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Abstract

University of Manchester
Name: Riccardo Coletta
Degree Title: Doctor of Philosophy

Thesis title: Manipulating growth and differentiation of embryoimtestine in
organ culture.

Date: 2016

Background. An ex vivo experimental strategy replicatingp vivo intestinal
development would provide an accessible settingtudy normal and dysmorphic
biology, and would be a test bed for tissue engingePrevious studies implicated
transforming growth factdsl (TGH31) in postnatal gut maturation and regeneration
following injury, but its potential role in intes@l development is poorly
understood. | firstly hypothesised that embryomi@aHl intestine is able to heal after
physical injury. To test this idea, | aimed to ¢eean organ culture model using
explants of embryonic jejunum. | secondly hypotkedi that TGBl affects
embryonic small intestine growth and differentiaticA\ccordingly, | aimed to use
the same organ culture model to determine poteeiietts of exogenous TBE.
Methods. Segments of mouse embryonic jejunum were isolajedissection and
placed on semipermeable platforms. They were fél eéfined, serum free, media,
in some cases supplemented with BE&EFGrowth, differentiation and healing of
explants were characterized and quantified usinfatiery of techniques that
included whole mount imaging, histology, immunosiiag and RNA arrays. TGHR
was measured in amniotic fluid by enzyme-linked mmwmsorbent assay. Groups
were compared by statistical tests.

Results. After three days of culture, jejunal rudiments elifintiated from simple
tubes into a more complex structures containingamamuscle surrounding newly
formed villi. Pairs of rudiments, linked by a thdedused and formed a continuous
single lumen, as assessed by trajectories of fheerg dextrans injected into their
distal ends. Functional continuity was confirmedsppntaneous waves of peristalsis
crossing the point of fusiorin vivo, TG receptors | and Il were detected in
embryonic longitudinal smooth muscle cells and, organ culture, exogenous
TGH31 induced differentiation of longitudinal smooth sale. Microarray profiling
showed that TGFL increased smooth muscle associated transcrips dose-
dependent manner. TGE protein was detected in amniotic fluid at a twigen the
embryonic small intestine was physiologically hated.

Conclusion. Embryonic jejunal segments can fuse to form a sifighctional organ
when aided by a mechanical manipulation. By analaifh the requirement for
exogenous TGFL for smooth muscle differentiation in culture, th&H31 protein
that | demonstrated to be present in the amnidticd fmay enhance intestinal
development when it is physiologically herniateaarly gestation. Future studies of
embryonic intestinal cultures should add P&Rn the defined media to produce a
more faithful model ofn vivo muscle differentiation. In future, this model cide
used to test whether other growth factors enhamestinal growth, and so pave the
way to novel biological treatments for short bowghdrome, a devastating disease
with a high mortality.
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1 CHAPTER 1 - Background

1.1 Overview of this thesis

The small intestine is responsible for propellidigiesting and absorbing nutrients in
vertebrate. Unfortunately, in humans, malformatidneng neonatal period or injury
during later life can lead to profound reduction mitestinal length. As a
consequence, the individual is unable to absorligimautrients for normal growth,

generating the life threating condition called stimwel syndrome (SBS).

SBS has an estimated incidence of 25/100,000 livthsb(Waleset al, 2004).
Although medical and surgical approaches to treatnhave been developed for
SBS, new therapeutic approaches are needed to ereithigpoor outcome and

mortality.

Developmental biology of the gut is a field thatshe potential for significant
human impact by identifying novel treatments fomgenital intestinal disease.
Furthermore, understanding how the small bowel ldggecould hold the promise
that this knowledge might be used to aid intestingpair and regeneration

approaches.

In the research presented in this thesis, a nokgdno culture model has been
designed to investigate two parallel themes thatpmbination, may help in finding

novel insights for the creation of new therapeapproaches for intestinal diseases.

Using an embryonic mice model, the first theme wasexplore whether the
embryonic small bowel is able to restore continaitier mechanical injury. This is

important not only to understand healing and regeive capacity of the developing

17



intestine but also to address possible novel thesajor intestinal human disease.

The healing capacity has been analysed at morpicalagnd mechanical levels.

The second theme was to study the role of transfgrmgrowth factor3l (TGH1)
during intestinal embryonic differentiation. Prewsostudies had implicated TGF
in postnatal gut maturation and tissue remodebiftgr injury. However, this growth
factor had been little researched with regard tesitinal development. In this study,
I went on to analyse the possible effects of FGFN cultured small intestine

embryonic specimens.

Accordingly, | will now introduce the reader to tf@lowing major background
topics: small intestinal development; methods twesgtigate small intestinal
development; molecular control during small intesti development; TGF
signalling and it possible role in small intestirdgdvelopment; and short bowel
syndrome in children. Finally, this background sectends with the hypotheses and

aims section of the thesis.
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1.2 The small intestine

The small intestine is a component of the gastestmal system, which is a tube-
like structure that extends from the mouth to thasa The gastrointestinal system
can be divided into the oesophagus, stomach, aradl smd large intestine in its

adult form. The food enters in the mouth whereiiit e cut in to pieces and the first
digestion starts. After the passage through theplemus, the gastric acid fluids
process the food into the stomach and then theentdrwill be absorbed by the

small intestine. Finally, the fluids are absorbetb ithe large intestine and colon to

reach ultimately the rectum and to be sent oututiingdhe anus.

The small intestine features a unique structure. dpithelium and the mesenchyme
create a finger-like structure facing into the luméhe villus, and folding into the
mesenchyme, called crypt, where the intestinal sterells are preserved.
Furthermore, the tissue around the epithelium @oestavo muscular structures, the
circular and the longitudinal smooth muscular layehich are fundamental for
mixing and propulsion of gut contents. The lifelasupply of new intestinal cells is
made possible by intestinal stem cells (ISCs) dénatlocated at the bottom of crypts

(Leedhamet al, 2005; Barkeet al, 2007) (Figure 1.1).

This section of the thesis will highlight how thenal bowel acquires its
characteristic features during development with cuerview of its three main

components, i.e. epithelium, muscle and neurons.
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Figure 1.1 Organization of the mature small intestie

This diagrammatic picture shows the overall orgatiin of the mature small intestine. Finger-likeustures (highlighted on the right side of
the picture) protruding into the lumen are villihie crypts are the sites of intestinal stem céliste that below the mucosa and the muscularis
mucosae are located two muscle layers (circular landitudinal) intercalated by two neuronal plex@gsibmucosal and myenteric). This
organization of muscles and neurons are fundaméntéhe creation of peristaltic waves. SM=smootisgie. Picture adapted from (Martiti
al., 2015)
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1.2.1 Morphological events during small intestinal develpment

The emergence of the gastrointestinal tract withenbody cavity is one of the major
innovations in vertebrate evolution, allowing tmansition from an intracellular to

an extracellular method of digestion (Stainier, 206-ormation of specific segments
is an important feature of the mammalian digestirsct because it optimizes
digestion by enabling sequential functions, randgnogn the uptake and processing
of food, to absorption of nutrients and eliminatiohsolid waste (Karasoet al,

2011).

As shown previously in Figure 1.1, the human intesteaches the mature state
around 22 weeks post conception (Moxey and Tri&78), whereas mice gut
development ends around two weeks after birth (ldslet al, 2006). Figure 1.2
shows a parallel from the main human and mouse ld@vental steps during

intestinal development.
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Figure 1.2 Human and mouse intestinal development

A parallel from the main human and mouse developatestep is proposed by the present timeline. §€8uBostratified epithelium formation
and intestinal segment patterning. (2) Intestimalvgh and elongation. (3) Epithelial reorganizatanmd villification. (4) Crypt formation and

acquisition of adult properties. Figure adaptedifi@uiu and Jensen, 2015).
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The mature intestine has been extensively charaeterbut the mechanisms leading
the development of its epithelium and muscle layerse received less attention.
Furthermore, the observed transition from an immeafoetal into an adult mature
intestinal structures is believed to be tightly ulaged by mechanical forces and
signals from the surrounding environment, as | desclater in this Chapter, but
insights are needed to understand how heterogensmugsations of cells in the

epithelium, mesenchyme, and muscle interact dunitegtinal development.

The formation of the primitive gut tube is a resaflsymmetric and asymmetric cells
division and reorganization during the transitiooni a zygote to a foetus. The
development of the gut tube starts at embryonic siay(E6.0) in mice and at
Carnegie stages (CSix in humans (CS6), when the single layers ofsogdllled the
blastula differentiates into three layers nameadstm, mesoderm, and endoderm

(Gaivaoet al, 2014; Kojimaet al, 2014).

