotal removal of animal models from research due to a lack of a viable

yet comparable system.

The most commonly observed species used as part of animal modelling in research is
Mus musculus having become ingrained within a number of research fields, ngngom
psychology to cancer biologilowever, the use of mice as a means of predicting the human
response within these fields is higldgntested(Pound et al. 2004)aswhile animal models
provide invaluable predictive models, they ultimately lack the hu#ilea response element
essential foiin situbiological relevancy, as much of the data generateds not translate
when applied to humansThe use of this species has become such common praictifeet,
mousecentricresearchconstitutesan approximate95% of all current animdbcused

research(Vandamme 2014)

However, despé the benefits that accompany animal modelling, primarily being that these
animal systems enabla vivoanalysis of a given mechanism or disease state that otherwise
would remain impossible to assess, they still present a limited means of assessing the
response of human cells or environmen@ne of the major limitations of animals within
research is that these models often lack ihsight required to understand the

humanresponse required to accurately depict the progression of disease or the efficacy of a

given therapeutic agenh situ One such example of this is thell documentedimitations



in drug safety testing. Animal models do mwovide sufficientlinical réevancefor

potential drugrelated side effects, due to distinct drug metabolism pathways being present
that will distinguish between species, particularly due to spedifsrences in cytochrome
P450ghat will confer a variable response to drugs betwespreciedCheung and Gonzalez

2008) thus limiting the overall reliability of these made

Furthermore, it must be stated that animal models are a somewhat difficult topic to
address, as despite the inherent benefits that animal models have provided to research, the
limitations and emaonal and ethical aspects of employing such, the area remains a divisive
one, both within research communities and beyoAd. a result, numerous organisations

have emerged in an attempt to remedy the issues in animal research, the most prolific of
which keing the NC3R, responsible for furthering the implementation of the now widely

known Three Rs ten¢Fenwick et al. 2009)

The tenet pertains to the handling and usage of animals within stieeresearch with The

Three Rs title referemieg the following guidelines: to Reduce the number of animals used in
experiments wherever possible, to Refine the methods to limit any undue stress or harm to
the animals and to Replace animal usage where possible, be that partially or fully depending
on themethod inquestion(NC3R)Furthemore, thetenet acknowledges the historical and
presentday importance of animahodellingasanintrinsic aspect of biological research and
advancementlt is this statement that remains essential and core for those attempting to
address the goals of the NC3Rs, as it acknowledges that the concept ofingraaimal

models from research is not one so easily achieved, and instead alternative methodologies
might better assist in complimenting animal research, while simultaneously reducing the

overall reliance on such systems

It is here, then, that the imlpmentation of cell culture systems has found its niche. By
providing a means of developing exploratory models that aim to assess the response of cell
lines to specific stimuli, alternative cell culture systems have become ingrained within
human researchrad have presented an attractive means of analysing specific regions of the

human body, including the gut, the primary focus of this studyhe following section, the

dzaS 2F OSftf ftAySa a aGaY2RSfta¢ 2F (KilSofKdzYl y 3
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the essential biological parameters that are becoming ever more ingrained in cell culture

methodologies

112 ¢ KS dzaS 2F OSff OdzZ (dzNBS Y2RSfta |a aY2RSft a

Cell lines have played an integral role in assessing the response of ikkmaalls to

specific stimuli and in contextualising what might be expedtesitub hyS & dzOK daY2 RS
that of the human gut epithelium, a site of considerable interest withis gtudy. The

ability of cell culture methodologies to replicate complex environmeémtgtro stems from

the unique characteristics of these cell lines. As such, there are often a large number of

available cell lines when designing experiments, and a murabstudies that have

historically employed the use of such cell lines. The four cell lines used in this study, Caco
HCT116, HT29 and HT29MTX, have each been utilised expansively within cell culture

research that focuses on the gut, albeit the niclpplications of each allow them to provide

intrinsic benefits that the other cell lines lack.

The Cace cell line is one of the more commonly utilised cell lines iroguitred research
thanks to its specific characteristics. Originally sourced fromaecthl adenocarcinoma,

the cell line expresses an epithelial déde physiology, allowing for a niche model of the gut
(Public Health England 2021&haracteristicef particular interest expressed by this cell

line are its unique ability to spontaneously polarise at 14 to 21 days post confluence. This
polarisation into a clearly defined apical and basolateral orientation has been well
characterised and can be notéy the formation of tight junctions between adjacent cells
and the formation of a brush border thanks to the presence of microvilli at the cellular apex
(Lea 2015a)Unfortunately, the Cac@ cell line does possess a few select limitations. As this
cell line requires continuous maintenance over a prokxshgeriod to allow for its
characteristic polarisation, it can become time and resource intensive. When coupled with
the reduced expression of the TLR4 membrane rece@odhi et al. 2012jesponsible for

the recognition of the bacterial endotoxin LPS, Caawmuld be viewed as a cell line that,

while invaluable under the correct circumstances, should be carefully consideretation



to the experimental setup as opposed to a cell line that is an automatic inclusion within cell

culture studies.

HCT116 ialsoa commonly utilised cell line when modelling the gut, isolated originally from
a colorectal carcinoméublic Health England 2021@his cell line, similar to Caety has

acted as a commonly used epithelial model of the gut, as its source from the colon/rectum
provides an alternative tissue type in gut modelling. This cell line has a select number of
unique traits that are beneficial wiin gut-modelling researclq those being its use as a
metastasignodel(Lee et al. 2014 or its unique niche within 3Bentric cell culture research
thanks to its abity to form viable spheroids when cultured under the correct environmental
conditions(Shaheen et al. 2018)nfortunately, while this cell line possesses a number of
beneficial traits that cell culture studies might wish to exploit, HCT116 lacks the capacity to
differentiate, a feature that is highly desirable within cell culture resedya&ung et al.

2010) As such, while this cell line is flexibidts use and applications, careauld be taken
when selecting this cell line if cellular differentiation is a feature of interest within a given

study.

The cell line HT29 has a historic use in cell culture research thanks to the numerous
biological appcations it is capable of performing and shares a number of traits with-2aco

including its site of isolation, that being from a colore@dénocarcinomgPublic Health

England 2021d) | ¢ H pQa SEG Sy & A @ So thizahar8dShakacteristidshas 6 K |-

with the commonly utilised Cae®, as this cell line is capable of expressing an altered brush
border and forming tight junctions when appropriately differentiated. Furthermore, the
differentiation of this cell line, ahits innate potentiafor differentiating differently if

exposed to a correct specific agent, has enabled HT29 to carve a niche within cell culture
alongside Cac@. However, despite the utility of this cell line, and its expression of its
biologically réevant brush borderassociated hydrolasddlartinezMaqueda et al. 2015)

HT29 still lacks the biological relevancy to that seesitu Despite this, the functionality

and extensive use of @se cellsn vitro makes them an attractive prospect for studies

aiming to incorporate cell lines intbeir research.

Finally HT29MTX is a cell line unique within the context of those cell lines selected for use in

this study, as its origin is that of amtificially induced cell line, mutated from a common

6
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HT29cell (Public Health England 2020hesynthesis of this cell line occurred when an

active culture of HT2 cells were treated with methotrexate, a drug commonly utilised as an
immunosuppressant and in cancer treatments. Following the mutation process, cells were
selected according to desirable traits, one of which being increased mucin production
observed inthe HT29MTX cell line. Furthermore, HT29MTX provides an alternative cell
model to the other cells used in this study, as they mimic goblet cell behaviours as opposed
to epithelial cells. While this cell line can provide an invaluable model of the guicydarty
when combined with the cell line Ca@dChen et al. 2010; Kleiveland 201the cell line

lacks a responsiveness to bacterial endotoxin, similar to that seen withZ;aceaning that

in those experiments that seek to examine the inflammatory potential afangstimulus,

this cell line may return a diminished response.

Ultimately, the selection of cell line is integral to a given study, as the aims and objectives
should shape the selection of cell lines used. Due to the complexity of the gut, it is
important that those seeking to assess a-gjiie response within cell culture additionally
understand the physiology of the gut and the parameters that govern it, features that are

outlined in the following section

1.1.2.1 Thephysiology of the gut

When it comes to modelling the gut, one of the greatest barriers faced by researchers
comes when aiming to replicate the physiology of theigutitro. The gastrointestinal tract
is a complex collection of biological layers, consisting of multiple l@jeissue, muscle and

cellular protrusions.

While the outer layers of the Gl tract, including the serosa ands&unbsa, are important in
providing muscular lubrication, aiding in blood flow and providing structural support, it is
the inner layers, primaly the mucosa and muscular layers, that are of particular interest to

this study, the reasons for which will be described in the following segment.

The mucosal layer is a blanket term that encapsulates the biological layers within the Gl

tract closest tahe luminal space. The three primary layers include the epithelium, the cell
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layer in direct contact with the contents of the lumen; the lamina propria, a thin layer of
connective tissue, and a thin layer of muscle. This region is often the site where
physiological abnormalities manifest, including tumours, both malignant and benign, and
inflammatory diseases, including QBendrickson et al. 2002)

The epithelial layer is typically organised into protrusions and form crypts where the mucus
layer is generated by goblet cells, resulting in an increased surface area. Furthermore, the
epithelial layer is in continued contaatth the mucus layer, which provides an adhesion

site for the microbial constituents of the gut and provides a protective layer between both
the luminal contents and the epithelium. Additionally, this is the site most directly impacted
by external stimuldue to being in direct contact with the contents of the Gl tract, which is
particularly important when considering the rapid cellular turnover rate within this region
and the organisation of the gut, in which villi and microvilli are prominentufiesst thad
maximise nutrient and water absorption by increasing the surface area within thigKgla

and Ghishan 2016)

While the behaviour of cells found in this region oé thut is important in understanding the
behaviour of the gut, as much of the complexity of this region is omitted within a cell culture
experiment, it is important to consider these features to assess the biological relevance of
both the experiments in qustion and the results generated. Finally, while the epithelia are
essential, particularly within the context of this study, so too is the environmental influence
afforded to the gut by the muscle layers present within it. With both rounded and straight
musculature found in the gut, the movement of substances through the Gl tract is enabled
via peristaltic mediated flow, a feature essential for understanding the function of the gut,
and a factor that will play a key role in this study, despite its ottealooked nature within

the confines of modelling methodologies.

1.1.2.2 Biological parameters of the gut

The Gl tract could be considered as one of the more complex environments within the
human body due to the sheer number of physiological and environmentalrfacto

contributing both to the behaviour and functionality of the gut. Each of these factors could



become subiject to interference by the interplay that occurs within the host, including
factors such as waterontentandpH (Redondo et al. 2015; Hansen et al. 2Q0b3cterial
community composition and disease state, among others, andehactors external to the
host, including general behaviours such as {@&nlon and Bird 201%8)nd medication
habits of the patien{Maier et al. 2018)As such, utilising cell culture as a proxy for
assessing the cellular response of gut cells, whilst somewhat reductionist by ndsare, a
requires that these factors be considered, both to better represent the complex
environmentin sity, and to inform how these parameters are incorporated so as to not
unintentionally introduce bias. Irhe following sectionsthe key parameters of theug
considered within this study will be discusseditlining the roles that these environmental
factors play in maintaining the general wellbeing of the gut, gnredk importance in a cell

culture context.

1.1.2.2.1 Themicrobiome

A term first defined by Burge in 1988, the human microbiome is one of the largest areas of
microbial research to have emerged within the past 50 yéBusge 1988) The human
microbiome could be broadly defined as a distinct yet diverse bacterial community
inhabiting a specific niche within the human badlyrsell et al2012) These bacteria are
typically symbiotic in nature, conferring benefits to their host in exchange for an exclusive
suite of hostconferred benefits. These interactions include the breakdown of ingested
materials, more specifically indigestiblegaus and fibre; often referred to as prebioticg

that can aid in digestion and host health through the releasmefabolites(Lustri et al.

2017) These interactions include the production of chain fattida (SCFA), which can be
used in signalling pathways or as useful metabolites to aid in cellular function by the host.
Additionally, the constituent8 ¥ G KS K2adQa YAONRBOA2GF LISNF 2 N
inhibiting the colonisation of a given niche by pathogenic bacteria through the formation of
densely populated potynicrobialbiofilms and the synthesis of artiicrobial compounds to

form a biochenrcal defence barrie(Ubeda et al. 2017)



An important facet irffurther understanding the human microbiomsdysbiosisa
controversial facet of microbiome resear@@lesen and Alm 2®), but remainsa feature

that cannot be overlooked when assessing the combined effect of the microbiota on host
health. Dysbiosis is defined as the statberethe host microbiome is altered following a
physical trauma or antibiotic therapy, which rdtsun reduced bacterial diversity and
simplified species composition within a giveiche(Petersen and Round 2014he
characteristic simplification of bacterial communities lh@gn observed in some cases as
resulting in a reduction ihostimmunity,which can increase susceptibility to a range of

diseases.

This further emphasises the role of the host microbiome in protecting its host and
preventing disease developmerand howthe loss of bacterial diversity can result in the
development of specific disease statégerestingly, there has also been much discussion as
to whether dysbiosis is a cause or effect within certain diseases. IBD, for example, has been
observed as havina reduced bacterial diversity when compared to healthy pati€@tsng

et al. 2016)However, this reduction in diversity has been noted as oftel@murringwith

an increased host inflammatory response, raising the question of whether dysbiosis is a
driver for inflammatory diseases, or if these diseases are induced apm@thyct of s&d
dysbiosigButté and Haller 2016)

Within cell culture studies, much microbial research utilising cell lines sourced from the gut
has been undertaken to aid understanding the impact of specific bacteria within a gut
environment. Due to the nature of cell culture, however, the complexity of the microbiome
cannot be fully encapsulated using such methods, instead allowing for targeted studies
examining the impact of bacteria on these cells. Particular interest has been directed
towards specific probiotic bacteria, including those belonging to the gelnectobacillus

and Bifidobacteriumand their interactions not only within the cells, but with mucin, another

key component of the gut that is discussed in greater detail in the following section.
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1.1.2.2.2 The mucus layer of the gut

The mucus layer within the gut is an important factor to consider when examiningrcells

vitro, as it provides a physiological barrier ween the epithelium and luminal content. This
barrier is composed of a series of high molecular weight glycoproteins referred to as mucins
(Cornick et al. 2015Mucins are a set of glycoproteinisstances that are carbohydrate
dominated in theiromposition(Thornton and Sheehan 20Q4yherebya protein core
dominated by the amino acids proline, serine and threonine tandem repeats, often referred
to as a PT-Hch, is extensively QlycosylatedPaone and Cani 202 form a unique
structurewhichK & 0SSy NBFSNNBR (2 a | ao02G0fS 06 NIz
recorded agprovidinga multitude of protective functions, ranging from inhibiting the
establishment of pathogens to immune modulation essential for thaltheand protection

of the gut(Cornick et al. 2015pdditionally, the mucin present provides a nutritional source
and adhesion site for the complex microbial communities that inhabit the gathkerg the
formation and establishment of evezyy’ S Q icra@bitriie(Corfield 2018)further

enhancing the ho® innate defence against pathogens within the Gl tract.

Broadly, mucins can beadsified into two unique subgroups, those being transmembrane
mucins, and geflorming mucins, which can also be referred to as secreted mucins. While
gekorming mucins were the primary focus within this thesis, in the following section, both

subgroups wilbe discussed in greater depth.

1.1.2.2.2.1 Transmembranamucins

Transmembrane mucins are those mucins involved primarily in cell protection, and do not
contribute to the formation of the mucus barri¢Paone and Cani 2020)he composition of
these mucins consists of an extracellulateiminal, a number of mucin domains, and an
intracellular Germinal tail. Many of these mucins are upregulated during infection and
cancer and not via othanethods. Within the context of this study, while the mucus barrier
is something of particular interest, it is important to consider that membrboand mucins

are often retained during staining methodologies as opposed tdagating mucins, which
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are tydcally difficult to retain. Many common transmembrane mucins are expressed within
the Gl tract, those being MUQ3/4/12/13/15/17/20, and 21(Paone and Cani 2020)

1.1.2.2.2.2Gekorming mucins

GekHorming mucins are a subset of mucins that are synthesised and secreted by goblet cells
within the gut(Paone and Cani 2020)jhese mucins are generally seen in large quantities
within the gut as they compromise the mucus layer. Three primarfogeling mucins are

found within the gut, those being MUCZ and5B(Grondin et al. 2020Due to the nature

ofi KS 3dzi Q&4 YdzOdza o6F NNASNE O2yairaidAiay3a 2F (62
synthesised and secreted within the Gl tract to best ensure that the epithelial cells are
protected from direct contact with bacteria that inhabit the gut, or ingested hami

contents. As mentioned in sectidnl.2.2.2.1 the difficulty when attempting to monitor the
production of secreted mucins is the fact that binding mucins for staining or microscopy is a
difficult challenge, requiring a specific set of binding solutitwngrevent loss of the mucins

of interest. When combined with the addition of a dynamic flow system, such as in this
study, the challenge of measuring the abundance of secreted mucins is apparent. However,
as other glycoproteins can be found within thet,gacluding membrandound mucins, it is
these that are targeted primarily within this thesis, rather than mucins directly, and in turn,
we can examine how these alternative methodologies can work in tandem with molecular

based techniques to explore thepact of flow on mucin production.

1.1.2.2.2.3Using cell culture to assess mucin production

One of the key considerations within a cell culture context is the fact that many commonly
used cell lines lack the expression of mucins found within the gut, primarily that of MUC2,
the key component of the mucus barri@?aone and Cani 2020hstead, certain cell lines,
such as HT29MTX, are utilised due to their de novo expression of a common mucin
subgroup. While mucins such as MUC5AC and MUCG5B are typically expressed in the
stomach(Grondin et al. 20203nd salivaryglands respectivelfFrenkel and Ribbeck 2015)
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the expression of these mucins enables cell culture to be used to examine the impact of a
given stimulus on mucin production vitroin hopes of applying the findings to ansitu

like context. i should be stated that these considerations were addressed throughout the
thesis, and as such, the selected targets for mucin production acknowledges the limitations

in this methodology.

1.1.2.2.3 pH of the gut

The gut is often subject to external influences, lbétom within the host and due to by
products of host behavioural patterns, and this is most apparent when examining the pH of
the Gl tract. To expand further, the gut is also highly complex with regard to its pH
modulation, with the optimal pH within thgut being region dependent. For example, the
optimal pH of the small intestine varies somewhat, with the mean pH varying between 6.6
and 7.5 between the proximal small intestine and the terminal il{igzwans et al. 1988and
these optimal pH profiles are subject to constant flux due to host dietary practices and

disease stategNugent et al. 2001)

Dietary influx, in addition to its nutritional composition, are primary influencers for

environmental pH within the Gl tract, although within the gut the impact is somewhat

minimised due to the neutralisation afihinal pH within the gut. The importance of an
AYRAQDGARdzZEt Qa4 RASOFINE KlIoAOGAa A& KIFENRf& | y20S
associated with numerous diseases ranging from diabetes to olgsityet al. 2001and

a2YS S@Sy tAY1Ay3d LRdsddbeuai ARAAN2Yy G2 ! 1 KSAYS

As already alluded to, something that must be considered is the delicate balance between
beneficial and deleterious substances and micronutrients on the hosti@sbial

composition is heavily dependent on the pH of the glitan etal. 2017) Foodswhose
composition includes probiotics, dietary fibre (prebiotifish et al. 2014and antioxidants

(Pizzino et al. 201'Have longsince been associated with health benefits to the host.

A key issue to consider therefore withime confines of this study is the impact of pH in a
cell culture context. Previous studies have revealed that alterations in ambient pH, resulting

in either acidic or alkaline conditions can influence cell linestro, limiting cellular
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functions, or pteentially inducing a mild to severe stressponsgLi et al. 202Q)ncluding
an instance where the cell line Ca2@xposed to at acidic environment displayed an
upregulation of genes relating to endoplasmic reticulum (ER) stress, a key cellular

component in both pH homeostasis inflammation within iBeyashiki et al. 2020)

As such, it could be noted that even minor fluctuations in pH might rasaltdellular

response that might otherwise impact the reliability of the observed data. Furthermore, as
this study aims to explore the impact of dynamic flow on intestinal cell lines, further
considerations should be made regarding pH, as through intradgutw, the issues

identified in 2D cell culture may be further compounded, or mitigated entirely, a theory that

without additional investigation should be approached with caution.

1.1.2.2.4 The inflammatory response of the gut

The inflammatory response charadically observed in diseases of the Gl tract is a
complex one to encapsulate fully, as it has been implicated in a large number of disease
states, both as a symptom and as a contributing factor to disease progression and cancer
development in patientgltzkowitz and Yio 2004)Vhile many would be quick to suggest

that an inflammatory response is gative, it remains an important component of the host
immune system, limiting the incidence of infection through inducing an inhospitable

microenvironment for invading pathogens.

The human gut is far from a continuously inflamed microenvironment, however, instead
providing a system that could be stated as being in a constant state of minor flux when
faced with a potential antagonistic agent. Due to the rapid passing of luminadmtent
through the Gl tract, one could conclude that an inflamed environment could, in part, be
attributed to the physiological conditions present within the gut, be that externally
influenced factors such as pH and dietary infdldes et al. 201&)r internally influenced
factors, including the host microbiome and the presence of liquid flow thinatg Gl tract
(Cremeret al. 2017) When considering the inflammatory response of the iguitu,how

then does this compare to what has been observed within cell culture?
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When examining the inflammatory responsecedl culturesystems, considerations must be

given to theexperimental model selected for this task and, in particular, the inflammatory

potential of the selected cell lines. Ca2pdespite its dissemination within the field of

intestinal cell culture thanks to the distinct physiological characteristics outjnedously,

comes with a distinct set of limitations that impact its potential as a cell culture tool. The

most impactful of these limitations, when considering the implications of the study, is the

poor response of Caed cells to preinflammatory stimul, includingLPS, and its diminished
responsiveness as a result of excessive passaging, and medium comgbkiaog et al.

2003) Cacen Q& f I O1 2F NIBa LRy a-dflamintafory Siduli a3 beSnE LJ2 & dzNE
well characterised in many publicatisnwith attention directed at the response, or rather

the lack of response, from Ca@ccells following LPS exposure.

HT29MTX, however, provides an alternative perspective on intestinal response-to pro
inflammatory stimuli. Due the mutation in this celidi promoting the expression of mucin,
HT29MTX has an additional physiological factor that could influence the ability of a given
stimulus through the introduction of a physiological mucin barrier, considered to protect the
Kz2zald Fa | &7 AiNEféctiob(Kiy &d Bhan 2B18B\Eeyedd3 bhas been
recorded with Cac®, HT29MTX has also been noted as responding poorly to LPS exposure
(Bocker et al. 2003jhus, thepotential responsiveness of these cell lines to conditioned
medium may suggest that the metabolic activities of these probiotic bacteria may

contribute a greater influencen cell behaviour and host health than initially realised.

Ultimately, the key feature of understanding the response of cell lines to proinflammatory
stimuli lies in selectivity and understanding the cell lines used within a giveexdpat

feature that will further be explored throughout this thesis.

1.1.3 The intrinsic benefits of cell culture

Through exploiting the intrinsic characteristics of cell lines whose origins stem from a
cancerous origin or from viral manipulation, and combining this with a high throughput
methodology via the use of multvell plate systems, it is possible to assessmaredibly

large number of variables simultaneously, each of which with a large number of biological
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and technical replicates. The diversity and range of cell lines, origins and traits present

within cell repositories provides a unique advantage to agtuce methodologies, where

the European Collection of Authenticated Cell Cultures (EQA&IQains a collection of

over 1,100 cell lines from over 45 spediPsblic Health England 201&nd the American

Type Culture Collection (ATCC) possesses a repository of nearly 4,000 cell lines from humans

alone, to say notimg of the other specieATCC 2019)

One must also consider the intrinsic benefits exclusively conferred by cell lines when
undertaking cell culture research, including the immortalised nature of these cells. The
perceived immortality of these cell lines is either due to their origins aserarsdls or

comes as a result of genetic or viral manipulation, thus gifting these cell lines with the
potential to propagate extensively, given the correct environmental conditibfmuriaux et

al. 2016) Whilethis ability to propagate infinitely can prove as much of a hindraasce

does a benefit, cell lines can prove invaluable in rapidly generating large volumes of cells for
large-scale experiments. Additionally, due to the rapid growth and propagation speed of
many immortalised cell lines, the invaluable ability to cryopree cells provides minimal
issue, and along with the aforementioned ability to generate large quantities of cells, there
is a considerably reduced concern regarding re\{Bahari et al. 2018 allowing for cell

maintenance within a given passage range for both stenn and longterm research.

When considering all of these factors, |laallture would, at first glance, appear as an ideal
prospect for human research. However, there are some inherent drawbacks present in the
use cell lines, which must be considered both when designing experiments and when

considering the applicability oésults generated through cell culture.

1.1.4 The limitations present within cell culture research

As previously alluded to, the human gut is a highly complex microenvironment, where both
those physiological factors and environmental conditions present witehiost, alongside
external, behavioural factors contribute significantly to general health and wellbeing of the

host. However, it is these very factors that limit the overall application of cell culture within
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research, preventing this methodology fronaetling as a true potential replacement for
animal models. Cell culture hagicallybeen performed using 2D methodologies, with little
consideration for the general physiology of the cells in question, or the considerable
external impact the microenvironant of the gut contributesn situ.As noted by Knight and
Przyborski in their 2015 study, cells cultured in fimensional cell culture systems, such as
in multi-well cell culture plates or cell culture inserts, display an altered cellular morphology,
with cells cultured under these conditions becoming flattened and spread, thus presenting
an alternative model to that seen situ,where cells wouldypicallydisplay ahree-

dimensional morphology with additional intercellular signalling between diffecetittypes
(Knight and Przyborski 2015)

These systems are also most commonly moalular in nature, and bignoring the
incredible cellular diversity present within the gédrther remove such models from the
desired environment foundh situ Many findings observed in cell culture systems do little
to explore the true impact of examining these cells in a vatuwhere excluding those
factors essential in capturing the complexity of the gut, such as the aforementioned
dynamic flow, pH and host microbiome, maytruth, introduce significant bias to such
studies.Bearing this in mind, it could be said that hyitting these environmental factors

from cell culture research, we are presented with a far less robust model as a result.

1.1.4.1 The emergence of 3D cell culture and its utility asiarsitu-like model

Despitethe potential drawbacks addressed in sectihid 4, it must be stated that great

strives are being taken to expand curr&id methodologies and evolve conventions

through accommodating for thiemitations inherentwithin cell culture. Whether it is the

use of organoid/ spheroid culture, which enable a@igntation of cells, the incorporation

of primary cell lines and tissue samples to assess a more physiologically accurate and
relevant response, the number and complexity of systems that seek to challenge convention
and improve current modelling technaees through the incorporation of physiologically
relevant conditions is ever increasing within resea&s$i such, as these methodologies

become more commonplace within research and systems become more readily available to
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research groups, the prospecttigat these 3D systems might assist in better representing
anin situlike environment, and thus the physiological relevance of generated results. This
study seeks to further explore this concept through the usa obmmercially available mlli
fluidic flow system, and in the following section will outline the wider aspects of 3D cell

culture, with particular focus on mifiuidic culture, its benefits and potential limitations.