To understand the embryonic origin of the endodeetis within the gut tube,
endoderm cells of early somite stage mouse emwgoe labelled with vital dyes
(Tremblay and Zaret, 2005). After culturing the ewb to reach specific
developmental stages, the tissue fate of dye-kdbediells was determined by
immunofluorescence analysis. Such experimental @@ nfate-mapping models
have shown that, in embryonic mice, specific regiaf the primitive endoderm
contribute to specific domains of the gut tube, amdjeneral, anterior endoderm
cells contribute to the creation of the anteriotestinal portal (AIP), whereas
posterior endoderm cells contribute to the caupasterior) intestinal portal (CIP)
(Tremblay and Zaret, 2005; Franklet al, 2008). The lateral endoderm folds

ventrally and the conjunction of the two laterdti®produce a closed gut tube as the
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embryo is turning at E9.0 (Lewis and Tam, 2006;7Zand Wells, 2009).

During the developmental time between E9.5 and Hi4nice and CS9-19 in
humans, the gut tube starts to differentiate frosmgple tube to a complex structure
and epithelial cells are actively proliferating.€eTapithelium appears to be pseudo-
stratified and the lumen first appear after apdptosthe most distal epithelial cells
(Matsumotoet al, 2002). At E9.5 in the mouse (Kapet al, 1992) and prior to
week four of human gestation (et al, 2003), neural crest-derived cells invade the
foregut and begin their long rostro-caudal jourrteywn the bowel to form the

enteric nervous system.

As the primordial gut increases in length and iwlttvi it protrudes into the extra
embryonic coelom. This physiological herniation arscbecause the gut grows faster
than the abdominal cavity, which is occupied maimyythe liver at E14. Return of
the gut into the abdominal cavity occurs in thehlemeek of development in humans

and E17 in mouse (Klutét al, 2003).

To better appreciate the normal process of midgtation, Metzgeet al. produced

an atlas of rat midgut development using scannilegt®n microscopy (SEM)
(Metzgeret al, 2011). In this elegant study, the movement ofititestinal loop into
the extra-embryonic coelom and its subsequentrréttio the abdominal cavity with
an anticlockwise direction around the axis of thesentery vessel was apparent.
This process of rotation has also been proposeddor in human where the midgut
started its rotation at approximately week eight aomplete its rotation at the tenth
week of gestation (Rescorkt al, 1990). The result of these two movements is a
rotation of 270°. In a subsequent step, the caeggnamws downwards from the upper

quadrant of the right abdominal cavity into thehtigliac fossa (Figure 1.3).
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Unfortunately, these processes are still contreakrdue in part to the differences in
gut fixation after physiological herniation betwelemman and rodents (Baoquan

al., 1995; Piteraet al, 2001).
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Figure 1.3 Representation of intestinal rotation

The picture illustrates a schematic representadfesmall intestinal rotation. (A, B)
Primary intestinal loop before rotation. The supemesenteric artery forms the axis
of the loop and of subsequent rotation. (C-E) Cersntockwise rotation of the gut
occurs through 270° concomitantly with herniatiohtlee small intestinal loops
followed by return of the gut to the abdominal ¢avFigure adapted from (Filston
and Kirks, 1981).
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During these stages the mesenchymal compartmets giadifferentiate creating the
first muscular layer (circular muscular layer), atie epithelium differentiates
forming the primordial lumen delimited by three mairotrusions as a clover shape.
By E14 in mice and week seven in humans €Fal, 2004), neuronal migration is
complete. In mice and humans, enteric neuronsualdergo inward radial migration
after initially colonizing the bowel (Jiangt al, 2003), forming the two layers of

ganglia that comprise the myenteric and submuqueauses (Figure 1.4).
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Figure 1.4 Neuronal distributions during intestinal differentiation

During early developmental stage (E9.5) the digessiystem is a simple tube that starts to be pdpathby vagal nerve. Since E10.5, the
simple tube differentiates regionally creating fingt fold (E11) and specializing in foregut, midgnd hindgut. Between E11.5 and E12.5, the
trans mesenteric enteric system migrates intoish@drtion of the hindgut till will reached theearof the sacral enteric nerves (E14.5).
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From E14.5 in mice the pseudo-stratified epithelibetomes a simple columnar
shape, while invaginations are developing withia thesenchyme. The interaction
between epithelium and mesenchyme generate fiflgerdtructures facing the

intestinal lumen called villi (Granet al, 1976; Spencet al, 2011).

In mice, from E16.5 to birth, the small intestinecbmes organized into villi and
intervillus regions. During the first two postnate¢eks, the intervillus region forms
the mature crypt. An observational study of embiyomice showed that the
distance between the circular smooth muscle layer the bottom of the crypts
suggest that this process is not an invaginatiothefepithelium, but that the crypt-
villus organization is promoteda expansion of the mesenchymal cell populations
that move upward and encapsulate epithelial celthinvthe intervillus region
(Calvert and Pothier, 1990). The appearance oftsrig a relatively late event,
which ends the intestinal maturation (Schroder @odsler, 2002; Guiu and Jensen,

2015) (Figure. 1.5).
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Figure 1.5 Epithelial differentiation in the small bowel

At early developmental stages, the intestine iseugostratified epithelium (A) that transits towardimple epithelium composed of villi and
inter-villi regions (B). This will eventually givase to the crypt-villus structure in the smallgstine and crypts. Figure adapted from (Guiu and

Jensen, 2015).
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In humans, the process of villus emergence in thestrts at gestational week nine
in a cranio-caudal direction (Moxey and Trier, 197Bhe villus emergence process,
called villification has been investigated expemtad#ly in murine and avian models.
Using a quantitative computational model of the s@and avian developing gut, it
has been shown that villification is tension-driv@nthe muscles in the outer layer
of the intestine (Shyeet al, 2013). Interestingly, in humans smooth muscle
formation occurs at gestational week eight (Fetidal, 1992), thereby preceding
villification and the tension-driven mechanism ahultherefore, be conserved

through evolution.

In contrast, a recent study postulated that muviliéication as well as human and
other mammals, is not temporarily coordinated wigivelopment of smooth muscles
layers (Waltonet al, 2016). Using an organ culture model of murine smbic
jejunum opened longitudinally, Waltaet al. reported that after 38 hours of culture
rudimentary villi were present despite the absexidbe tension force of the circular
muscle layer. Expanding previous researches pastgléhat bone morphogenetic
proteins (BMP) are secreted ligands able to maugllitissues in many
developmental contexts (Robers al, 1995; Hogan, 1996), embryonic intestines
from transgenic mice were cultured in the preseri@n inhibitor of BMP signalling
called dorsomorphin. After two days in culture thiestine showed alteration of villi
morphology with no changes in muscular morpholagpnfirming that villification

is not due to tension-driven mechanism generatedurscle layers.

Due to the controversy of these researches, ittils r®ot clear whether the
differentiation of the circular and longitudinal sule layers played a fundamental

role in driving villification during embryogenesis.
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1.2.2 Circular and longitudinal muscle layers
The main function of smooth muscle in the gastestihal tract is to mix and propel
intraluminal contents to enable efficient digestajrfood, progressive absorption of

nutrients, and evacuation of residues (Bitar, 2003)

The muscular layer is responsible for gut movenmaited peristalsis and it is
characteristically organized into inner (circulanyd in an outer (longitudinal) layer.
Circular muscle tone generates radial pressurerdate a local peristaltic wave

(Huizinga and Lammers, 2009).

Research on small intestinal motility using perduasiechniques on adult rat intestine
showed that the action of smooth muscle in theutarcand longitudinal layers

produces tonic contractions that preserve orgaredsion against an imposed load
such as a bolus of food, as well as forceful cativas that produce muscle

shortening to propel the bolus along the gastrstirtal tract (Schreibest al, 2014).

Using a combination of intraluminal ultrasound withage analysis, it has been
shown that local contraction of longitudinal musstems to shorten the longitudinal
dimension of axial segments and increases the otmaten of circular muscle

fibres at the location of maximal circular musctpiseze, thus reducing the force
required by each circular muscle fibre. Moreovée tocal axial motions of the

mucosal surface induced by a peristaltic wave cdllitongitudinal shortening reduce
the level of applied pressure required to locallyse the lumen as a result of the

local changes in fluid stresses within the lubiaatayer (Brasseust al, 2007).