1.2 Whatis 3D cell culture

As mentoned previously, one of the potential limitations of 2D cell culture is the omission

of biologically relevant parameters and a loss of physiological relevancy compared to what is
seenin situ It is therefore logical that methodologies have evolved to aotdor this, the

primary of these being 3D cell culture, which can broadly be defined as cell culture that
allows cells to grow and interact with their environment in a 3D space, using extracellular
matrices(Huh et al. 2011)The benefitof 3D cell culture has proven so attractive to

potential investors and researchers thasearch focusing on 3D cell culture methodologies
hasincreased annually between 20@hd 2020(Figurel-1). However while 3Dcell culture

can be considered as focusing on morphological changes at a cellular level, other definitions
for 3D cell culture exist, in which culture methods incorporates parameters and features
found within a given microenvironment to better replicateathsettingin vitro. In the

following section, some of these parameters will be further expanded upon, including some

insight into their importance within the context of this study, and their relation to the gut.
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Figurel-1: Total publications with research focusing on 3D cell culture between the years 2000 and 2020. The
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(https://pubmed.ncbi.nim.nih.gov/?term=3d+cell+culture&filter=years.220Q0). [Last Accessed: 28 March

2021]

1.2.1 Parameters that are used in 3D culture and example systems for incorpogati

them

1.2.1.1 Hypoxia within cell culture

Oxygen availability in cell culture has been explored in detail, due in part to the fact that cell
culture uses nofbiological oxygen concentrations, i.e. normoxia (18G624% oxygen)

(Pavlacky and Polak 20208)favour simplicity over biological accuracy. However, aekstu

are exposed to considerably more hypoxic environments. While the oxygen levels are tissue
dependent, withsome regions receiving significantly less oxygen than others, it is believed
that approximately 3% 5% oxygen is what cells would experience in a typical gut,

depending on theegionexamined(Zeitowni et al. 2016)

Hypoxiainduced factors (HIF) are a subset of genes that regulate the production of
erythropoietin (Eckardt and Kurtz 2005 addiion to numerous genemvolved in cell
division(Carrera et al. 2014These genes are typically inactivated at higher oxygen
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concentrations and yet have been well documented as important moderators of cellular
behaviour. If this sutfamily ofgenes is inactivated at ambient oxygen levels, such as those
used in cell culture, it must be asked what other genes or behaviours are being artificially

altered as a result of this methodology.

To address this, companies have invested in the developnfespexific, bespoke hypoxic
chambers to control the oxygen levels of cell culture. Many of these systems, such as those
produced by Biospherix, have been designed specifically to fit comfortably in cell culture
incubators allowing for tightly controlled says conducted at the optimal temperature. For
this study, the impact of hypoxia was not considered due to the incompatibility with the
selected milkfluidic flow system. However, it remains an important caveat to consider in 3D

methodologies aiming fomproved biological relevancy.

1.2.1.2 Biological pressure within the gut and its application vitro

Similarly to the aforementioned hypoxia, biological pressure was not a factor that was
explored within this study; however, it remains an important factor tagider in studies
examining the impact of such systems. Hydrostatic pressure has been implicated in several
different cellular behaviours, including differentiation, apoptosis and proliferation et al.
2019) Furthermore, hydrostatic pressure varies by region, and requires careful modulation
in vitroif incorporating into a given study. The impact of eveinute changes in pressure,

as low as 10 mmHg in some instances, @ shown tanfluencethe response otell

culture systems although this topic is a somewhd¢bated one due to the issue of
reproducibility(Tworkoski et al. 2018)

Incorporating hydrostatic pressure is often a result of bespoke equipment designed to
induce a specific pressurised environment to monitor cell morphological changes and
variations that may occur as a result of direct cellular expose. However, biological pressure
iscommonly coupled with a biological flow element to induce shear stressmatlgiven

environment, and it is this aspect that is of greater interest within this study.
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1.2.1.3 Flow within the gut

KIFNFOGSNARaAAYT GKS 02y O Sohwhaicdmp@duhderiaking,@d (i K A y
there are different varieties of flowhat occurwithin the gut. While laminar and turbulent

flow within the gut have been examined in previous studies, in which animal models have
suggested that the balance of viscous forces and inertial forces will dictate the nature of the
flow observedJanssen et al. 200 Peristalsisand subsequent peristaltic mixing of luminal
contents has been imglated in the general health of an individual by exerting significant
influence over the microbial composition of thet&ict (Cremer et al. 2016; Arnoldini et al.
2018) While the function of peristalsis has been well associated with the tenance of a
healthy Gl tract, the inhibition of peristaltic movement is often noted as resulting in the
development of a disease phenotyfigassotti et al. 2014Peristalsiss of particular

importance within this studyas the millifluidic system introduces dynamic flow

environmentstimulated by a peristaltic pump mechanism.

It has been estimated that approximately X2 Lof fluids pass along the luminal surface of
the gut within any given 2our period(Cremer et al. 2017)t couldtherefore beassumed

that the luminal surfacés always subject to a form of flowuggesting that continued

contact of cells with a given substance or molecule for prolonged periods is highly ynlikely
and thus providing an additional attractive prospect for thosesidaring incorporating

flow into their cell culture methodologie$Vith the desire to incorporate flow into cell

culture, a new field of research emergedeferred to as fluidicg that has evolved to
encompass the key fields of milliidics, micrefluidics and orgason-a-chip, all of which

being discussed in the following sections.

1.2.1.3.1 Fluidic systems

Fluidics is a field that broadly aims to incorporate a biologically relevant liquid flow element
into cell culture systems through the cycling of ceillture medium through closed systems
to simulate the flow seein situ Often referred to as shear stress flow models, these

systems are typically developed as bespoke pieces of equipment, either as exclusive tools

21



for individual teams of cell culture researchers or as more accessible products sold by
companiesallowing for widespread dissemination of dynamic flow within thaeyal cell

culture research community.

These systems are incredibly diverse in both their structure and complexity with some
enabling the use of larger volumes of medium and sample sizes, often being referred to as
milli-fluidic systems, or bioreactorsud to their largersize(Berger et al. 2018 andmicro-
fluidics, which are often considerably smaller in size and scale, allowing assays to be
performed at the level of single cells in some instante® et al. 20199vhile still providing

a large surface area for stimulation and analy@igyarron-a-chip is a further expansion on
microfluidic technologies iwhich cells are exposed to a tightly controlled environment
within the chip that mimics the organ in question from the perspectives of a tissue interface
and mechanical stimulatioWu et al. 202Q)While both system types allow for flow

exposure to cells, the function and research prospects vary considerably, exarhplesio

will be outlined in the followings section.

1.2.1.3.2 Currently employed fluidic systems

Two recent examples of mifluidic systems that have sought to emulate the gut include the
Quasi Vivo® (QV) range of systems developed by Kirkstall Ltd., anditagdysim
conceptualised bioreactor system presentedLliydnerand colleaguegLindner et al. 2021)
Both systemsallow for solid, celseededsurfacedo be inserted into a reaction chamber for
exposure to dynamic flow within a closed, ir@nnected chambesystem(McGinty et al.
2017), therefore presenting a system that can incorporate both physiological factors and
human cells into a single system. Both tipeed andmediumcomposition in these systems
can be calibrated and altered by the user, and thystem provides a uséiendly and
relatively inexpensive means of assessing cells under dynamic flow. Additionally, due to the
extensive hydrodynamic modelling that took place dutingir development, theQV

systems ensure that any cells inserted ittte Quasi Vivo® reaction chambers will be
subject to a flonelement(Mattei et al. 2014. Most importantly, these systems allow for

continued use thanks to the ability to cileand reuse thembe that via autoclaving or a
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more drect cleaning methodology, making it a promising kbegnm investment. The speed
settings of the QV range are also fully customisadhel, additionally, speed modulation
devices are available to enable a given flow speed capable of replicating thahseesti
regions within the human body, thus making it a robust device with a widecdef
potential applicationsDue to this level of customisation, coupled with a compact nature,
the QV range by Kirkstall provisia tempting offer thanks to considerabdeistomisation
with regard tomedium, stimuli and even oxygen levels, given the appropriate available
equipment and the invaluable multise nature as opposed to commonly observed single
use plastic itemswhile also being a system that is commerciallyilabée, a feature not

shared by theone used by Lindner and colleagues

Micro-fluidic systems, such as the HuUMiX system and the-sted&v chip, allow for greater
customisation than their miHiluidic counterparts. The HuMiX system, a modular micro
fluidic system, enables the use of three individual layers, custom formulated for a given
function (Shah et al. 2016)'ypicallythe system incorporates a microbial layer, a perfusion
layer and a cell culture layer sandwiched between. This enables the system to tightly control
the parameters of each layer while allowing for interactions to occur between the cells and
additional stmuli. Furthermore, these systems allow for réiahe monitoring, either via
fluorescent methods or electrical resistance, thus enabling for-teng studies to be
performed without the risk of contamination or need for assays that might disrupt the cells.
Micro-fluidics, while not utilised within this study, present an option far more diverse in
scope than the milifluidic counterparts; however, additional resources and investment is

required to best utilise these systems.

1.2.1.3.3 The current limitations of 3DIéidic culture

While flow systems possess the potential for improving current research methodologies,
and present numerous potential benefits for investors, one of the limitations found in
almost all instances is the comparably small sample size perimegrgal cycle. To firstly
consider the Quasi Vivo® range of flow systems yet again, due to their commercial

availability, these systems typically reduce the quantity of assayable compartments

23



considerably to enable a consistent flow rate and replicabledgyghamics within the
confines of each flow chambéazzei et al. 2010; Mattei et al. 2014) both the QV500

and QV600 systems, assays are generally limited to the three chambers supplied in each
commercial kit. While this limits the sample size considerably, this imposes an additional
burden on thoseattempting to conduct higher throughput experimerngshus requiring the
purchase of multiple system kits and pumps, without which the maximum sample size

would be fixed at three samples.

As such, the limited sample number per experimental cycle prasgicbnsiderable issue for
those aiming to step into the world of 3D cell culture and adopt its methodologies, as this
low sample number undermines the greatest advantage of cell culture research, that being
the high throughput. Despite this, many reseateams are now shifting focus towards
improving upon and counteracting this currently limiting and unappealing caveat of 3D cell
culture (Astashkina et al. 2012Anotherpotential issue could be the lack of reusability

within these systems. Particularly when considering mitualic systems, nyay of the

currently available systems that enable analysis at the level of a single cell are offered as
merely selfcontained, singlaisematerials(Mimetas 2020) Whilethese systems can be
relatively high throughput, the issue of single use does impose some complications while
contributing to the already considerable requirement for sing#e plastics witim cell

culture methodologies to maintain sterility at all times, as well as incurring a considerable

and continuous investment of materials into these systems.

1.2.2 The required parameters for emulating the gir vitro

Ultimately, when attempting toemulatean artificial intestinal system, a few key parameters
are essential, those being: human derived cells, a shear stress/flow system to induce
mechanophysical stress, a microbial element to mimic the microbiome and a 3D structural
substrate (Costa and Ahluwalia 2019)ith the exception of a 3D structure, these were core
parametersin this study aiming tossess the impact of flow and probiotics on human
epithelial cells. In the following section, as the shear stféss systems and cell culture

elements have been previously discussedeantionsl.2.1.3and 1.1.3respectively the
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importance of probiotidacteriaand their relevancy to this project and gut modelling

methodologies will be explored.

1.3 Probiotics and their use in cell culture studies

t N2oA2GA0a Oy 6S RSTAYSR a ftAP3S YAONR2NAL
amounts, conferahealth Sy ST A (i ({MichdelfetSal. Z021 ughas a reduced
incidence and risk of diseadevelopment(Verna and Lucak 201@neof the most
fundamental issues currently faced by the probiotic industry is a laekdestinct

classification to allow probiotics to become known as either a medicinal product or a health
supplementWhile probiotics have receivenumber ofclassificatios dependent on the
region in questionas a healtlsupplement(NHS 2018)a prophylacti¢Varankovich et al.

2015) afunctionalfood (Syngai et al. 203®r a complimentarynedicine(Australian
Government 199Q)they havestruggled to receive recognition as a therapeutie to a

number of issued-urthermore, the European Food Safety Authority (EFSA) does not easily
accept the term probiotics, thus further emphasising the discrepancy in probiotic

acceptance and uptake bsten regiongde Simone 2019)

A primary issudacing probiotigoroducess isthat, according to theVHO Collaborating
Centre a therapeutic must be classified according to the function of its main active
ingredient(WHOCC 2018Mowever, the applications of probiotics haepanded in recent
years. With certain disease states, such as antibedgociated diarrhoeéDraper et al.

2017) probiotics are more likely to be prescribed by general practitioasra means of
lessening the impact of diseases that might otherwise prove fatathermore, probiotics

in Australia hae received some recognition as a potential therapeutic, and have received
the classification of complimentary medicines, which can be broadly defined as an agent
that is often prescribed alongside a conventional treatment and that provides some
additionaldo SY SFA G (G2 | LI G A Shoily ordpficdidaly of L 6ringre ¢ O2 Y & A & |
designated active ingredients, each of which has a clearly established identity and a

traditional use (Australian Government 2021d)ueto this definition, probiotics classified
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as complementary medicines in Australia are subject to further scrutiny, and are required to

adhere to the Therapeutic Goods A@89(Australian Government 2013,2021a)

Furthermore, while the opinions of govenents and regulatory bodies is somewhat
divided, onecannot overlook the sheer financial impadtthe probiotic industry. As of
2018, it was estimated that the worldwide probiotic markeas valud atapproximately
49.4 billionUSD, with the projected value set to increase to @8lion USD by 2023
(Markets 2019)As suchthe use of alternative models toxplore these products may prove

invduable.

1.3.1 Commonly used probiotic strains in research

Many lactic acigproducing bacteria, in particular those of the geruatobacillusnd
Bifidobacterium have historically been utilised as probiotic health supplements and play a
key role in both thénealth-food industry and the field of food microbiology. The species
Lactobacillus acidophilus considered one of the mosbmmonlyconsumed beneficial
microbes thanks, in part, to its potential role as a health supplement and wider role in the
food indwstry at large(Sanders and Klaenhammer 200A% of 2020, a number of commonly
utilised lactobacilli were reclassified, with spediestobacillus paracasand Lactobacillus
salivarius two probiotic species used extensively within this project being reclassified as

Lactocaseibacillus paracasaid Ligilactobacillus salivariugspectively(Zheng et al. 2020)

Furthermore, within a cell culture context, it is important to note thats cell culture
research practices use a wide range of immortalised cell lines, these cells are typically
derived from biogies extracted from cancer patients. In a study conducted in 2017 by
Motevaseli and colleagues, it was revealed that numelcastobacilluspecies, including
L.acidophilusandL. caseidisplay the potential to exert an artancer effect, impacting

both the metastatic ability and proliferation of these chtles(Motevaseli et al. 2017)

These findings were further validateging other lactobacilli, with significant effects being
observed in both HeLa and HT29 cell ligesll lines that are commonly implemented in cell

cultureresearch(Nouri et al. 2016)
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Additional probiotic strains of interest have been identified that are external tauthel
ladobacilli andbifidobacterial speciegarticularly within cell culture studies that seek to
emulate the gut. The bacterial strath coliNissle 1917 has been recorded as being effective
in combating gastrointestinal inflammation, including inflammati@s@ciated with

ulcerative colitigFabrega et al. 2017/Hlowever, recent data suggests that this strain is
effective in combating foodborne illnesses that stem from shigatoxin and lambda phages
(Bury et al. 2018)Another key example of probiotic bacteria of interest within the gut is
that of Fecalibacterium prausnitzithisbacterium is a welestablished resident of healthy
gut microbiomesand the loss of this bacteriufnrom the gut microbiomeéias been
associated with a disease phenotype including those linked to inflammatory disorders
(Martin et al. 2017)However, much research has revealed tRatalibacterium prausnitzii
has the potential to also function as a secegeheration probotic if administered
adequately, as it has been shown to confer a number of desirable effecksding anti
inflammatory effects, improved gut barrier function atiee production of desirable
metabolites such as butyraigle et al. 2021)While these additional probiotics are
abundant and well examined, within the context of this study, it is the lactic acid bacteria
that are of greater interest, due in part to the expansive use of the Lab4 and Lab4B

consortia throughout this study, which are discussed further in the following section.

1.3.2 Lactic acid bacteria and the Lab4 probiotic consortia

A commonly utilised probiotic iboth cell culture studies and human intervention studies
are the Lab4 range of products developed by Cultech Ltd. Lab4 probiotics contain four
unique strains of lactic acid bacteria (LAB), consisting oL&atobacillustrains and two
Bifidobacteriunmstrains(Smith et al. 2016 Subsequenformulations have been developed
by expanding upon the Lab4 groundwork, enabling the development of products and
formulations that are suitable for adults, children and babies, including themoamy used
Lab4B, where the two strains bactobacillupresent in the Lab4 formulation are

substituted for two unique strains dfactobacillus
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Despite the varied consensus by some regarding the efficacy of probiotics, the Lab4 range
has established a §d foundation of research since its inception showcasing the potential
benefits and impact that probiotics can exert within a biological system, both in research
and, more specifically, human intervention studies. Those human intervention studies
conducteal on patients suffering with gastrointestinal syndromes, such as IBS, have shown
that patients experience considerable improvements when ingesting the Lab4 probiotics,
with the symptoms experienced by those patients being noted as impr¢Whijams et al.
2009) a trend that has been seen in other studies conducted using diffgrentiiotic
formulations to the Lab4 consortiugbale et al. 2019 urthemore, the Lab4 and Lab4B
formulations have shown to impact the general wellbeing of an individual and have the
potential to modulate key factors in the development of disease states, including
cholesterol transport and assimilatigiMichael et al. 2017Wwhichplay a key role in

cardiovascular disease.

While the studies conducted utilising the Lab4 and Lab4B probiotics are varied in range and
scope, often utiking both live probioticand conditioned mediuntbased approaches, the

number of studies conducted utilising these products, and the efficacy of these products in
said studies, showcases the promise of Lab4 in alternative modelling methodologies, such as

those using flow.

1.4 General aims of the study

To reiterate the key points outlined aboveegll culture systems have provided an impactful
alternative to animal models; however, these systems present their own suite of limitations
that 3D culture seeks taddress This study aims tmvestigate whether the inclusion of 3D
culture methodologies in the form ahilli-fluidic flow can address the limitations of 2D
culture, to provide an environment that better represents that séesituvia the

hybridisationof cell culture with a physiologically relevant flow element.
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This study will further aim to explore the impact and efficacy of probiotic products within
cell culture research. Additionally, this study will begin by exploring the similarities and
differences observed in four commonly used intestinal cell lines (2aEid29, HT29MTX
and HCT116) when exposed to various experimental conditions, thus assessing the
comparability of results observed within distinct cell lines and whether current metbbds
selecting cell lines for experiments translate well or poorly under physiologically relevant

conditions, including that of flow, which will be an omnipresent factor within this study
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2 Materials and methods

2.1 Human gutepithelial cell lines selected for the study

Fourcommonly utilisechuman intestinal cell lines were selected for the initial study

Cacez, HT29, HT29MTathd HCT116. These cell lines were selected from among commonly
utilised cell lines due to their unigg characteristics and status among human intestinal cell
line studies. The characteristics, origins aatgablefunctions of these four cell lines are

noted in Table 2L below. All cell lines used in the study were providedCojtechLtd. (Port
Talbot, K). Each of the cell lines used in this studgmaintained within a 1§assage

range, aglsonoted inTable2-1, to limit the impact of passage number on the overall

study.

Table2-1: Information regardig cell lines selected for studi! cell lines were maintained in 5%2>@0nditions
at 37 °C within a humidified incubator. All information was gathered from ATCC and Public Health England
culture collection databases.

Cell line Medium Origin Notable Passage
characteristics range
Cace2 |DMEM 72-yearold Caucasiamale, [Spontaneous 55¢ 70
isolated from primary colonic [polarisation,
tumour formation of tight
junctions
HCT116 DMEM Male, isolated from a colonic [Used in metastasis{19 ¢ 34
carcinoma models and for 3D
cell culture
HT29 McCoys5A 44-yearold Caucasiafemale, (Capable ofdrming [77¢ 92
isolatedfrom a primary tumoutight junctions and
an altered brush
border
HT29MTX5 a 9 a k a O/ jHT29 (treated with Mucin producing [66¢ 81
methotrexate and
phenotypically selected for
mucinsecreting properties
Lesuffleur et al. 199))
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2.2 Cell culture maintenance

2.2.1 Medium preparation and selection

Two cell culturanediumpreparations were used throughout the studygeneral growth

medium and an experimental medm (Table 22). The cell culturenedium basesised

duringthe studycti K2a4S o0SAy3 KAIK 3Tt dz0O2aS 5dzf 6 SO02Qa
alOl 28 Q& pcweresslectedinyaccordanedth guidelines outlined on The

European Collection of Authenticated Cell Cultures (ECACC) and American Type Culture
Collection (ATCC) amé databases for each individual cell line

Table2-2: Experimental medium preparations

Medium Components
type/purpose
Growthmedium Base medim(hiA 3K 3f dz0O24S 5a9a 2 N roessriid

amino acids (NEAA), 1% Penicillin/Streptomyfeis)
Experimentamedium Basemedium, 1% NEAA, 1% HEPES buffer

Foetalbovineserum (FBS) anpenicillin/streptomycin (10,000units/mL)solutions (Sigma
Aldrich, Poole, UK) were aliquoted and stored2t°C. Bottthe penicillin’ streptomycin

and FBS were thawed out prior teediumpreparation using a water bath set to 3C. A
fresh medum stock was prepared weektiiroughout the studyto ensure continued sterility

of culturemedium and to limit the introduction of any potential contaminants

2.2.2 Cultivating human cells from frozen stock

Frozen cell stocks were utiliséal maintain a constant stock of available cells throughout
the course ofthe study, where cells werestored at-80 °Gn a1:10 dimethyl syphoxide

(DMSO)/FBS mixed solutiddells werenitially frozen at-20 °C for 24 hours in cotton wool
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andblue rollbefore being transferred te80 °C to limithe formation of ice crystals that

might otherwisecompromi® cellular integrity.

Cells weregevivedfrom frozenasnecessaryndby rapidly thawing in a water bath set to 37
°C, following whiclcellswere re-suspended irthe appropriatecell culture medium for a
given cell line beforeentrifugation at 262cf for 5minutes at 21°Cto form a cell culture
pellet. Cells were rsuspended using 1L of fresh cell culture growth medium, which was

transferred to 5 flasks fitted with a filter cafGreiner Bio One, UK).

Cell culture vessels were stored in a°&7 5% COBINDER €70 humidified incubator
(Binder Inc., USA) with a relative humidity of¢@5% for the duration of the study in order
to maintain optimal cell culture condition¥hese cultures wereisually inspectedsing the
Wdz[ Bk oell monitoring syster(NanoEfiek, Seoul, Korea) 24 hours post revival to ensure
cell adherence. If adherent cells were observed, the cell culture medium was replaced with
10mL of the appropriate cell culture medium, and the cell culture vessel returned to the
incubator. In istances where cells were nadherent at the 24our timepoint, the flask
was returned to the incubator and allowed a further 48 hours to adhere, with adherence
monitored at 24hour intervals If cultures remained noadherent after this time, a fresh
frozen culture was established following the above procedared the noradherent

culture would be observed daily for one week, following which the culture would be

discarded if n@dherent cellsould beobsened when usinghe Jull 1Br system.

23 LYAUGALFLEAAAYT GKS Wdzl Lu . N aeaiasSy

Ly +Fff AyadlyoSa ¢KSNE,itiwksSeqWwed[thathe systdih 4 & a4 SY
softwarebeinitialised In each instanceaflask or multiwell plate was placed on the camera

stage surface. A system imafpeus was performed prior to each assaging the autofocus
function,where the system software would automatically adjust white balance, brightness

and focus to monitor cell confluence optimally and accurately.
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2.3.1 Measuring the percentage confluence of araple

When attempting tamonitor confluencea cell culture vessel was placed on the camefra

0§KS Wdz Lu . NJ OSdnd, onYh2 Fokus NGk thie3yst@m, thé cdnfluence
command was selected. Following this step, the system would return fiuenice

percentage for a given field of view. This process was repeated for three areas of a given cell

culture vessel to ensure comparable confluence throughaat values averaged

2.3.2 Live cell monitoringusing theWwdz[ L n . NJ

The detachable camera stage was sterilised via cleaning with 70% w/v ethanol prepared
usingdeionisedwater (dH20) before being transferred into the BINDER.@ubator. The

cell culturevessel of interest waglaced upon the detachable camera stage ia thcubator,

and the incubator was sealed. A system focus was performed in the mantigred in
section2.3l,andil KS aY2yA(G2NAYy 3¢ az2Fiol NB I 0O0SaaSR
parameters were setib capturean image andecord theconfluence at &minute intervals

for a desired duration. TREQA y Odzo I 12 NJ O2y Gl AyAy3a (KS Wdz Lxu
interest was sealed for the duration of the monitoring procedure to ensure that no

accidental movement of the cell culture vessel occurred that may otiserimpede the

monitoring.

2.4 Maintaining and preserving cell samples

Cell culturemediumwas changedegularly at2 ¢ 3-dayintervals or if the phenol red
indicatorpresent in all cell culture medizecame orange or yellow in colour,
thusindicatingan acidic environmen#nycell culture mediumremoved from cellsvas

treated with Virkom solution prior to discarding.

Fresh cell culturenediumwas warmed to 37C in a water bath prior to use and transferred

aseptically from the cell culte vessel to thactively growingells using a pipette boy and
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serological pipettes, taking care that the cell monolayer remdimdisturbed. Should the
cell monolayer become dislodged, cells were resuspended in cell culture medium by
pipetting up and dwn using a sterile serological pipette and centrifuge@@ rcf for

5 minutesat 21°Cto reform a pellet. Cells were 1glated in an appropriate T25 or T75 cell
culture vessel with fresh cell culture medium and returned to the iIGubatorto adhere

for 48hours If no adherent cells were observable following this period, a fresh cell stock

was started from a frozen vial of cells and the ramtherent cells discarded.

2.4.1 Continued maintenance of cell lines via swilturing

Cell confluencevasmonitored daily usinghe JuLk Br cell imaging systefiNanoEnTlk
Seoul, Korea). Cells wesab-culturedwhen confluence wasbservedasoccupying an
average ob S 6 S§Y%afpKS Odzft ( dzNB Fdshoked iyd & dzNF I OS

three JuLk . Nystemconfluencereads from different areas of the cell culture vessel

During thesub-culturingprocedure expendedcell culturemediumwas removed using a
sterile serological pipetteral discarded. The confluemonolayers were rinsed with

5dz 6 SO002 Qa t K2 a LEPBS|berck, dijFathhdhBenvarimédinya Svater
bath set to 37°C to ensure¢hat any remnants of the DMEM and FBS were removed, before
being treatedwith a0.23%v/v trypsin/EDTAolutionto promote detachment.
Trypsin/EDTAreated cellsvere returned to the humidified Cncubator to allow for cell
detachment andfollowing a 5minute incubation period, cell detachment would be
observed via the use of the JulBr cellimaging software. In cases where cells remained
adherent,flasks were gently tapped against the palm of the hahdecessaryto aid in
detachment. Warmed cell culturgrowth mediumwasadded to the celsuspensiorio
neutralise thetrypsin,prior to certrifugation at262rcffor 5minutesat 21°Cto re-form a
pellet, and expended cell culture medium was discarded while ensuring that the pellet
remain undisturbedCell pellets were rsuspended in an appropriate volume of cell culture
growth medium befoe being transferred to a trio of T75 cell culture vesdélsub-culturing
from a T25lask a single T78askwould be generated during the stdulturing procedure,

whereas subsequent sutulturing procedures would proceed as noted above.
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2.5 Using and maitaining the Muse® cell analyser apparatus

In order to ensure the apparatus remained operational, regular cleaning cycles were

NBIljdZA NER YR LISNF2NXYSR Ay I O0O2NRITh®OS gAGK (K
manufacturerprovided Guava® instrument cleagisolution was utilised every 14 days to

ensure the sterility of the apparatus during experimentbere themanufacturersupplied

cleaning solution would be loaded into a sterile, HAmlded 1.5mL microcentrifuge tube,

which in turnwasloaded into the Muse® systehi.K S G a8 aGSY Of SIyé¢ 2LIAz
from the system menuwhere thesystem would be subjectet a system flushwhereby

the cleaning solution would be passed through the internal tubing and flushed into the

waste receptor to remove any trace particles, residual dye solution or other potential
contaminantsirom the systemA subsequendt |j dzin€dq cycle with steriledHOwas also

required to remove remaining traces of the cleaning solution and avoid damage to the

internal mechanisms as a result of prolonged exposure to the cleaning solution.