Interestingly,in situ hybridization analysis on whole mouse embryosnfscular
marker usinga smooth muscle actinn¢SMA) showed that the differentiation of

smooth muscle tissues in the developing gastrdingdgract, and in particular in the
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small intestine, appear to begin by E13 (McHugl95)9Previous studies on mice
gut demonstrated that circular smooth muscle layéally forms in the middle of
mesenchymal layer, and approximately 48 hours l#ter longitudinal smooth
muscle layer develops in the peripheral mesenchyiedinger et al, 1990;

McHugh, 1995).

Surprisingly, the most recent reviews (Nagthal, 2011; Spencet al, 2011) have
placed little attentions on the muscle layer, intipalar in the longitudinal muscle
layer role during development. Furthermore, the enolar events that regulate
longitudinal smooth muscle differentiation arelstibt clear (Faure and de Santa

Barbara, 2011; Le Guest al, 2015).

Further researches are needed to clarify the denwdatal pattern of the gastro-
enteric smooth muscle and the ontogeny of smoothclauissues during normal

mammalian development.

1.2.3 Epithelial cells

The intestinal epithelium is a complex structurenpaising villi and crypts (Figure

1.6). In the mouse, the adult epithelium undergeeewal to maintain its optimal
function (Watson and Hughes, 2012). The regeneraapacity of the mouse adult
epithelium is established between E16.5 and padtrday seven, when mature
crypts develop from shallow pockets of proliferatigells that are restricted to the

base of the embryonic villi (Gregorieff and Cleye2805).

Differentiated epithelial cells migrate upwards rajothe villi, an event that takes
between three to five days, as demonstrated by lagamt study in which
determination of whole population turnover timeroice intestinal epithelium was

investigated using intra-peritoneal injection atidated thyamidine, a radioactive
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substance able to be incorporated into the DNAtamdark permanently the nucleus
of epithelial cells. This substance is taken upthiy nuclei of cells in pre-mitotic
stage (Creamesat al, 1961). Using this strategy was passible to foltbes epithelial

cells from the crypts to the tip of the villi.
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Figure 1.6 Epithelia in the villus/crypt axes

The intestinal epithelium is organized into findie structures called villi and into
fold called crypt. The intestinal stem cells popiola are located into the crypt. ISC
progeny are amplified through a series of very daglivisions. When these cells
migrate into the trans-amplification zone, theyfeténtiate into one of six lineages
that are present in the intestine. When one oéflithelial cells reaches the tip of the
villi, the loss of integrin-mediated cell adhesioluces apoptosis by a process that
is termed “anoikis”. Figure adapted from (Clevend 8atlle, 2013).
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The intestinal crypts contain the ISCs, and thie ate a multi-differentiated system
that simultaneously absorbs of nutrients and pewid barrier to the substantial

bacterial burden (Figure 1.7A).

Enterocytes are polarized epithelial cells (Masdayroche, 2000), joined together
by tight junctions (Assimakopoulost al, 2011). These cells are able not only to
absorb macro and micronutrients (Daniel and Zie26i4,5; Thorsert al, 2014) but
also to play a fundamental role in the host defefWalker et al, 2013) (Figure
1.7B). In mice, enterocytes were found to make wpenthan 80% of the entire
epithelium in the small bowel (Cheng and Leblon@74). Once on the villous tip,
enterocytes enter a death program called anoikigdtMartinezet al, 2009) and

are exfoliated from the villus apex into the intest lumen (Bertrand, 2011).

Entero-endocrine cells (EECs) are specialized elwth cells that coordinate
appropriate functional responses to a variety afmudt from nutrients, food
degradation products, toxic chemicals, microorgasjsand bacteria (Sterniat al,
2008) (Figure 1.7C). EECs represent 1% of the iotaktinal epithelial population
(Rehfeld, 2004). Depending on the EECs positiotheepithelial layers and on the
morphology, these cells can be divided iofmn typewith bottleneck shape and an
apical surface covered by microvilli directly inrdact with luminal contents, or
closed typethat are not in contact with the lumen but areated on the basal

membrane and have no microvilli (Janssen and Dép@pr2013).

Goblet cells are scattered throughout the epithrelund produce a protective mucus
layer (Figure 1.7D). These cells act as an innatg defence producing secretory
mucin glycoproteins and bioactive molecules (Angifehananaet al, 2006). The

goblet cell morphology is characterized by the eneg of mucin granules located
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below the apical membrane. The proportion of gobddls increases from duodenum
(4%) to distal colon (16%), similar to the pattevhmicrobial organisms present

along the digestive system (Deplancke and GasRD1).

Microfold cells or M cells are highly specializepitnelial cells for the phagocytosis
and transcytosis of gut lumen macromolecules, @ddie antigens and pathogenic
or commensal microorganisms across epithelium (M#hbdt al, 2013). In mouse
the M cells are localized into the follicle-assaeth epithelia and appeared to
differentiate from leucine-rich repeat containing fBotein-coupled receptor 5
positive (LGR5) cells (de Latet al, 2012), but the terminal differentiation of these
cells seems to be regulated by a specific transanigfactor as demonstrated by
studies on Spi-B-deficient mice (Kanaga al, 2012; Nakatoet al, 2009). The
optimal distribution of M cells in the intestingbithelium seems to be important to
guarantee efficient immune surveillance, while lz¢ same time maintaining the

integrity of the follicle-associated epithelia (Esiand Lo, 2012) (Figure 1.7E).

Paneth cells are specialized intestinal epitheb#ls detected in the base of the crypt
of Lieberkin, which is an invagination of the irteal epithelial surface into the
mesenchyme along the entire small bowel. Panetlts deve a distinctive
morphology of pyramidal shaped columnar cells d&y tseem to originate from the
adjacent LGR5 intestinal stem cells that are also present atbtse of the crypts
(Barker et al, 2007; Snippertet al, 2010). While the normal lifetime of the
epithelial cells is estimated around three to filays, the Paneth cells live for 30
days (Clevers and Bevins, 2013) (Figure 1.7F). &ltfh the first physiological
function described for the Paneth cells has beevutaBynthetize and secrete

antimicrobial peptides and proteins (Wehkaetpal, 2005; Bevins and Salzman,
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2011), recent studies have suggested a fundameabf these high-specialized
cells to sustain intestinal epithelial stem celige(knes and Cheng, 2002; Satoal,

2011b).

Tuft cells, also known as brush cells, are spemdliepithelial cells located in all
digestive tract from simple vertebrate to humarerviJand Keyrilainen, 1956)
(Figure 1.7G). Tuft cells constitute a minor fracti (0.4%) of the adult mouse
intestinal epithelium and present an unique shémen pear-shaped, to barrel-
shaped and goblet-shaped, apparently dependingeopldane of section (Sati al,

2002). In humans tuft cells seem to differentiatehie small bowel around 20-22
weeks of gestation (Moxey and Trier, 1978). The wfl tuft cells in the small bowel
is still enigmatic, but several researches showesbmptive function (Sato and

Miyoshi, 1997) and secretory function (Sato, 2007).
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Figure 1.7 Epithelial cells types in the small intstine

(A) Haematoxylin and eosin staining showing therailtenorphology of the mouse intestine. Immunohékemical analysis for the main four
differentiated cell types present in the intestieplthelium: (B) alkaline phosphatase to stain mmges, (C) anti-synaptophysin to stain
enteroendocrine cells (D) periodic acid—-Schiff (PA& stain goblet cells, (E) Spi-B expression ircrofold (M) cells. (F) Lysozyme to stain
Paneth cells, and (G) doublecortin like kinase CAMKL1) stained tuft cell. Figure adapted from (@Ges, 2013).
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The function of ISCs is to maintain integrity oktitestinal epithelium (Hermiston
et al, 1993) which is in a constant state of renewgl|er@shing every five to six
days (Lipkin, 1985). Experimental studies basedanimal models have sought to

understand the development of the crypts in whiehl8Cs were discovered.

In 1981 and in 1999, Bjerknes and Cheng (Bjerkmes@heng, 1981; Bjerknes and
Cheng, 1999) proposed the existence of a stenpeaifissive microenvironment in
crypt positions 1-4 by analysing mutant clones ailas from SWR mouse. These
cells, called crypt base columnar cells (CBCs),enraterposed between Paneth cells
at the crypt base and found to give rise to mutdmies containing multiple cell
types. Similar evidence was reported from the tesual neonatal mice embryo
aggregation chimaeras (Schmedtal, 1988). Most recently using a transgenic mice,
a second family of intestinal stem cell, calledelatetaining cells (LRCs) or putative
intestinal stem cells was identified, localisedaimposition 4 cells up (+4) from the

crypt base, directly above the Paneth cell zonéd€Ret al, 2002).