A dHO quickrinsewas performedorior to andfollowingeach experiment tensurethat
0KS aeadS Y Qailobstihcidd tree B8 Miat Aoyparticulates remaihas a
contaminant in the systenwhile additionally providinghe function of preventing the

Muse®system from drying out.
Manufacturersupplied system check beads were also useckgular interval$o calibrate

the system and ensure the syst@mnternal scanners remained accurate and operational

during the course of the study, further strengthening the reliability of the assay
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2.6 Preparing cells for use in experiments

2.6.1 Analysing cellular viability and cell healtissing the Muse® cell analyser

To prepare cells falownstreamexperimental challenging and conditional exposure,

confluent T75 (7&m?) cell culture flasks were treated with a 0.25%é trypsin/EDTA

solution and pelleted using the same method as outlined insthieculturing protocol seen

in section 2.41. Cell numbers were estimated utilising the M@sell count andviability
reagentkitand MuseOSt f |y f@aSNJ aeadtsSy F2ftft2¢6Ay3a (GKS
(Luminex, USA

Cells were initially treated with a 0.25% v/v trypsin/EDTA solution and pelleted following the
methodology outlined in section 2 4.Cell pellets wee resuspended using a supplemented
DMEM, ensuring the pellet was resuspendellly prior to staining. To a fresh Mu®&e

compatible microcentrifuge tube, 454L of the Mus@®cell count and viability reagent was
added, in addition to 5@L of the cell suspesion. Thecell suspension and stainisglution

were mixed via gentle pipetting and allowed to rest at room temperature fanidutes to

allow for stainingo occur. Following the staining period, the solution was pipetted gently to
ensurethat cells remainedin suspension. The unused cell suspension was transferred to a

37 °C incubator for the duration of the staining protocol to ensure cells reathmable.

Prior to performing the cell count, a system check and capillary viese performed
ensuringthat no blockage was present within the M@&s®gystem. Utilising the preinstalled
software atotal count and viability assay was selected and experimental parameters
maintained at the preset values for both théViabilityvs Cell Size Indéand &Viabilityvs
NucleatedCells plots. Thecell count and viability reagent treateshmple was loaded into
the system and the assay performby selecting the appropriate assay and following the
on-screen instructions noted on the Muse® systéminstancesvherethe cell number
(count) was low in thassesseduspension, as noted ltlge system timingut, a secondary

dilution was performed at a dy®-cellsuspensiomatio of 1:1.
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Upon successful acquisitiar a total viable cell counta system readout as generated that
would disclose the viable cells per mL, viability percentage and total cells per mL. The above
assay was repeated three times for each cell sargid the average valuexcross all three

reads was usedA sample was deemed fit for useexperiments where the viability

percentage was noted as being 65% or higi@oss all three experimental regdsnd when

the total cell number was above 1>610% viable cells/mL. If either dhese prerequisites

was not achieved, the sample was discar@ad not utilised in any downstream application.

2.6.2 Seeding coverslips with intestinal cell lines

Cell suspensions were diluténl 1.5¢ 2 x 10 viable cells/mL working concentration, and
this suspensiowas transferred to 24vell plates, with eachvell containing a 18m glass
coverslip (PyramidUSA. Celiseeded coverslips were transferred tdvamidified CQ

incubator for an overnight incubatioat 37 °Cin 5% C@

Qoverslips were visualised using both light microscopy andtidt Brsystem to ensure
the presence of adherent cells on individual coverdiipsionitor cell growth and
adherence Coverslips observed as having adherent cells were transferred to a fragell24
plate, where ImL of freshmediumwas added to each well priootoversliptransferral to

limit cell loss and maximise the number of adherent cells.

The coverslipserere-visualised using th&vdz[ L 1 . NJ A Ydlidvkgife trandfer G S Y
of coverslips to a fresh 24ell plateto re-affirm the presence of adheremells.These

coverslips were returned to the G@cubator and monitored daily via light microscopiye

cell culture medim was changed aivo-day intervals until each coverslip was observed as

having grown to confluence.

Caca2 cellswere allowed todifferentiate for 21 days prior to experimentaketo allow for
the characteristic differentiation observed in the Ca&acell line to occur. All other cell lines
were monitored as above and were experimentally challenged immediately wheanadus

to be at100% confluence.
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2.7 Processing and assembly of the Kirkstall Qv500 system

The QV500 system was not pgesembled for use out of the box. As such, assembly was

required for the system, as noted in the following section.

2.7.1 Components of the QV500 system apde-processing required prior to assembly

The QV500 system starter kit included the following items for use in assembling the system:
one media reservoir; three QV500 experimental chambers; 1.6 mm and 2.4 mm tubing; luer
locks in both a male and femalerd@uration, with one set of male/female luer locks per
tubing diameter. Each item in the starter kit was individually packaged ensuring that each
piece of equipment was sterile upon initial assembly. However, the tubing and luer locks

were packaged togetr in bulk.

To each tubing segment required for assembling the complete QV500 system, a male and
female luer lock was added to each end and, to ensure the sterility of both the luer locks
and tubing, these assembled tubing segments were placed into avalole vessels. These

vessels were autoclaved to sterilise the tubing and allowed to cool prior to assembly.

Manifold tubing was provided with the Parker @¥22X0103 Du#lead Polyflex Peristaltic
Pumps used in the study and, as such, was absent fro@W&00 starter kits. This section
of tubing was sterilised by submerging in 70% v/v ethanol for 2 hours followedviagl3es
in sterile PBS to remove any traces of the ethanol that may prove detrimental to the
longevity of the system or the cells incubatikerein. Manifold tubing was axried in a

laminar flow cabinet prior to assembly.
Due to the proximity of the manifold tubing to the peristaltic pump mechanism, this tubing

was regularly monitored after each use to ensure the system remained opeahaoia

uncompromised during experimental challenging.
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2.7.2 Assembling the QV500 system

The QV500 systems were assembled under sterile conditions in accordance with the

assembly instructions provided by the manufacturer and can be seEmgure 21.

Each QVA0 starter kit was provided with two sizes of specialised tubing, with an internal
RAFYSGSNI 2F mMkmcé YR okoHé NBALSOGABSteod ¢2
locks vere added to a single pieceofk o H ¢ (G dzo Ay 33 gAldKackdayl £ S | yF
either end of a given piece of specialised tubing. This process was also conducted for two

LIA SOS & 2 ¥ :hewevwes énly d maie kayfeFhale luer was added to each piece of

tubing, leaving the other side luer free

To thelid of the mediareservoir bottle, a 0.21m air filter wasfitted to the corresponding

pre-fitted luer, as noted by a blue colouratio®? (i K S sizadpreiastalledtubing

connected tathe reservoir bottle, sectionofmk mc ¢ Gdzo Ay 3 gt & | GGl OKSR
appropriateluer configuration. To the end of the tubinigat lacked a luerthe above noted

manifold tubing was attachedd Y R G KA & ¢l & NBLISFGSR F2NJ G4KS |
GdzoAy3od . 20K (KS wasatimchéd tdgefter using the apprapidate Jugf

YR GUKS okoHwé¢ GdzoAy3d gl aA FRRAGAZ2YyLFEt&@ |aGdGl OK
experimental chamber, where all three chambers were attached in sequence. Finally, the
MKMcE¢ GdzoAy3d GGl OKSR (2 GKS TFAYIlrhed®KI Yo SNI A

reservoir using the luer locks and the circuit completed.

To ensure the system was correctly assembled, a L8atume of sterile water was cycled
through the system at room temperature to monitor for leaks or structural instabilities prior
to use If systems were deemed to be structurally sound, the assembled QV500 systems

were subjected to an additional sterilisationgbocol prior to use as noted isection 27.4.
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Figure2-1: Assembled QV500 system attached to a twin mechanism pump. The pictured QV500 system is
complete with three experimental chambers, a single medium reservoir, and is filled with cell culture medium.
A) QV500 experimental chdrar, disassembled. Chambers are composed of two interlocking silicone halves
that, when interlocked, provide a ggermeable, wateittight seal, protecting samples from external influence.
Up to three experimental chambers can be used in sequence per exgrtdl cycle.
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2.7.3 Calibrating the QV500 system flow rates and synchronising systems for future

experiments

An initial calibration of the QV500 systems was performed upon first assembly and every

6 months subsequently to ensure flow rates remairamshstant throughout the study.

Firstly, the fully constructed QV500 systems were connected to a pump and their media
reservoirs filled with sterile PBS. A set of empty weighing vessels were weighed, and their

weight recorded.

The pumps were set to fulpsed to allow the PBS to rapidly fill every section of tubing and
every experimental chamber. Once filled with PBS, the final section of tubing responsible for
returning the PBS to the reservoir bottle was removed, and the tubing connected to the

final experimental chamber was placed into one of the weighing vessels. The system was

run for one minute at full speed, at which time the pumps were stopped, the weight of the
filled weighing vessel measured, and the process repeated a further two times, totalling

three runs in all. After each run cycle, the expended PBS was replaced to ensure the systems
would not exhaust their supply of PBRhis process was repeated for each speed setting on

the pump ranging from & 10 (maximum speed), and the weights were measl.

The acquired volume of liquid per run was utilised to generate a standard curve expressing
pL/min, an example of which can be seen in Figu& Zhe process noted above was
repeated for each QV500 system and a standard curve generated for each. Following the
successful generation of a standard curve, each system was assigned an identifier and the
speed settings standardised for each system taueaspproximately equal flow speeds to
eliminate any potential sources of variationtire study, and ensure the desired flow rate of

1.5¢ 2 L/day was achieved in all instances
Additional calibration cycles were performed in instances where tubing a@laced, be
that due to a technical fault or as a result of general maintenance, in order to ensure the

replaced tubing did not affect the flow rate of the system in downstream applications.
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Figure2-2: Example calibration curve for a single QV500 system generated from three experimental cycles.
Maximum speed recorded from a QV500 system was 1.2033 mL/min. The highest speed settings were utilised
on every pump system, alswas at this speed where all QV500 systems showed the desired flow rate decided
for this project (1.5 2 L/day).

2.7.4 Preparing the QV500 system for experiments

The QV508ystems would receive an internal wash with a 70% v/v ethanol solution@ dH
prior to each experimental cycl& hissolution would be loaded into the media reservoir and
cycled through the system forturs at room temperature to remove any trace

particulates. The system flow would then be reversed, with the spent ethanol returning to

the media reservoito be discarded.

A second washyclewassubsequenthperformed using a 10%/v penicillin/ streptomycin
solution (pe-mixed and supplied by Sigma AldjiahdPBS for 24 hours at room
temperature to eradicate any potential contaminating bacteria from the system. The
antibiotic solutionwas also drained from the system and discarded in the same manner as

the ethanol solution.
Following thisa non-supplemeted cell culture mediung either high glucose DMEM or

McCoy5A¢ was passed through the system to remove any traces of ethanol and

antibioticand prolong the lifespan of the QV500 systehyslimiting degradation. If
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additional sterilisation was requiredhe QV500 systems were first-Béur cleanedas

outlined aboveprior to autoclaving, and finallsubjected to an additional cleaning cycle.

2.7.5 Maintaining the QV500 systems

Once monthly, the QV500 would be cleaned internally following the sanmtecol as
outlined aboven section2.7.4 with an ethanol prewash followed by a prolonged
penicillinstreptomycin cleanAn additionalsecondary2-hour wash cycle using a 100

amphotericin B solution in PB&s also performed to remove any fungal contaminants

Following this, the QV500 systems were drained and disassembled before being submerged
in aVirkorm cleaning solution for 10 minutes to perform a deep clean. Each component
would then be removed frorthe Virkonu solution and submerged in sterile water to

remove traces of th&irkonn Preventing lasting damage to the QV500 system.

Following theVirkonu clean cycle, the systems were reassembled and a final, non
supplementedhigh glucos®®MEMwas flushe through the system to remove any residual

traces ofVirkonu.

The systemsvere drained and experimental chambers inspected visually to check for any
remaining residue from experiments. In instances where residue was observed, the system
would receive ananual clean before being placed intéaageautoclavable vessaind

autoclavedd / f S ySR adaidsSvya ogSNB ad2NBR Ay FdzZ € |

as per the manufacturesupplied instructions.

2.8 Experimental setup

Prior to use irexperiments, overslips firstly must have been observed as having a confluent
monolayer in the case of intestinal cell lines HCT116, HT29MTX andl#ir29y 3 (BK S Wdz[ L

In the case of Caed, as noted above, 21 additional days from confluence must hassega
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to haveensural spontaneous differentiation and formation of the characteristic tight
2dzy OlAz2ya IyR YAONROG&tETA G (GKS OStftaQ | LAOL

Coverslips were transferred to one thie three conditional exposure vessels: a\&éll plate
for 1 mL static exposurea petri dish for 15 rhstatic exposurer the QV500 dynamic
flow-through system for 15 inflow exposure, usingnetaltweezers sterilised with 7084v

ethanol.

To both the 15 rhstatic and QV500 flow systems, 3 coverslips were added to enable d
comparison between the equivalent volume assayseach system, an appropriate volume
of experimental cell culturenediumwas addedand the vessels returned to a humidified

CQ incubator for the duration of the assay.

In instances where additives, conditionegediumor bacteria were added, a nen
supplementedcell culturemediumwas selected as opposed to the experimental

supplemented medim noted inTable 22.

2.9 Measuring cellular proliferation as a proxy of cellular Yidity via Tetrazolium

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

Cells were grown on glass 13 mm coverslips as outlmedction 26.2 and exposed to flow

or static conditionsn the mannermutlined in sectior?.8 above.

Following conditional exposure, celbated coverslips were removed from the QV500
experimental flow chambers, or static equivaleahd transferred to a sterile 2dvell plate.
To each coverslip, 5Q@_of a 2.5 mgmL 3-[4,5-dimethylthiazole2-yl]-2,5
diphenyltetrazolium bromide (MTT) solution was added and diluted 1:1 in the relevant

serumfree cell culture medim.

The celtreated coverslips submerged in MTT solutiere returned to a C&incubator and

allowed todevelopfor 1.5 hours, allowing for the formation of formazan crystals. Following
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incubation, excess MTT solution was removed, and coverslips were rinsed gently with

warmdPBSo remove traces of MTT solution while ensuring thellsremain adherent.

To each weltontaining a celseeded coverslipb00 |Lof DMSO was added to solubilise the
formazancrystals and each plate was rocked gently by hand for 2 minutes tangtite

solubilisationprocess.

Following this, the mukltwell plates were transferred to a Tecan muitell plate reader, and
the absorbance was monitored at 490 nm wavelength using installed Magellan software.

Each well was read from 16 regions within the well, and the average generated.

For subsequent datanalysis and visualisation, R¥&dio and the associated R packages

were selected as noted below in sectiori2

2.10 Measuring cellular viability vidhe LDHD t Zassay

2.10.1 Preparing reagents

Prior to performing the assay, the manufactwsrpplied LDH reductase substrate and LDH
detection enzyme mix were removed froi80 °C storage and thawed at room temperature.
Having thawed, the substrate solution was stored on ice, while the detectiomenzyas
allowed to reach room temperature. For each individual reactionubQf the detection
enzyme was mixed with 0.25L of reagent in a microcentrifuge tube by gently inverting
5times. Remaining enzyme and substrate solutions were returned80 & freezer, and the

prepared LDH assay solution was stored on ice until ready for use in experiments.

2.10.2 Collecting and preparing cell culture medium for LDH analysis

Cells were prepared for experiments and seeded on coverslips in the manner noted in section

2.6.2 and exposed to the three conditions of interest for this study, those beingha &tatic
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culture, a 15mL increased media volume static culture and a flow culture in which the QV500
was used. At the designated timepoints, each experiment was tearesf from theBINDER

CQ incubator to a sterile laminar flow cell culture cabinet, ensuring that the coverslips
remained undisturbed. From each condition, aplOaliquot of cell culture medium was
extracted and transferred to a microcentrifuge tube. hstances where a time course
experiment was performed, each experiment wassealed and returned to the GO
incubator until the next sampling timéexperimental cell culture medium was diluted as

recommended by the manufacturer prior to experiments and stored on ice prior to use.

2.10.3 LDH assay protocol

To each well of a white 9@ell plate, 50uL of the diluted cell culture medium was added to
50uL of the LDH reaction solution. The plate was incubated at room temperature for
45 minutes in the dark, following which it was transferred to the Tecan mnéll plate
reader, and luminescence was measured using the luminescence function of the system. This
process was repeated for each condition at each desired-poiat. For subsequent data
analysis and visualisation, GraphPad Prism 8 and its assotisidand boxplot functions

were utilised as noted in section 2.1

2.11 Image formatting

Where requiredfigures and images were composited into a single fijorage using the
opensourceimageeditingprogram Krita ver. 4.0,.Which was selected due to its flexibility

and the added ability to export highuality images

2.12 Statistical analysis software

Microsoft Excel 365 was utilised fthre generation of datasets and for data handling and
manipulation prior to statistical analysis. Data was statistically analysed and visualised using
GraphPad PrisnB version8.4.2.679R versiorB8.4.3and RRudio versionl.1.423as the

analysis software in each instance.
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Data was formatted using Excel into .csv format for compatibility with R software packages.
Rpackages GgplotZer. 2.2.1anddplyrver. 0.7.4were utilised forthe generation and
visualisation of boxplots observed in the following experimental chapters in instances where

R was selected as the analysis software of choice.
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3 Exploring the incorporation of the QV500 dynamic fletrough

system in cell culture research

3.1 Introduction

3.1.1 Exploing the introduction of a dynamic flow as an essential component in cell

culture practices

In recent years, numerous systems have been developed with the ultimate aim of
addressinghe issueof incorporating dynamic flow into cell culturBespite there bing
severalnovel flow models, the high initial investment and continued maintenance costs,
coupled with the intensive technical knowledge required to maintain such systems, often
poses a barrier to entry, thus limiting the accessibility and subsequdakamf such
systems. As the true impact of flow remains unéeplored within the confines of cell

culture, it is important to assess the impact that flow might exert on biological parameters.

Themajority of cell culture practiceare performed using a solid surface to which cells can

be applied and adhere tQbe that round coverslip@Koh and Lorsch 2018j cell culture
inserts(Lea 2015by with the substrate surface varying in accordance with the

methodology. It has also been previously discussed that the material used for this adhesive
surface plays a vital role in dictating the physiology and growth rates of cell littes in

preparation of cell culture model&RRyan 2008; Scholz 2010)

One could additionally argue that the presence of flow may dictate that the adherence of
cells be considered of greater importance due to the risk of these cells becoming dislodged
by the flow, which may promote physiological and molecular changes ireftsete ensure

successful adherence, as would be foumditu

While the approximate volume of liquid known to flow through the gut varies on a person

by-person basis, in the 2016 study by Cremer and colleagues, it was estimated that the
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volume of liquidthat passes through the Gl tract totals approximatelyd5L/day(Cremer
et al. 2016) While this is only a general approximation of the liqhiat passes through the
human gut within a 24our period, it inarguably provides valuable insight for flow models
when seeking to calibrate systems to equate to that seesitu Therefore, to accurately
understand the impact of flow within a cell culeusystem, one must compare the
effectiveness of flow against thmost utilisedcurrent practice, that being 2Btatic

methodologies, as used in most cell culture studies.

3.1.2 Utilising the QV50Qo introduce flow to cell culture

As previouslynentionedin this thesisthe Kirkstall Qv500 cell culture chamber system was
selected for this study due to its ease of use coupled with its reusability, and, as suah, it

also importantto select a number of parameters faronitoring the response ofetls and to

20aSNBS GKS AYLIOG 2F (dKA&a aecadSymanyAyRdzOSR

potential stimuli naturally present within the gutrom the wide array of cell typgQuante

and Wang 2009)hormone and metabolitemediated interactions and the hosipecific
microbiome interactiongMartin et al. 2019)it must first be noted that modelling the true
complexity of the human gut is far beyond the scope of this study and, as such, is not the

goal of this study.

Theutility of cellculture, as previouslgescribed comes in its ability to provide insight into
otherwise difficultto-access regions of the human body. However, these expansive studies
often lack the omnipresent physiological factors s@esitué Y I LI 00T e zalkl S
could therefore be stated that incorporating dynamic flow into cell culture methodologies
via millr and micrefluidic methodologies is of great importance when undertaking cell
culture studies. Furthermorehe inclusion of dynamic flow and the optisation of the

QV500 for this studgtands as the bedrock for the following chapter, particularly with focus
given to understanding the impact of a dynamic flow element on measured cellular
parameters of health. The primary goal of this chapter is to asgksther the presence of

physiological flow significantly alters the behavioural response of cell lines, and if this varies
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by passage number or medium composititmyalidate the continued use of a dynamic

flow-through system in the subsequent study.

3.1.3 The aims of the chapter

1. To optimise the QV500 flow through system for use in conjunction with cell culture.

2. To optimise experimental parameters (including flow rate, experimental coverslip

material and serum supplementation) for downstream applicagion

3. To assess the impact of flow on the viability of commonly used cell lines.

nd ¢2 aasSaa GKS AYLI Ol 2 Blycdproeias, idckiding KS OSft €

mucinviagene expressiomethodologies

3.2 Materials and methods

3.2.1 Cells utilised forexperiments

Cell lines were all prepared for experiments in the manner outlined in sectén 2.
Cace2, HCT116, HT29 and HT29MTX cell lines were all selected for use throughout the
initial aspects of the study, the unique definialgaracteristics of which can all be seen in

Table 21.

3.2.1.1 Monitoring cell growth rates on glass and plastic coverslips

Cell lines HT29MTX and C&were sukcultured following the protocol outlined in section
2.4.1 and centrifuged at 262 rcf for 5 minutes at 20 °C to allow for the formation of a cell
pellet. The waste medium was discarded appropriately and treated with irkensuring
the pellet remained undisturbed and, following which, the pellet was resuspende)

10 mL of cell culture medium warmed in a water bath set to 37 °C.
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Livedead cell counts were performed on each cell suspension using the Guava® Muse® cell
count and analyser apparatus following the protocol outlined in sectiéri2and using the

total cell counts, a 1.§ 2 x 10* live cell/mL density of cells was generated by diluting the

initial cell stock in warmed DMEM. A 1 mL volume of the cell suspension was pipetted onto
either glass or plastic coverslips housed in a steritlev@ld plate (Geiner Bio One, UK), and

the plate was gently rocked by hand by slowly moving the rweti plate on a solid surface

to ensure that the coverslip surface became totally submerged.

The coverslips submerged in cell suspensions were transferred to a hiechidi®

incubator set to 37C for 8 hours to allow for some cellular adherence. Coverslips were
GradzZ ftfte AyalLISOGSR F2N I-REghystein (NaEFek, & dza A y 3
Seoul, Korea). Following this, a single coverslip was selected aedi pfeio a clean well

within the same plate, and fresh warmed cell culture supplemented in accordance with the
growth medium composition outlined ihable2-2, which was gently added to the coverslip,

ensuring that the adhered cells remain undisturbed.

ThRS Wdz Lnu . NJ a@adsSy Ol YSNI grcubatdr &b tfiedcavBrdliNS R { 2
placed into the camera field of view. Camera visuals were adjusted using théoaut®

FSIFGdzNE 2F GKS Wdzl Lu . Nl aedadsSy I yeRonfluénge | OO dzN
feature, in which the confluence of the cell monolayer is assessed from a single captured

image. In instances where the aufiocus was insufficient, exposure, focus and brightness

were manually adjusted and reassessed until the confluenceibimoeturned three

I OOdzN} 6 S NBIRax gKAOK gSNBE RSTAYSR o0& OQAadz f
adhered cells. The system was programmed to perform a growth rate analysis over a 72

hour period, with an image captured to assess conflueri¢erainute intervals These

AYF3Sa 6SNB lylrfteaSR o6& (GKS Wwdz Lun . Nl agadasSy
relating to the confluence percentage of the image, which was recorded in a separate

information sheet The incubator was sealed for 72 hours #eftl undisturbedto not impact

the final footage by introducing any movement of the coverslip. Following the recording

period, the data was collected and formatted using Microsoft Excel 365 before using

GraphPad Prism 8 to generate a growth curve for lmathlines on each coverslip type, and
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a growth rate was generated. The above process was completed for botR2Gawb

HT29MTX cells on both glass and plastic coverslips.

3.2.1.2 Cellular adherence on coverslips exposed to dynamic flow

Each of the foumitial cell lines was grown to confluence on both the glass and plastic
coverslips as outlined in sectior62, with Cace? allowed to further differentiate for
21days.

Cellseeded coverslips were observed prior to experiments at three distinct regiotise
O2@SNRBRfALI YR (KS O2yFfdzSyOS I aOSNIIFAYSR dzaa
to exposure to dynamic flow, coverslips were observed as being 100% confluent in each of

the four regions observed. The ceteded coverslips were trarsfed to the QV500

dynamic flow system, as shovimFigure3-1 and exposed to a flow environment for 72

hours in a humidified CGOncubator.

Following flow exposure, the QV500 systems were drained and coverslips harvested, all
while ensuring that the moslayer remain as undisturbed as possible. Cells were re
examined under light microscopy and confluence reassessed to assess cellular adherence

following dynamic flow.
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Figure3-1: Schematic of an assembled QV500 chamber witkseetled coverslips. Ce#teded coverslig$)

were transferred into the bottom component of a QV500 reaction chamber separated into its two halves (1),
following which the two halves of the QV500 reacstdhamber were rassembled and sealed to form a water
tight reaction chamber complete with a csteded coversli@lI).

3.2.1.3 Assessing th@roduction of proinflammatory cytokine IE8 andthe cellular
proliferation of HT29MTX cells under serustarved and serunsupplemented

conditions

3.2.1.3.1 Formulating serumsupplemented and seruriree media

FBS (Sigma Aldrich, UK) and charstgiped FBS (Labtech, USA) were both utilised to
prepare a 10% viM% v/v and 0.1% v/v serum medium for use in the ass&gre the

relevant serum was thawed using a water bath set to 37 °C, prior to being added to the cell
culture medium using a sterile serological pipet#aditionally, a control medium lacking
supplemented material (serurdree) was prepared. All media was prepared 24 hours prior

to experimental exposure.
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3.2.1.3.2 Assessing HT29MTX under various serum exposure conditions

Cells were prepared and grown on glass coverslips following the protocol outlisedtion
2.6.2. All celicoated coverslips were serum starved for 24 hours prior to experimental
challenging. Serum starving was achieved 24 hours prior to experimental challenging by
removing the growth medium and washing the cell layer with dPBS warnmed/ater bath
set to 37 °C for at least an hour, before replacing the medium with the appropriate
experimental medium, as noted in Tabl&€2in an attempt to acclimatise the cells to the

new environment.

Cells were subsequently exposed to a static maaielincreaseanedium volume static

model and the QV50Gihduced flow model for 24 hours, following which the QV500 systems
were drained and cell culture medium collected, frozer2&t °C and stored for any

potential future applications. Coverslips were rewed from the exposure vessel and

transferred to a fresh mukhivell plate for analysis via MTT assay.

MTT analysis was performed following the method outlined in secti®natd absorbance
measured at a 490 nm wavelength using the Tecan rudti platereader apparatus as

noted in sectior?.9. Statistical analysis was performed using GraphPad Prism 8 version
8.4.2.679usingthet-i Sald Fdzy QlA2ylftAGe YR @OAadza fAaSR

3.2.2 MTT analysis of cells exposed to periods of dynarffoev

Cells were prepared and maintained in adherence to the protocol outlined in section 2.
and plated onto glass 13 mm coverslips and prepared for experimental exposure in the

manner noted in section 8.2 with an initial seeding density @f5¢ 2 x 10* live cells/mL

Cellseeded coverslips were transferred to the relevaandition, be that the static,
increased medium static or flow model, and exposed to flow for 24 hours. Coverslips were
collected and exposed to MTT solution (Sigma Aldrich, Poole, UK) following the protocol

outlined in section A. Coverslips were colleat and the stain solubilised using DMSO in
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the same manner as outlined in sectio®,2oefore having the absorbance read in a Tecan

multi-well pate reader set to a wavelength of 490 nm.

3.2.3 LDH analysis of cells exposed to dynamic flow

In an identical manneto that noted in the above sectioB.22, coverslips were seeded with
HT29MTX and Caébcells and maintained until confluer@ells were exposed to the

relevant experimental modestatic, increased medium static or flow. Cells were returned to
a humidifed CQincubator for 72 hours. At 24our intervals, a small quantity of the cell
culture media was collected from each experimental condition and prepared following the
protocol outlined in section 2(before mixing with an LDH assay solution. Supernatant and
reaction mixes were incubated at room temperature for 45 minutes before luminescence
was measured using the luminometer function of a Tecan Andtl plate reader. Data was
exported to Microsoft Ecel and formatted before being statistically analysed and visualised

using GraphPad Prism 8.