ISCs are surrounded by a niche comprising mesenahymlls that influence
progenitor cells by direct cell-cell contact frohetbaso-lateral side and to the apical
side. In a mouse model of mutation facatenin receptor, in wingless-related
integration site (WNT) and hedgehog signals, tlsabre of the key pathway for
regulating animal development (van den Brink, 20&8ems to interact inducing

crypt formation (Korinelet al, 1998).

To mark the ISCs, a study performed by Formeistermice embryo found
expression of sex determining region Y-box 9 (SQX&)protein linked to the
regulation of stem cell renewal in other tissued anthe regenerative intestinal

epithelium (Formeisteet al, 2009). In 2008, Scovillet al. reviewed the literature
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on intestinal stem cells and their signalling anoktplated that under various
conditions of stress or injury, +4 LRCs might urgtertransient activation to
generate progenitors as well as CBCs. However, QB&g be able to rebuild lost

+4 LRCs (Scovilleet al, 2008).

Although the crypt system seems to be anatomisaifyple, the signal pathways that
regulate its life are still not clarified. WNT, BMRHe et al, 2004),
phosphatidylinositide 3-kinases (Cullgt al, 2006) and Notch (Schroder and
Gossler, 2002) seem to co-ordinate and regulates 18@d their progeny in
controlling ISC self-renewal as well as lineage audtment and terminal
differentiation. However, much of this informaties influenced by +4 LRCs. In
addition it is possible that both CBCs and +4 LREgresent different populations
of intestinal stem cell within the crypt, with CB@srhaps more ready to respond to
regenerative signals while +4 LRCs remain in amese quiescent state. Figure 1.8

summarizes the intestinal niche components.
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Figure 1.8 The crypt niche

Cartoon depicts the components of the CBC stemnagltle at the crypt base. Both
Paneth cells and pericryptal stromal cells supglseatial factors (including WNT,
the Notch ligand Delta-like 1, epidermal growth ttac (EGF) and Noggin) to
regulate the survival and function of the CBC stesfis in vivo. Cartoon adapted

from (Barker, 2014).
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1.2.4 Enteric neuronal system

The enteric nervous system (ENS) is a divisionhaf autonomic nervous system,
dedicated to the control and regulation of theoastiof the gut. The cells which
comprise the ENS are organised into two distingeds: the myenteric plexus
(Auerbach's), located between the outer longitudanad inner circular layers of the
gut wall, and the submucosal plexus (Meissnerig)ated deep to the gut mucosa

(Heanue and Pachnis, 2007; Uesakal, 2016).

The Auerbach's plexus provides motor innervatiorbath layers of the muscular
layer of the gut, having both parasympathetic amdpathetic input (Dyachukt al,
2014), whereas the submucosal plexus has onlyyapadhetic fibres and provides
secretive and motor innervation to the mucosa sédne lumen of the gut (Uesaka
et al, 2015). Within these two plexi, neurons and gliee arganised into
interconnected clusters of cells known as gangBeudy and Schemann, 2005)

(Figure 1.9).
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Figure 1.9 Innervation of gastrointestinal tract

The gastrointestinal tract is composed of two mpjekuses and ganglia called myenteric and subraliptesxuses. Figure adapted from
(Uesakeet al, 2016).



1.3 Methods to investigate small intestinal developmerdnd differentiation

The present section aims to give an insight ombst common methodologies used
to explore intestinal development. The animal medelve been historically used to
study macroscopic organogenesis, but the most reesearch approaches seem to
offer the possibility to investigate molecular pattys or gene expressions. These
new approaches can direct developmental eventsgtrio answer the unsolved

molecular and morphological events of normal dewelent.

The challenge for the future may be integratingadadbm modern research into a
more complete understanding of the physiology ddtrgintestinal development.
Understanding the different research models waitapt to me in electing the

experimental approach to be used in the studiegites in this thesis.
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1.3.1 Invivo models
In vivorefers to experimental studies using a wholengvarganism. Animal studies
and clinical trials are two forms of vivoresearchln vivotesting is often employed

for observing the overall effects of an experimama living subject.

With both human and mouse genomes sequenced sho®@fig of encoded
sequences similarity (Watersten al, 2002),in vivo mice model, such as transgene
expression and gene disruption, (Montgometyal, 1999; Ishikawaet al, 2003;
Gosaliaet al, 2015) has been confirmed to be an useful toeluoidate mechanism
of gene expression and has been used to undersiamihological stages in human

development.

In addition, the utility of model organisms such tas nematode&Caenorhabditis
elegans(McGhee, 2013), the fruitflfprosophila melanogastefNakagoshi, 2005;
Takashimaet al, 2011), and more experimentally accessible veatebrsuch as
Xenopus laevigHenryet al, 1996) and the zebrafighanio rerio (Packet al, 1996;

Schall et al, 2015) for dissecting the mechanisms of gastrsiimntal development

are being increasingly appreciated.

Precisely targeted experiments are now possibleiramrdasingly used as examples
for study the epithelial composition of the intaati villi (Hermistonet al, 1993),
the spatial differentiation process of the epitietiell renewal and differentiation
(Nyeng et al, 2011), the molecular effects driving differentat (Stringeret al,
2012; Reedeet al, 2014) and developmental mechanisms that normmatiylate

elongation of the small intestine (Geseal, 2008; Cervantest al, 2009).
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1.3.2 Exvivo models
Ex vivomeans something that takes place outside an @rgamn scienceex vivo
refers to experimentation or measurements done amdissue from an organism in

an external environment with the minimum alteratsdmatural conditions.

Ex vivoallows research on tissue (e.g. the organ cuihoéel used in this study) to
be completed under more controlled conditions tlsawften possible irin vivo

experiments, albeit at the expense of possiblyriaffethe natural environment.
However, it is possible to harvest a cell (Hoffmagsnal, 2004) or stem cells
(Choudhary and Capuco, 2012) from the organ andarekpexperimental
interrogation outside the physiological controlr(Bxample on cell culture or petri

dishes), a condition called vitro.

Using anin vitro approach ihas been possible to investigate which are thenapti
growth factor combinations involved in self-renewedjulation, differentiation, and
carcinogenesis of intestinal stem cells (Sato atelvels, 2013b). Promotion of
growth from a single stem cell expressing LGR5ntwitro mini-gut was achieved
(Sato and Clevers, 2013a), with the grafted orginaiemaining healthy and
functional for at least 6 months after transplaata{Li and Clevers, 2012; Yust

al., 2012).

While ex vivoorgan culture has been used extensively to imyegstidevelopment
and function of neurons (Swet al, 2016), kidney (Andergt al, 2013), liver (de
Graafet al, 2010), lung (Del Moral and Warburton, 2010), paas (Huotaret al,
2002) and ureter (Bullockt al, 2001), this approach has only been used thresstim
to follow intestinal development (Heast al, 1999; Abudet al, 2005; Quinlaret

al., 2006).
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1.4 Molecular control during small intestinal development

The process of gastrulation and creation of thenqrilial intestinal tube appears to
be regulated by different and distinct moleculangpams. These events can
characterize not only the differentiation of thesthprimary germ layers, but also the
cranio-caudal differentiation of the primordial estine in foregut, mid-gut and

hindgut (Sherwooet al, 2009).

The following section of the thesis will highligtiie fundamental molecular events

during small intestinal development.

1.4.1 Molecular events during small intestinal developmeh

How gut tubulogenesis is controlled and how themprdial layers are folded to
create the intestinal portal is poorly understobd.mouse embryos, the lateral
portion of the endoderm folds ventrally and joingédther to form the primordial
intestinal tube (Lewis and Tam, 2006). Althoughsitnot clear how mesodermal
movements guide gut tube morphogenesis, key trigtiser factors and signalling

pathways in gut tube formation have been identified

The elongation of the forming intestine is mediategd a number of different
pathways that are most likely organized in complegulatory networks. Recent
studies have also provided insight into the mol@calents that regulate the process
by which the embryonic tissue converge along ones and extend along a
perpendicular axis during gut tube formation andnghtion in mouse, an event

called convergent extension (Garcia-Gastial, 2008; Weret al, 2010).

In mice, sex determining region Y-box 2 (SOX2) &hd caudal type homeobox
factors (CDX) 1, 2, and 4 are expressed in ther@mmteand posterior part of the

developing endoderm, respectively as showed by asdhy of transgenic mice,
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where they coordinate and regulate midgut and hindegionalization and identity

(Benahmecet al, 2008; Graingeet al, 2010).

Important roles in the developing gut tube havendeend for WNT signalling. The
WNT family comprises secreted lipid-modified glycogeins involved in
developmental processes including those in the (@agprioli et al, 2015), trachea

(Snowballet al, 2015) and pancreas (Larsetal, 2015).

Knock out embryonic mice for the WNT activated waription factor TCF1/TCF4
(Gregorieff et al, 2004) have an abnormal intestine expressing &ctepel of
transcription factors characteristic of the stomashch as CDX2 and SOX2
demonstrated b situ hybridizations analysis. Furthermore, WNT sigmajlis also
important to sustain epithelial cell culture whehe stimulation of this signalling
mediated by a WNT agonist as R-Spondinl appearetedsential for generate
epithelial cell line culture (VanDusset al, 2015). R-spondinl is a secreted protein
that enhances WNJ/catenin signalling and has pleiotropic functions i
development and stem cell growth (Carmegnal, 2011). The proliferative role of
this protein was also exhibited in a mice study meheapid onset of crypt cell

proliferation was observed after injection of R4sgiml (Kim et al, 2005).

An elegant study in embryonic mice demonstratedt thee small intestinal
morphogenesis is regulated by communication betwtben epithelium and the
underlying mesenchyme, mediated by fibroblast gndfattor 9 (FGF9) that is as an
important epithelial-to-mesenchymal signal. In fanbuse embryos that lack either
FGF9 or the mesenchymal receptors for FGF9 cordamedisproportionately
shortened small intestine (Gesiteal, 2008). Analogously, WNT molecules seem to

play a fundamental role in gut elongation. Knock mice for WNT5a, a member of
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the non-canonical WNT pathway expressed in the sapg mesenchyme from
E9.5, shows reduced gut elongation but surprisitegigs to an increased girth of the
intestine and post mitotic cells do not intercalgt®perly into the epithelium

(Cervanteset al, 2009).

1.4.2 Molecular events during small intestinal differentiation

Starting at E14.5 in the mouse (CS9 in humans),sthatified epithelium of the

midgut and the hindgut endoderm begins to undex¢gnsive reorganization. Cross
talk between the epithelium and mesenchyme is akrdor development of the

primordial tube as a complex structure charactdrize villi, crypts and two muscle

layers.

Recent studies identified hedgehog pathway compgen@amalho-Santost al,
2000; Waltonet al, 2012), members of the BMP family (Waltet al, 2016), and
platelet-derived growth factor recepmr(PDGFRe) (Karlssonet al, 2000) as key

pathways involved in the villification process.

Hedgehog signalling plays a fundamental role dueingnal development (Ingham
and McMahon, 2001) and induces mesenchymal grawtha developing intestine.
From early developmental stages, sonic hedgehogH(Skhd indian hedgehog
(IHH), two key ligands of hedgehog signalling, ampressed by the endoderm of the
mouse, rat and human gut (Madisetnal, 2005). While SHH production seems to
be limited to the villus base during the villificat, IHH is present in the
differentiated epithelium (Kolteruét al, 2009). Studies on knock out embryonic
mice either for SHH or IHH have shown only limiteahomalies on the
gastrointestinal epithelium and villi structure ttwshhmutant mice exhibiting taller

villi, and IHH knock out mice reduced numbers dfi\8uggesting opposing effects
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of IHH and SHH (Ramalho-Santes al, 2000). In contrast, more severe alteration
in mesenchymal differentiation has been reporteddemonstrated by reduced of
circular smooth muscle thickness in removal ofeitBhhor Ihh in knockout mice

(Mao et al, 2010).

Perturbation of the BMP pathway in chicks leadsntarphological anomalies of the
gut due to abnormal differentiation of the threemardial layers. This was
demonstrated by an experiment in which ectopic esgion ofBmp4from an avian
specific retroviral expression system showed ababievelopment of the stomach
and focally thin to absent smooth muscle in the Gutthermore, inhibition of BMP
signalling pathway activation exhibited stenosistlté intestinal lumen (De Santa
Barbaraet al, 2005). During gut development, the BMP pathwapesps to be
achieved mainly in the mesenchyme underneath niasd#n and has been
demonstrate to be downstream the hedgehog path¢eaisgonet al, 2000; Walton
et al, 2016). In support of the role of BMP in villi delepment and crypt-villus axis
creation, experimentally induced epithelial expi@sf the BMP2/4/7 antagonist
Noggin causes abnormal villi formation in transgemice (Battset al, 2006). These
experiments demonstrate an alteration of the sulthetial mesenchymal

condensation leading to larger but fewer villi cared to the wild type.

PDGF epithelial to mesenchymal signalling appeariinction in parallel with the

hedgehog pathway. PDGF-A and its receptor, PDGFRfe expressed in the
endoderm and mesenchyme respectively, prior tasvéimergence. In mice lacking
PDGF-A or PDGFRy, cellular proliferation remains restricted to theervillus

epithelium and crypts, resulting in fewer and teickiilli. Interestingly, thicker
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circular muscle layer and early differentiation thie circular muscle layer was

observed, which could explain the change in viliifion (Karlssoret al, 2000).

During small bowel development, radial patterniresuits in the formation of
distinctive concentric layers from the epitheliumthe mesothelium. Considerable
progress has been made in understanding the meaoamégulating patterning of
the gut along all axes during development (Rob2A80; Stainier, 2005). Robers
al. (Robertset al, 1995; Robertet al, 1998) using viral misexpression of BMP4
and SHH in chick embryo showed that the epithelafrthe developing gut produces
SHH, which acts as a signal to influence the déffidiation of the adjacent
mesenchyme in a radial direction. Additionally,edegant research on organ culture
epithelial-mesenchymal recombination from embryaoniestinal chicken specimens
showed that endodermal epithelium inhibits difféieion of smooth muscle and
enteric neurons in adjacent mesenchyme by actyatixpression of BMP4 in
adjacent non-smooth muscle mesenchyme, which défferentiates into the lamina
propria and submucosa. This study also confirmeat ®HH is expressed in
endodermal epithelium and disruption of SHH-signgllinduces differentiation of

smooth muscle in the area adjacent to epitheli@ukégawaet al, 2000).

In most of the above studies, intestinal smoothaleus/as considered as a single
entity. Surprisingly, all the most recent review$ iotestinal development or
vertebral endoderm differentiation considers thesciei layer as a single entity
(Spenceet al, 2011; Guiu and Jensen, 2015), and little is knalout the complete
differentiation of both circular and longitudinalntéstinal muscle layers

differentiation.
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Interestingly, PDGFx is expressed in the embryonic mice intestinal wallere
smooth muscle is forming and has been functionailglicated in smooth muscle
differentiation (Kurahashet al, 2008). Circular smooth muscle and interstitidlsce
of Cajal have been demonstrated to express P@GIRd PDGH3 respectively
(Kurahashiet al, 2008; Torihashet al, 2009). These two factors were considered to
act on longitudinal smooth muscle precursor cdilst texpress PDGFR-and f.
According to the authors of these studies, the s is to desigm vivo functional
experiments to investigate the role for PDGF proteind receptors in the
development of the longitudinal muscle layer. Hoam\this is likely to be very
challenging as double knockout mutants for both PRG and PDGFR3, as for
TGH31 double knockout, are expected to be early emlicylethal and appropriate

conditional knock out lines have not been published

Moving to the ENS, the pathways that guide morpheges are relatively poorly
understood, but several classic morphogens are rkriowhave important roles in
ENS development. The hedgehog pathway is involuddéctly and directly in the
developing ENS. Targeted mutation of SHH resultexoessive humbers of enteric
neurons and improper colonization of villi by emteneuron cell bodies, whereas
loss of IHH causes dilated segments of bowel arghgignosis in parts of the

gastrointestinal tract (Ramalho-Sanétsal, 2000).

A second role for hedgehog in the developing ENSm=eto be indirect. Hedgehog
signalling induces bowel mesenchyme to secrete Bdvie4. During initial enteric

neuronal migration, BMP4 expression is induced ning of mesenchyme adjacent
to the epithelium. Noggin, a BMP antagonist, isretad by cells surrounding the

BMP4-producing mesenchyme (Goldsteinal, 2005) and presumably reduces the
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effect of BMP4 on migratory enteric neuronal céfis et al, 2006).