3.2.3.1 Alcian blueglycoproteinassay

3.2.3.1.1 Preparing celldor alcian blue staining

HT29MTX cells were grown as outlined in section 2.4 angtgltlred in a similar marer

to that outlined in section 2.4.until the formation of a pellet.

Cells were resuspended in cell culture medium warmed to 37 °C in a water bath. Cells were
subsequently assayed for viability and lokead percentage by utilising the Guava® Muse®
cellanalyser methodology outlined in sectior62., before being diluted to 1:3 x 10* live

cells/mL.

The diluted cell suspensions were plated intev@éll plates, with 10QL of thecell

suspension added per well. Geieded microplates were returned to the humidifiedCO
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incubator for 24hours before removing the media angsuallyobserving the monolayer

dza A y 3 (BKd8ll innedaiglsystem. Geleded microplates were monitored daivia the

Wdz[ Ln . NJ FyR (GKS YSR 2 days umillcénflusidbradhdlage® Reres @ S NE
observed. As noted previously, CaZgamples were allowed to differentiate over a@4y

period prior to experimental challenging, while being monitored dailgnsure monolayer

integrity.

3.2.3.1.2 Assessing stain exposure duration

Cells were first washed using dPBS warmed to 37 °C in a water bath, ensuring the monolayer
remained undisturbed. Following this, 100 of the 1% w/v alcian blue solution, prepared

using 36 v/v acetic acid (Sigma Aldrich, Poole, UK), was added to each well and allowed to
develop for one of the following durations: 1 minutefrBnutes, 10 minutes, 30 minutes, 1

hour and 2 hours. Additionally, a separate control plate was treated with dPIg$hqgrlace

of alcian blue for the duration of the staining period.

Following the desired exposure period, excess alcian blue stain solution was removed, and
wells were gently washed with warm dPBS containing 0.05% w/v Fa@é8igma Aldrich)
5times to remove excess stain, taking care to avoid disrupting the monolayeen20
supplementation in dPBS was added following consultation with Riathalie Juge (pers.
comm.) to ensure thglycoproteingemained undisturbed during the extensive sta
processWells were visually observed pestish to assess colour development (data not

included)

3.2.3.1.3 Optimisingalcian blue stain release

Stained cells were submerged in muiiell plates containing a range of potential solvents,
those beingdimethyl sulphoxide (DMSO), absolute ethanol and 10% v/v solutions of acetic
acid and hydrochloric acid prepared usinlyl stocks. Cells were submerged for 3 hours and
visually inspectedbllowing 5 minutes exposure to the solvents and subsequentBpat

minute intervals formonitoring of thestain release from the cells into the assessed sokent

56



Following the initial optimisation, an additional cycle was performed using the perceived
optimal solventacetic acidin whichthe plates shaken gently forr&inutes at initial

exposure (TO) and again at 30 minutes. A trio of controls were also performed, where cells
were shaken at TO only, at 30 minutes only and with no shaking. Shaking was performed by
placing the multiwell plate containing the cells and agetcid on a flat surface and moving

the plates in a circular motion for 5 minutes. Shaking was performed rapidly enough to
allow for agitation of the solubilising agent, thus promoting staiease while

simultaneously being gentle enough so that tlgpiid remained in the relevant wells, thus
ensuring that all experiments remained bias fré¢ each stage, cells were visually inspected

to assess the impact of shaking in conjunction with exposure to acetic acid.

3.2.3.1.4 Attempting to develop a standard curve athodology forthe alcian blue

glycoproteinproduction assay

Porcine mucin (Sigma Aldrich, Poole, UK) was first solubilised to a concentratiorgthlL

in PBS by continuously stirring using a magnetic stirrer at room temperaturehfmur3.
Solubilisednucin suspensions were visually assessed to ensure complete solubilisation prior
to performing dilutions. If mucin was not successfully solubilised, the solution was returned
to a magnetic stirrer and assessed visually atrBOute intervals until solubged. Mucin

solutions were diluted by a factor of 2 until a final concentration of 7.81@L of mucin

was achieved. The exact concentrations used for this experimerg as follows: 1000

pg/mL, 500ug/mL, 250ug/mL, 125ug/mL, 62.5ug/mL, 31.25ug/mL, 15.625ug/mLand
7.8125pg/mL

The abovenoted mucin concentrations were plated in a-@@ll highbind microplate and
placed into a fridge set to 4 °C overnight to promote adhesion of the mucin to the treated
cell surface.

Following the adhasion period, the microplate was removed from the fridge and excess
mucin solution removed and discarded, following which plates were washed twice gently
using TweerR0 supplemented dPBS to remove residual unbound miwircin-treated

microplates were expged to the 1% v/v alcian blue solution as noted above in section
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3.23.1.2for 5 minutes before any excess stain solution was removed. Microplates were
rinsed using warm dPBS to remove residual stain and allowed-tinaiGtained microplates

were finallyexposed to a 10% v/v acetic acid as also noted in sectioB.B.2.

Prior to assessing the microplates, the optimal absorbance waveldéogthe gAlciarblue

was first estimated using an absorbance scan method ukmgecanmulti-well plate

reader. A scan range between the wavelengths of 230 nm and 1000 nm was selected, and
the alcian blue solution was assayed in triplicate at each wavelength, resulting in the
generation of an alcian blue absorbance profile (Figu2®. Following initial analysis, it was
decided that 580 nm was the optimal absorbance for this method due to the high
absorbance peak recorded and its positioning following a number of reduced absorbance
wavelengths. As such, 580 nm absorbance wasadilisany subsequent experiment

utilising alcian blue.

3.2.3.1.5 Finalised alcian bluglycoproteinassay

Cells were grown to confluence on glass coverslips in the same manner as noted in section
2.6.2, with Cace? cells allowed to differentiate for 21 dapsior to experimental

challenging. When confluent, celbated coverslips were transferred to one of three
experimental conditions, those being 1 mL static, 15 mL static and 15 mL @\¢sliéXed

flow, with the exact details outlined in sectiorB2each cataining a supplemented
experimental medium, the formulation of which can be seen in TalleCzlls were

exposed to the relevant condition for both 48 hours and 72 hours before the medium was
removed and the coverslips were gently transferred to a fresiiti-well plate, ensuring

that no damage occurred to the coverslip and that the cell monolayer remained

undisturbed.

To each coverslip, 500 of 1% w/v alcian blue solution (Sigma Aldrich, Poole, UK) was
added before recovering the plate with its lidcallowing stain development for 30
minutes at room temperature. Excess alcian blue solution was removed and coverslips

transferred to a fresh muhivell plate, in which the coverslips were washed 5 times with a
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warm dPBS solution supplemented with 0.06% Tween20 to remove any residue alcian
blue. The rinsed coverslips were transferred to a final rwadil plate ensuring that the
coverslips and monolayer remained undisturbed and that cells were allowed-ttvyaior

1 hour. To the dried coverslips, 5Q of 10% v/v acetic acid in gBiwere added and
incubated at room temperature for 30 minutes. Following the incubation period, the multi

well plate was shaken gently for 5 minutes to aid with stain solubilisation.

3.2.3.2 Measuringglycoprotein production via alcian blue (absorbance measurement)

Multi-well plates were placed into a Tecan multell plate reader and absorbance was

measured at a 580 nm wavelength with four reads per well. The above process was

repeated for each cellde at the 72hour timepoint.
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Figure3-2: Absorbance scan of alcian blue in@éll plate for method optimisation. Absorbance was recorded
twice for each well with the average absorbance estimate@émh wavelength between 230 and 1000 nm.
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3.2.3.3 Assessing the production aflycoproteinsvia light microscopy

Cellseeded coverslips were prepared following the protocol outlined in secti®2 2and
experimentally challenged in the same manner as outlineeaien 28, before being

collected and transferred to a mulivell plate.

Coverslips were inspected visually to ensure that monolayers remained undisturbed via light
microscopy prior to the fixation process. If cells were observed as adhered, coversigs w
submerged in a 4% v/v paraformaldehyde solution (Sigma Aldrich, Poole, UK) for 15 minutes
at room temperature before aspirating the paraformaldehyde solution and discarding
appropriately. Coverslips were subsequently treated with 1% w/v alcian bluésoht

room temperature, before being washed gently with dPBS supplemented with 0.05% w/v
Tween20 5 times to ensure removal of residual staining. Cells were additionally stained

with a nuclear fast red counterstain (Sigma Aldrich, Poole, UK) for 5esiatiroom

temperature before once again being washed 5 times with dPBS with 0.05% w/v-P@een
Stained cells were stored in dPBS at 4 °C prior to mounting to maintain cellular integrity and

prevent fixed cells from drying out.

Coverslips were mounted gglass microscope slides, with the eadlhered surface placed
away from the glass coverslip. To the ¢edhated surface, 10QL of DPX mounting solution
were added, following which 83 mm square coverslip was placed above theawdiiered
coverslip angressed gently to disperse any air bubbles. The cells and mounting solution
were left at room temperature for 5 minutes, following which mounted cells were bound in
place using clear nail polish, which was placed at the edges of the square 13 mm coverslip
and allowed to audry. Prepared coverslips were stored for up to 48 hours in the dark prior

to visualisation via light microscopy to limit potential degradation.
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3.2.3.3.1 Visualisingglycoproteinvia microscopy

Microscopy was performed using theica DMRB brightfield photomicroscope equipped

with a Jenoptik ProgRes® SpeedXT core 3 colour digital camera (Jenoptik, Germany). A 20x
objective was utilised for the acquisition of the images, and the ProgRes® CapturePr
software was utilised to perform white balance and image optimisation prior to image
capturing. Images were exported in .JPEG format and composited together using Krita ver.

4.0.1(KDE Community 2020)

3.2.3.3.2 Extracting RNA from experimental samples for g°PCR analysis

Following an experimental cycle in which e#deded coverslips were prepared according to
the protocol outlined in section B.2 and exposed to the experimental conditions outlined
in section 28, coverslips were collected and transferred to a fresi@dl plate, while
ensuring that therevas no disruption to the cell monolayer or damage incurred by the

coverslip.

Coverslips war washed gently with warm dPBS to remove any trace medium before
submerging the coverslip in 5Q. of TRIzol® solution. Cells were incubated at room
temperature for 5 minutes in the TRIzol® solution bethee TRIzoI® was triturated several
times to aid vith extraction of nucleic acid materidollowing he incubation and titration,

the TRIzol® solutiowas removed from the celend storedin an appropriate volume

cryovial. Due to the small cell number present on the coverslips, TRIzol® samples frem thre
coverslips were pooled in each instance. TRizel@ed samples were stored a80 °C for

up to one month before use in cDNA synthesis.

TRIzol® samples were collected fréd@ °C and brought to room temperature before QU2
of chloroform wasadded for every 1 mL of TRIzol®. The chlorofoRizol® mixture was
inverted continuously for approximately 15 seconds until a clear, colourless region was

observable at the top of the solution when allowed to settle.
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The solution was centrifuged for 15mates at 17,000cf at 4 °C to allow phase separation.
Following thisstep, the clear RNA phase was extracted from the top of the microcentrifuge
tube, taking care not to contaminate the sample with genomic DNA, and transferred to a
fresh microcentrifugeube and the remaining pink protein and genomic phases were

disposed of.

To the collected RNA phase, 0.5 mL of isopropanol was added for each 1 mL of TRIzol®
present in the initial stages, and this mixture was inverted by hand continuously for
10secondsThe isopropanol mix was transferred te80 °C freezer for one hour, as this
method had been noted as having an increased yield compared to that seen from

extractions conducted following the eme method recommended by the manufacturer.

Having conducte the long-80 °C incubation, the microcentrifuge tube was thawed at room
temperature and centrifuged for 10 minutes at 17,0@0to form a pellet. Ensuring that the
pellet was not lost, the isopropanol was removed and the microcentrifuge tube blotted dry
using paper towels. To each microcentrifuge tube, 1 mL of ethanol was added before being
rapidly vortexed for 10 seconds, and the microcentrifuge tube waergrifuged at

7,500rcf for 5minutes.The above step was repeated a further three times widskr

ethanol, and on the final wash, the ethanol was removed, and the pellet allowed-to air
dry.The pellets were resuspended in 20 of nucleasdree water and stored for a

maximum of 2ours at-20 °C prior to cDNA synthesis due to reduced stability RN@

compared to cDNA.

32333aSladz2NAy3d wb! O2yOSyiN} (iA2y dzaAy3a GKS

Prior to undertaking cDNA synthesis, the RNA concentrations of each solution were acquired
dzaAy3d GKS vdzoAidu | A3IK {SyarlAirAgrde wb! (Al
3.0 Fluorometer were prperformed prior to the assay and, as such, weoé performed.

RNA samples were thawed and stored on ice for the duration of the assay to minimise RNA

degradation.
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apparatus. Each sample tube was inserted int® ¢hamber before closing the lid and

running the assay. The concentration was recorded in each instance and the process

repeated for each sample.

3.2.3.3.4 cDNA synthesis

Usingthe concentrations produced by the QuhiB.0 fluorometer, the required volume for

a waking concentration of 1 ng/lnRNA was calculated. To conduct the cDNA synthesis, the

High Capacity cDNA Reverse Transcription Kit (Life Technologies, Paisley, UK) was utilised.
C2fft2gAy3a GKS YI ydzF I Giee#h®S iRise trAandrkigaSe (RTY; S 4 =y dzC
random primers, dNTPan RT buffer and 1 ng of the prepared RNA samy@es added to a

sterile PCR tube. Tubes were appropriately labelled and transferred to a aheyoier

programmed to undeake amplification Followinghe completion of the cycle, cDNA

samples were transferretb an appropriate storage vessel and stored2Q °C until

required. This process was repeated for each sample as required.

3.2.3.3.5 Identifying primersfor MUCqPCRanalysis

To prepare primers for MUCeges, previously utilised gPCR primers from a number of
academic publications were selected amhlysed using the NCBI prirfBLAST toqNCBI
2020)to identify the specificity of the primers. In instances where the primers lacked
specificity, these primers were discarded and alternative primers sought angrticess
repeated. The online primer repository oliG@IIGO! 2018jvas ultimately utilised as the
primary source of many primer sequences due to returning a high binding specificity

percentage and produeg accurate targeting for the genes of interest.
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The housekeeping gendygeraldehyde $hosphatedehydrogenas€ GAPDH) was selected
to aid in normalising the qPCR MUC gene couartd,primers were generated using the

primers found on the online primeepository oliGO!

All primers used in the study were synthesised by Eurofins Genomics (Germany). Primer

sequences used for thdUC qPCRBan be seen in TableB3

Table3-1: Primer sequences for MUC qPCR

Primer name|t NA YSNJ a &lp @29y O| Source

MUC2 CAGCACCGATTGCTGAGTTG (Cobo et al. 2017)
(Forward)

MUC2 GCTGGTCATCTCAATGGCAG (Cobo et al. 2017)
(Reverse)

MUCS5AC TCCACCATATACCGCCACAGA | (Matull et al. 2008)
(Forward)

MUCS5AC TGGACGGACAGTCACTGTCAAQ (Matull et al. 2008)
(Reverse)

MUC5B ACGTCAAGGCCACAGCTATT (Kumar et al. 2016)
(Forward)

MUC5B AGGTGGGAGGCTCCTCTG (Kumar et al. 2016)
(Reverse)

GAPDH CTTTTGCGTCGCCAGCCGAG | (oliGO! 2018)
(Foward)

GAPDH GCCCAATACGACCAAATCCGTT]( (oliGO! 2018)
(Reverse)

3.2.3.3.6 RFgPCR protocol

Realtime gPCRumplification was performed using the iTaq Universal S¥BBn SuperMix

(BioRad, Hemel Hempstead ! YO Ay | OO2NRIyOS gAGK GKS YI y
well of a skirted 9évell gPCR platéBio-Rad, Hemel Hempstead K)LOuL SYBR green,

50 mM of the forward and reversprimers, 1uL cDNA an8 pL nucleasefree HO were

added. Plates were sealed using a sealing film and transferred t6a  / 2 y Yy -l 1= wS I f
Instrument (BieRad) in which an initial melting cycle 86 °C for5 minutes, followed by

40 cycles of melting94 °C for 15seconds)annealing (60C for 15 econdg and extension

(72°Cfor 30 secondsyvere performed. Fold changes were calculated following the

methodologyoutlined in(Michael et al. 2016)here ¢fold changes in transcript level were
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instance) and the GAPDH housekeeping gene.

A cantrol sample for each gene lacking theverse transcriptase was utilised in each
experiment to ensure the accuracy of each sample and that the observed trends were not

induced by the presence of contaminating DNA.

Generated data was exported to Micros@xcel 365 for initial analysis and data processing
prior to statistical analysis using the software R and RStudio associated packages, all of

which are as noted isection 2.2.

3.3 Results

3.3.1 Cellular adherence and growth rates oéll lines Cac€ and HT29MTX on solid

substrates

Prior to introducing cells to the experimental challenge, it was essential to optimise cell

growth and adherence to the desired coverslips, as these would play an important role in

the upcoming studyThefinal growth rates for Cac and HT29MTX cells seeded onto 13

YY OANXDdz  NJ It aa O20SNARfALEA YR Mo YY OS¢t f

coverslips that were monitored over a-4®ur period can be seen in Figure3

In the case of HT2OMTX, & LIt S& aSSRSR 2y ¢KSNXIFy2Eun 02 OSN
having a slower growth rate when compared to the equivalent cell line plated on a glass

coverslip of equal size. In the case of GAcwhile initial confluence was higher in

CKSNYI y2E«7 & 3SSnRaed to glhsy, tohflence was noted as havir,g decreased

over the observed 48 hours. However, in glass seeded samples, while initially a lower

adherence was observed, cell growth over the observed period was consistent. Additionally,

the final confluee percentage at the final timepoint of 48 hours in HT29MTX samples was
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final confluence percentage of Ca2aells plated to glass coverslips was lower than that of

GKS ¢KSNXYIFYy2Eun LI FGSR &l YLX Sa2 (GKS yS3ariAags

made them an undesirable prospect for use in downstream applications in thig.st

With regard to the adherence of cells to the assessed coverslip materials, a slight variation
was observed in overall cellular adherence upon visual examination (data not included). In
the case of HCT116, some cells were lost across both coveegipiats, with a reduced
confluence observed following exposure to dynamic flow. However, in the case of the glass
coverslips, an increased retention was observed compared to the plastic, where, in each
instance, all cells were lost under flow. HT29, HTZ8Mnd Cac@ showed a slight

reduction in adherent cells when grown on treated plastic coverslips following exposure to
flow, whereas with the glass coverslips, in all instances, each cell line showed no visible

reduction in cell adherence following a ped of flow exposure (data not included).

Having identified that plastic coverslips resulted in a slower growth rate of the cell lines of
interest, in conjunction with the improved cellular adherence and retention rate of glass
coverslips under flow contilbns, in spite of their fragility, glass coverslips were selected in
favour of the more durable plastic due to the significantly increased speed at which
confluence was reached that might, in turn, help in balancing the time limitations imposed

by the QVBO0 system.
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Figure3-3: Cace2 and HT29MTX growth on plastic and glass coverslips over a 48dramd. Due to inter

sample variation in initial confluence recorded following coverslip seeding, the above results represent a single

run on each coverslip material for each cell line. Trends observed were consistent across all experimental runs,
onyvNBE Ay 3 & | NBadzZ G 2F AyAldAlf | RKSNByid OStt RSyairdae
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3.3.2 Identifying the optimal media formulation and the impact of FBS in prolonged

experimental exposure via MTT assay

It was decided that, to assess thptomal experimental medium to proceed with the study,
three experimental conditions would be examined, those being the commonly utilised FBS
and serurAfree conditions, and a third alternative, a charcetiipped FBS, produced by
Labtech (USAHT29MTX cHd displayed alterations in cellular viability in all assessed
conditions following a 24hour exposure period to the media formulations containing

various concentrations of FBS and csFBS (Figdire 3

Samples exposed to charcestipped FB8isplayed a doséependent increase inellular
proliferationall experimental conditions, with the highest concentrations of csFBS showing
the highest viability of the three concentrations tested, although no significance was
observed between the three csFBS concentrations under any condition. Additionally, it was
noted that, in the case of csFBS, HT29MTX cells showed a reduced viability at lower
concentrations compared to the serustarved control samples, with the sole exception

being those samples exposed to 10% csFBS under flow conditions (F&ureh®

reduction in viability, compared to serwstarved samples, was statistically significant in the
following 15mL static and flowexposed samples: 15 mL static 0.1% and 1% csFBS samples
and flowrexposed 0.1% csFBS samples (15 mL static: 0.1% csFBS p < (c6BBSLpo<

0.05; Flow: 0.1% csFBS p < 0.05). Although the trend observed in all three samples was
similar, the degree of this trend varied by exposure condition. As such, as csFBS was
observed as having a consistent reduction in cellular proliferation aatbgxposure

conditions compared to the serufinee control, csFB&entred medium composition was

discarded from future experiments.

FB&challenged samples displayed a somewhat more varied response across all conditions,
with 1 mL static samples showaagia slight doselependent increase in viability, and both
15 mL static and flow samples displaying a somewhat more variable trend. No significant

differences in viability were observed when comparing FBS concentrations.
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As there were no statically significant benefits observed at any concentration of FBS when
compared to the serunstarved control, it was decided that serustarved medium would
instead be utilised for any downstream assays. The use of seaerconditions in future
experiments was additionally reinforced as, in a sermee experimental medium, there

would be no growth factors, hormones or inflammatory molecules present from the FBS
that might otherwise influence cellular behaviour or cellular response to a given stimulus,
and as the influence of these additional factors introduced by FBS could not be verified at

this time, serurfree medium was selected.
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Figure3-4: Assessing the impact of serum on théutat proliferation of HT29MTX cells via MTT assay. HT29MTX cells were exposed ffoesercsirBand FBS
supplemented DMEM for 24 hours under either 1 mL static, 15 mL static or flow conditions, following which cellulariprolifasaineasured vidne MTT assay. The data
represent the meantstandard deviation (SD) of 3 independent experiments and are presentedlznigégdcompared to the serustarved control that has been
arbitrarily set as 1. Statistical analysis was performed using unpatext tvhere * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3.3 Measuring the cellular proliferation of intestinal cell lines following exposure to

dynamic flow via MTT assay

As time had not previously been observed as significantly impacting cellular viability, it was
important to first ascertain whether the exposure time exerted an additional effect on the
cell lines. Cell samples within the study were all noted as beingnathle passage window
recorded in Table-2, to additionally assess the impact of passage on cellular behawiour

vitro.

While some variation was observed with cells of a different passage number, no significant
difference was noted between passage giming that the results generated were a

consequence of the conditional exposure.

No significant difference was observed in any cell line at thhd@# timepoint when

comparing experimental conditions (Figur&B A minor increase in cellular proliferai

was observed in the flovexposed cells at the 2dour timepoint in cell lines Caety HT29

and HT29MTX, and in all cell lines, cellular proliferation was elevated in increased medium

volume (15 mL) experiments, though no significance was noted inednjne.

Cacaz exhibited significant increases in cellular proliferation followinghd8r exposure to
experimental conditions (Figures. A significant change in MTT cellular proliferation was
observed in both increased media (15 mL) and flow expanisiwhen compared to cell

culture methods, with the greatest significance noted in the flow cohort (p < 0.05).

Following exposure to experimental conditions for 72 hours, it was noted that in cell lines
HT29 and HCT116, there was significantly increas#dlar proliferation at 72 hours.

HCT116 cell lines showed significantly increased cellular proliferation when exposed to flow
conditions when compared to both the 15 mL increased medium static (p < 0.05) and static
methodologies (p < 0.01). HT29, howewisplayed an inverse behaviour. A general trend

of reduced cellular proliferation in both the IBL increased medium static samples and

flow-exposed samples when compared to thenll static samples was seen in the assessed
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HT29 samples, with a signditt reduction in cellular proliferation recorded in the static

15mL increased medium samples compared to the 1 mL static exposed samples (p < 0.05).

Cell lines Cae@, HT29MTX and HCT116 displayed similar trends at each timepoint, with
elevated cellulaproliferation observed in flow samples compared to static methodologies.
However, HT29 displayed a varied response, although a general trend of decreased cellular
proliferation over time could be seen, with a significantly negative impact noted at 72 hours
(Figure 35). Cell lines should, therefore, be noted as having alioeldistinct response to
specific stimuli, and variation is also noted to be induced by temporal variation across
individual cell lines. Additionally, cell lines could be noted asgbeitiher well suited or
incompatible for use within a physiologically representative environngghus suggesting

a need for a preliminary evaluation of cell lines when adjusting established cell culture

protocols to incorporate a flow or other physiologily relevant condition.
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Figure3-5: Cellular proliferation of intestinal cell lines following periods of exposure to increased medium
volume and a physiological flow element. Cell lines QaEiCT116, HT29 and HT29MTX seeded glass
coverslips were exposed to either static (1 mL or 15 mL) or flow conditions and assessed at-g#BenrZA2-

hours exposure for cellular proliferation using the MTT assay. The data represent the meanzstandémhdevi
(SD) of 3 independent experiments (containing triplicate samples of each condition) and are presented as fold
change compared to the control at each timepoint that has been arbitrarily set as 1. Statistical analysis was
performed using the unpaireetést where *p < 0.05, 5 < 0.01.

73



334 aSlIadzNAy3 OSttdzZ  NJ GAFLOoATAGE 2F OStft fAYS

cytotoxicity assay

Lactate dehydrogenase assays for both cell lines exhibited similar yet distinct trends, further

exemplifying the variabn in behaviour that is observed between cell lines.

HT29MTX held a similar trend at all timepoints. Cells that were exposed to an increased
medium volume, but no flow element, exhibited lower production levels of LDH compared
to other conditions at alfimepoints (p < 0.001). Interestingly, however, 1 mL static samples
exhibited comparatively low LDH production at 24 hours, but as time progressed to

48 hours, LDH production increased significantly, even surpassing those levels seen in flow
samples (p <.01). As such, it could be concluded that prolonged exposure to low medium
volumes may introduce a stressful microenvironment for cell culture, resulting in a cellular
stress response, potentially due to a build of waste products and changes in pH over

time.

While the addition of dynamic flow to HT29MTX induced a significant increase in LDH
production compared to the 1 mL and 15 mL equivalents, no significant changes occurred
between the 24hour and 72hour timepoints (Figure-8). The above results ldéd the

conclusion that the initial exposure of cell lines to dynamic flow induces a stress response in

the cellsg a response that, once acclimatised, the cells do not continue to exhibit.

Interestingly, when examining the LDH production by €acellsa different pattern of
behaviour is observed. At all timepoints, static 1 mL samples are observed as having a trend
of increased LDH production, with significantly reduced LDH produced at all timepoints in
15mL static experiments (24h: p < 0.01; 48h &24: p < 0.001) and in flow experiments

(24hr and 48hr: p < 0.01; 72hr: p < 0.001) as is seen in Figuradlitionally, while all

conditions display significant increases in LDH production between 24 and 48 homt, 15
static samples show no signifidcazhanges between 48 and 72 hours. While the trends
remained consistent throughout, the previously mentioned stress response induced by flow

in HT29MTX appears to be cell line specific.
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Figure3-6: LDH production in HT29MTX cells following experimental exposure to flow and static conditions.
HT29MTX celeeded coverslips were exposed to either static (1 mL or 15 mL) or flow conditions for a period of
72 hours, wherenedium samples were collected and analysed abh@dr intervalsviathe LDEf 21 | aal € &
The data represent the meanzstandard deviation (SD) of 3 independent experiments and are presented as fold
change compared to the 1 mL static control at 24 hours tlhattheen arbitrarily set as 1. Unpairetest was

used when comparing experimental conditions 1 mL static, 15 mL and flow; psstdias used when

comparing values across a given time period. Statistical analysis was performed using the pairedred tnpai

test where *p < 0.05, **p < 0.01, ***p < 0.001).
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