Expression of the rearranged during transfectioBT(Rprotein, a proto-oncogene
that encodes a receptor tyrosine kinase for memifetee glial cell line-derived
neurotrophic factor (GDNF) family of extracellulasignalling molecules, is
detectable throughout the central neuronal sysparipheral neuronal system and
renal tracts of the developing mouse (Pachetisal, 1993) and in a similar
distribution in the human embryo (Tagt al, 1996; Attie-Bitachet al, 1998). The
RET tyrosine kinase receptor has three domainsyteplasmic tyrosine kinase
domain, a hydrophobic transmembrane domain andacellular binding domain
(Schneider, 1992). Four RET ligands have been ibestrGDNF, the primary RET
ligand in the gut, neurturin, artemin and persephimich are secreted growth factors
and part of the TGF superfamily (Durbecet al, 1996a; Rosenthal, 1999). In
migrating murine neuronal cell crest, RET is expeeisfrom E10, as the cells enter
the embryonic foregut (Durbeet al, 1996b). Subsequently, expression is
maintained in developing and adult neurons, bulown regulated during glial cell
differentiation (Younget al, 1999; Younget al, 2003). GDNF is detectable in the
mesenchyme of the murine gut at low levels from.Bl{ust after the neuroblasts
enter the foregut (Nataraja al, 2002). The levels then rise rapidly along therent
length of the gut, although there is a slight deételgindgut expression (Mwizernet
al., 2011). Table 1.1 and 1.2 summarize the studissriteed in this section of the

thesis.
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Reference Ligand | Species Role
Hedgehog signalling

(Kolteruc et al, 200¢) IHH and SHH Mice Contro the amount of smooth muscle in villus cores. IHHd &tH
regulate early development of villi

(Madisor et al, 200%) IHH and SHF Mice Regulate early development of villi with paracreféeci

(Mag et al, 201() IHH and SHF Mice Promote proliferation of mesenchymal progenitors in the

(Ramalho-Santost al, 2000) IHH and SHH Mice Regulate the length ofghé Regulate development of circular smoott
muscle

(Robertset al, 1995) SHH Chick Activates BMP4 during gut deveiemt

(Robertset al, 1998) SHH Chick BMP4 prevents over-proliferatafrthe mesoderm during intestinal
development due to SHH signalling

(Sukegaweet al, 2000) SHH Chick Inhibits differentiation of meséyme into smooth muscle in the area
close to epithelium. Activate BMP4 during mesenchydifferentiation in
smooth muscle

Table 1.1 Hedgehog signalling implications duringreall intestinal differentiation

The table above summarize the role of hedgeho@hiigg reported in literature.
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Reference | Ligand | Species | Role
BMP signalling
(Batts et al, 2006€) BMP4 Mouse Differentiation of epithelial laye
(De Santa Barbaet al, BMP4 Chick Inactivation of BMP4 alter intestinal mesoderm aedironal migration and abnorn
2005) intestinal phenotype
(Fuet al, 200€) BMP4 Mice BMP4 influences GDNF induced neuronall migration into gu
(Goldsteinet al, 2005) BMP 4 Chick Inhibition of BMP signallingdds to hindgut hypo-ganglionosis
(Waltonet al, 2016) BMP4 Mice Regulate villification after agtion by SHH
GDNF signalling
(Attie-Bitachet al, 1998) | GDNF Human Migration neuronal cells intstgaintestinal system
(Durbecet al, 1996 GDNF Xenopu: Differentiation and survival of neuronal system throughl
(Mwizerwa et al, 201)) GDNF Chicker Regulates the colonization of the neurones intarttestine
(Nataraja et al, 2002) GDNF Mice Induces a migratory response from-enteric neurones progenit
PDGF signalling
(Karlssonet al, 2000) PDGF«a Mice Control the differentiation of the mucosa dhe correct structuring of the mucosal
lining of the intestine
(Kurahashiet al, 2008) PDGF«a Mice Critical roles in the development of longitodi muscle cells.
(Torihash et al, 2009) PDGFf Mice Critical roles in the development of interstitiglls of Cajal

Table 1.2 BMP, GDNF and PDGF signalling during smalintestinal differentiation

The table above summarize the role of BMP, GDNFRIRGF signalling during intestinal differentiaticgported in literature.
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1.5 Why study transforming growth factor p signalling during small intestinal
development?

There is a lack of direct evidence that adtgnalling contributes to differentiation

of intestinal smooth muscle cells during embryodevelopment, although T@F

appear to be one of the most important signalliadpways during development and

normal physiology.

The next section will provide an overview of T@Eignalling and showing the

researches that suggest a P&Fole during intestinal development.

1.5.1 Overview of TGFp signalling

TGH3 superfamily signalling plays a critical role inetmegulation of cell growth,
differentiation, and development in a wide rangebadflogical systems. In adult
tissues, the TGk pathway is thought to regulate the dynamic intéoas between
immune, mesenchymal, and epithelial cells to mainte®meostasis in response to

environmental stress (Blote al, 2000).

Thirty three genes encode polypeptides within FGsuperfamily, which are
processed and secreted as homodimers or hetersdivar and Hill, 2009). In
mammals, there are three TfGkgands, termed TGR, TGH2 and TGB3, which
express differently in time and space (Millenal, 1991; Peltoret al, 1991; Azhar
et al, 2003). TGP signals are conveyed through type | and typedépéors, which
are transmembrane serine-threonine kinases, toifispattracellular mediators
known as the SMAD proteins (Wrana, 2013). The n&@MWAD is a contraction
between two homologues of both the protBirosophila protein, mothers against
decapentaplegic (MAD) and ti@aenorhabditis elegangrotein for small body size

(SMA). Vertebrates have at least eight SMAD praeiinat can be classified into
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three functional groups: the receptor regulated SMAR-SMADs), common
mediator SMADs (Co-SMADSs), and the inhibitory SMAQsSMADS) (Yamadaet

al., 2013). Using some intracellular protein called AD&, the extracellular signals
from TGH} ligands will be transduced to the nucleus wherey tlactivate
downstream gene transcription (Attisano and Wr&@02; Schmierer and Hill,

2007).

Ligand binding to the extracellular domain of thgd Il receptors induces a
conformational change, resulting in the phosphdigiaand activation of type |
receptors. The activated type | receptor then pharggates the appropriate Smad

and initiates the intracellular signalling cascg8ehmierer and Hill, 2007)

The TGP family can be divided into two groups based orirth@eraction with
SMADs: the TGFs, activins, nodal and myostatin, cihact through SMAD2 and
SMAD3 (Piersmaet al, 2015) and the BMPs and growth differentiationtdes
(GDFs), which act through SMAD1, 5, and 8 (Hardwétlal, 2004; O'Keeffeet al,

2016) (Figure 1.10).
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Figure 1.10 TGH3/SMAD and BMP/SMAD signalling

Canonical signalling by TGFsuperfamily members can be divided into two main
intracellular pathways according to the SMAD medlist either SMAD2/3 or
SMAD1/5/8. Members of the TG@Ramily bind to specific Serine/Threonine protein
kinase type Il and type | receptors. Activated typereceptors induce the
phosphorylation of specific receptor regulated SMAWhich are the intracellular
effectors of TGB family members. In most cell types, TBduces SMAD2/3
phosphorylation and BMPs induce SMAD1/5/8 phosplabign. Activated R-
SMADs form heteromeric complexes with SMAD4 that@oulate in the nucleus,
where they regulate the expression of target genes.
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In the canonical TGF pathway a ligand-receptor complex is formed, legdio
SMAD proteins (pSMAD2-3) phosphorylation. These thito SMAD4 to allow
nuclear translocation and formation of complexetsvben transcription factors and

co-activators/co-repressors on chromatin (Derymtk Zzhang, 2003).

TGH3 pathways can also be activated in a non-canomicainer, in which the
activated receptor complex interacts with differeqrotein instead of
phosphorylating directy SMAD proteins (Zhang, 2P09These non-SMAD
pathways include various branches of mitogen-ait/grotein kinase (MAPK)
pathways, Rho-like GTPase signalling pathways, agiwsphatidylinositol-3-
kinase/AKT pathways (Trojanowska, 2009; Iwagt al, 2013). These enzymes
modulate the activity of SMADs that activate a it enzyme to transmit the signal
into the cell. Moreover, the receptor complex iab activate several intracellular
proteins by phosphorylation, which then transmgnais into the nucleus without

direct cross-talk with the SMADs (Moustakas andditel2005).

Knockout of TGB pathway members often results in embryonic lethakor

+-

example, using offspring fronTGF51™ mice, 50% of mice embryos null for
TGFB1 and 25% offGFA1"~ animals die at E10.5 showed defective haematoisoies
and endothelial differentiation of extra embryotigsue with abnormal yolk sac
vasculogenesis (Dicksoret al, 1995). Furthermore, mouse embryos null for
TGFSRIl show phenotypes similar to those of @Fs1-null embryos and also die
at E10.5 because they exhibit severe defects icularsdevelopment of the yolk sac
and placenta, and an absence of circulating reddbtell (Oshimaet al, 1996;
Larssonet al, 2001), which suggests that this ligand-receptmlmnation acts at

this stage in embryogenesis (Goumans and Mummeg; Kulkarniet al, 2002).

In contrast, other researchers reported that mamolzygous for one disrupted
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TGH31 allele survived for three to four week post-defv (Shull et al, 1992;
Kulkarni et al, 1993; Yanget al, 2007). Interestingly, these studies identified
progressive mononuclear cell infiltration in theswalature that initiate a gradual
inflammation of multiple tissues such as intestingt no comments were found on
alteration in intestinal morphology. The absencarmfbbvious phenotype in TGE
null newborn has led to the suggestion that thisvgiactor is supplied to the foetus
or newborn from maternal sources, as demonstrajednjected a'*-labeled
mixture of active and latent TGE, into the hearts of pregnant female mice that
were TGB1 heterozygotes (Geiset al, 1993). This study suggested that maternal
sources of TGFL are vital for embryonic development. Table 1.&sarize the

phenotypes of TGFL mutant mice described in this section of theithes
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Mutant Phenotype

Reference Gene targeting Embryonic Adult

(Dicksonet al, 1995)
(Geiseret al, 1993)

(Kulkarni et al, 1993) TGH31
(Shullet al, 1992)

50 % die at E10.5 due to defective yolk sac Inflammation and autoimmune disorder an
vasculogenesis and haematopoiesis die at three to four weeks of age

E.9.5: Mutants developed vascular abnormalities.
(Larssonet al, 2001) TGH3RI Developmental retarded compared to wild type. n/a
E10.5: die

Lethal around E10.5 Defect in yolk sac

. . n/a
haematopoiesis and vasculogenesis

(Oshimaet al, 1996) TGH3RII

Table 1.3 Phenotypes of TGB1 ligand and TGH3 receptor deficient mice.

The table summarizes the most important articlssrilging the phenotypes of mice with anomalies @HF1 ligand or receptor. Note that in
TGH31 null mice only 50% of the embryos survive aftetrbbut die after three to four week for extensivlammation and wasting syndrome.
Interestingly, embryos with deficit of T@Heceptors dien utera n/a=not applicable.
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Loss of function phenotypes associated with disompdf TGH signalling genes is
often dose-dependent. For instan8\AD4’~ or SMADZ'™ mice diein uterq
whereas heterozygotes survive without any idehiiéialefects at birth (Weinsteet
al.,, 2001). In non-transformed rat jejunal crypt cell&H31 has been shown to be
implicated in the rapid cell turnover. In this mbd&Fp1 seems to act as an auto-
regulated growth inhibitor that potentially funai®in an autocrine manner (Barnard

et al, 1989).

TGH3 may also acts as an injury/stress-activated mgssea recruit mesenchymal
stem cells for tissue repair, regeneration, anthgdagical remodelling in various
organs. In knockout mice, genetic deletion of BGkgnalling mediators generate an
alteration in the epithelia-mesenchymal transitioediated by SMAD2 (Nishimura,
2009). Moreover, TGFL is known to be a key factor that intrinsicallyntbutes to
the restitution of injured intestinal epithelial llsg although it inhibits their
proliferation as demonstrated in several modelgt@itinal inflammation (Paclilet

al., 2008).

A similar event is also reported in research ingasing WNT signalling, a pathway
that plays a critical role in the development of Itiogllular organisms and
maintenance of adult tissue homeostasis (Clevé®@6;2Mohammecet al, 2016).
The multiple WNT ligands described in vertebratévaais act through two distinct
mechanisms: the WNJ/catenin and the non-canonical WNT pathways (Veeetan
al., 2003). In human airway smooth muscle cell limes)-canonical WNT pathway
has been demonstrate to be involved in smooth musdl reorganization by TGF
induced extracellular matrix production (Kumawet al, 2013). Furthermore,
similar reciprocal signalling between T&Rnd WNT pathways has been found in

vascular smooth muscle. Increased level of SMAGSrseto stimulate the secretion
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of canonical WNT proteins, which in turn enhancasosth muscle cells
proliferation (DiRenzoet al, 2016). The mutual interaction between these two
highly conserved pathways has also been reportedh istudy investigating
regeneration during injured colon, where TG3§ stimulated by non-canonical WNT

to establish new crypts containing quiescent efitti#iyoshi et al, 2012).

Overall, TGPB1 appears to regulate epithelial and mesenchymiprdiferation,
growth, differentiation and motility, but the adties of this molecule have been

little investigated during embryonic gut developmen
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1.5.2 Could TGFp signalling have a role in small intestinal develapent?
Previous studies have implicated TgFin postnatal gut maturation and also in
regeneration following injury. By contrast, the pitde roles of this molecule in
embryonic gut development have been little studiedhe mature intestine, all three
forms of TGP (TGH31-2-3) are detected in epithelia in the tips ofi {Barnardet
al.,, 1993) and TGF1 inhibits the proliferation of intestinal epitheelin cell culture

(Yamadaet al, 2013).

In early mouse developmeim, situ hybridization for TGB1 showed this RNA to be
expressed predominantly in the mesodermal compsranthe embryo. In fact, at
E14 TGHB1 appeared to be expressadhe gutpredominantly in the mesodermal
cell layers of the submucosa, but not in the imeasétepithelia, although it was

visible at later stages of gut development at desaéd levels (Schmiet al, 1991).

Furthermore, analysing embryonic mouse gut from .E1% E17.5 by
immunohistochemistry, TGH protein was localized in the smooth muscle |ayet
in the tip of the villi (Peltoret al, 1991). Interestingly, aim situ hybridization study
on TGHRII localization in the E14 mouse embryo found ti@septor in the muscle
layer and in the mesenchyme but not in the endoalegpithelium of the developing

intestine (Lawleret al, 1994).

Considering the pathways regulating the risinghef Yilli, an intimate relationship

between the muscle layer, the submucosa, and ttieelggm seems to be clear and
this bidirectional communication may drive inteafirmorphogenesis. Although in
this scenario TGFseems to have poorly defined roles, PGffoteins are expressed
in the intestinal mucosa along with their receptmd have protective or reparative

effects in various contexts (Peltenhal, 1991; Hadjimichaeét al, 2016).
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Components of the T@Fpathway are also implicated in reciprocal signgllivith
other TGP superfamily members. T@RIl localizes to villus enterocytes,
especially at the tip (Winesegt al, 1996), while BMP4 protein is observed in the
mesenchyme of the villi and activates phospho (P)ABs 1, 5, and 8 in the
adjacent differentiated villus cells (Haranesal, 2004). In another study, a BMP
receptor, BMPR1a, was observed in a gradient atbegcrypt-villus axis and in
stem cells, but not in proliferative cells. Micetlwiknockouts of mesenchymal
factors were noted to have decreased in BMP exprestevelopmental delays from
a lack of epithelial proliferation, and adult smwis that developed extended hyper
proliferative crypts and large villi (Kaestnet al, 1997). Madisonet al. also
exposed intestinal mesenchyme of transgenic mieeSBIH ligand and observed the
induction of BMP4 to analyse its role in the epliddemesenchymal transition. BMP
signalling appears to involve cross-talk with tleelpehog pathway, and functions to
maintain the proper polarity of the crypt-villusisxby inhibiting inappropriate

epithelial proliferation in the villus (Madiscet al, 2005).

Moreover, embryonic intestinal small bowel epithetiecrete FGF9 that drives gut
growth, enhancing mesenchymal proliferation (Geskal, 2008) and this protein
seems to down regulate T@Bignalling to prevent premature differentiationtio¢
intestinal smooth muscle layers. Furthermore in itjered colon, TGE is also
implicated in establishing new crypts containingegaent epithelia (Miyostet al,
2012). Notably, intestines of mice that lack FGkpthy premature myogenesis and

excessive TG signalling (Gesket al, 2008).

TGFB signalling is involved in endoderm differentiatjiomodulating proliferation,
inducing extracellular matrix proteins expressioand stimulating intestinal

epithelial cell migration along the villus axesy®h and Dignass, 2008). Using an
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intestinal epithelial cell linen vitro model, TGB1 has been found to have potent
effects on the intestinal epithelium, promoting idajpealing of the monolayers
through stimulation and migration of cells acrdss tvound margin (Ciacat al,

1993).

In an interesting review on the epithelial healingnflammatory bowel disease, the
TGH3 pathways seems to act from the baso-lateral ditheo epithelial surface
enhancing epithelial cell proliferation in the hegl area margins (Sturm and
Dignass, 2008). In contrast, members of the trd&mitor family appear to stimulate
epithelial restitution in conjunction with mucin ygbproteins through a TGF
independent mechanism from the apical site of nitestinal epithelium (Dignasst

al., 1994).

Although the role of TGF signalling has been investigated in vasculaturecim
muscle cells (Hwet al, 2015; Kofler and Simons, 2016; Zhaagal, 2016b) and
smooth muscle cells in the airways (Howell and Makyy 2006; Quet al, 2012; Li

et al, 2015b), but little is known about the role of TgEignalling in intestinal
smooth muscle cells (Table 1.4). Interestingly P&kgnalling increases premature
myogenesis and fibrosis of intestinal smooth musakis in mice lackingFGP

(Geskeet al, 2008)
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Paper Developmental age Experiments performed

(Peltonet al, 1991) E15.5/E17.5 Immunohistochemical localizatio

Northern analysis and in situ
(Schmidet al, 1991) E12.5/14.5

hybridisation

(Lawler et al, 1994) E1l4 In situ hybridization

Table 1.4 Literature summary of TGH1 roles in intestinal smooth muscle
layers differentiation during mouse embryonic devedpment

The present table highlights the paucity of pajbed investigated the expression
and localization of TGBL in the smooth muscle layers during mouse embcyoni
development. Interestingly, these papers did netriininate between circular and
longitudinal muscle layers.
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1.6 Short bowel syndrome in children
The present section describes the clinical backgtowhich provided the clinical

motivation of this research.

SBS in children is a multi-systemic disorder caubgdnadequate length of small
bowel usually less than half the expected for gestal age. SBS can occur as a
congenital condition (Mandadt al, 2016) or because patients develop conditions in

which large section of bowel has to be removedisally (Thompson, 2014).

Due to this syndrome, the child’s growth rate isfiicient because the intestines
cannot absorb the right amount of nutrients. Umiilv the treatment of this disease

has been targeted towards nutritional support arglcal care (Colettat al, 2014).

Surgical treatment of SBS aims to increase intaktabsorptive capacity of the
existing intestine using non-transplant surgicalcpdures improving not only the
function of remaining bowel but also increasing Hrea of absorption (Ueno and

Fukuzawa, 2010).

Future studies undertaken on intestinal developraentincreasing knowledge of
intestinal stem cells may be the source for futthrerapy of SBS. Promoting
appropriate intestinal length is far from being @dete and more researches is
needed to achieve a comprehensive understandinigtestinal growth. Critical
analysis of the SBS disease, its management anthddern researches to treat this

condition will be presented in the following paragis.
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1.6.1 Aetiology and epidemiology
SBS has an estimated incidence of 25/100,000 lntksb(Waleset al, 2004). The
overall incidence and prevalence of SBS considechilgiren and adult patients are

estimated to be 3 per million and 4 per milliorspectively (Bakkeet al, 1999)

Intriguingly, 44 cases of congenital SBS have besported in literature so far
(Huysmanet al, 1991; Schalamoat al, 1999; Ordoneet al, 2006; Hasosaht al,

2008). Congenital SBS seems to be caused by homogy®r compound
heterozygous mutation in the coxsackievirus anchadeus receptor-like membrane
protein (CLMP) gene on chromosome 11924 as showhdmyozygosity mapping
using DNA from 5 patients from 4 families with camgtal short bowel syndrome
(Van Der Werfet al, 2012). This gene is a type | transmembrane preteithin the

immunoglobulin  superfamily that localize to junctad complexes between
endothelial and epithelial cells and may play aeroh cell-cell adhesion

(Raschpergeet al, 2004).

Developmental abnormalities of the small bowel g&tinal atresia, gastroschisis,
malrotation and volvulus) and major abdominal dése@n the postnatal period
(necrotizing enterocolitis, midgut volvulus andlamhmatory bowel disease) are the

most important causes of SBS (Table 1.5) (Quirgsifieeet al, 2004).
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Infants Children
Necrotizing enterocolitis Cancer
Intestinal Atresia Postoperative complication
Gastroschisis Trauma
Midgut volvulus Motility disorders

Table 1.5 Causes of short bowel syndrome in childbd

The present table showed the most common diseaszluning SBS. Table adapted
from (Quiros-Tejeiraet al, 2004).
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The debate on the correct definition of SBS id stikgoing but is recognised that
bowel length <100 cm in the first year of life ibr@rmal. Less than 40 cm

traditionally requires therapy according to thecpicee of most centres (Soden, 2010;
Khalil et al, 2012). When the residual bowel less than 20 bim,dondition is called

ultra-short bowel syndrome (Coranal, 1999).

The severity of intestinal resection and the alsarpcondition of the remaining
bowel determine the amount of total parenteralitiortr (TPN) required (Walegst
al., 2010). The complications emerging from SBS regmbrin the literature are:
recurrent sepsis, catheter related sepsis, metadaturbances, hyperglycaemia,
electrolyte imbalances, hypertriglyceridemia, gadtiyper secretion, diarrhoea, and
organ dysfunction (Heine and Bines, 2002). Thugdosider the anatomical and
physiological problems, a multidisciplinary treatmheof SBS called intestinal
rehabilitation programme focuses on the union efdbrrect enteral re-feeding and

the best surgical technique for intestinal recarcston (Khalilet al, 2012).

1.6.2 Medical treatments

TPN is a method of feeding a person intravenousfpassing the usual process of
eating and digestion. TPN is considered a golddstahpractice in SBS treatment
because it is a solution for infants and childremovare unable to eat or to absorb

provided nutrients enterally (Kudsk, 2002; Wilesl Alloodward, 2009).

After the introduction of TPN, the prognosis ofanfts and children with SBS has
changed. As a result of an increased need for alemémous access in order to
administer the TPN, line sepsis and loss of vemmgsss has been considered one of

the most challenging complications (Gow¢tal, 2013).
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When the TPN is required for more than three motitagisk significantly increases
to develop an intrahepatic cholestasis (Bestlal, 1979; Kaufmaret al, 2003).
Kelly defines the sequelae of SBS treatment asstint failure associated lived
disease (IFALD) (Kelly, 2006; Kelly, 2010) (Table6) Reducing the incidence of
IFALD requires control of TPN composition as deseh dextrose, decreased fat
emulsion, avoiding continuous infusion), maximipatiof enteral intake, treatment
of small intestinal bacterial overgrowth, and phacotherapy with ursodeoxycholic

acid.
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Aetiology

Prematurity and low birth weight

Duration of TPN

Length of bowel remnant

Reduced enterohepatic circulation

Lack of enteral feeding

Recurrent sepsis

Deficiency of
» Essential fatty acid

* Chlorine
Excess of
e Dextrose

» Lipid emulsion >1 g/kg/die

Table 1.6 Aetiology of intestinal failure associattliver disease

The table above list the most common causes fodélreloping of intestinal failure
associated liver disease in patients suffering f&B%S. Table adapted from (Kelly,
2006).
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1.6.3 Surgical treatments
The final aim of autologous gastro-intestinal restaunctive surgery is to return

intestinal length and functional capacity equahi® age of the patient.

The first procedure to reduce the anatomical amgttfonal problem of SBS was
performed in Manchester in 1980 (Bianchi, 1980)ari8hi designed a technique
called longitudinal intestinal lengthening and deitg (LILT), a procedure that
involves a longitudinal resection of a dilated seginof small bowel between the
peritoneal leaves of the mesentery, which givestwo hemi loops sutured
longitudinally with its own blood supply. The resig a loop of bowel doubled in

length (Figure 1.11) (Bianchi, 1984; Bianchi, 1985)
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Figure 1.11 Longitudinal intestinal lengthening andtailoring (LILT)

(A). Blunt dissection between the peritoneal leawéshe mesentery, with development of a midlineawmascular plane. (B) Formation of

hemiloops by manual suturing inverts the bowel sdg®l preserves all mucosa. (C) Iso-peristaltistanaosis between hemiloops in S shape.
Diagram adapted from (Bianchi, 1984).
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The second most remarkable procedure was design8dston where Kinet al.
proposed an alternative approach to treat SBSdcakeial transverse enteroplasty
procedure (STEP) (Figure 1.12) (Kiet al, 2003a). This first human report (Kiet
al., 2003b) described the STEP lengthening procedugechild who had previously
undergone the established longitudinal techniqueleoigthening described by
Bianchi. The STEP has been rapidly and widely aslbjgis an alternative intestinal

lengthening procedure to the LILT proposed by Branc
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Figure 1.12 Serial transverse enteroplasty proceder(STEP)

(A) The small arrows show the direction of stajgled the sites of the mesenteric defects. (B) Tayglests are placed in the%énd 270
orientations using the mesentery as theeerence point. Figure adapted from (Kétnal, 2003a) and (Colettet al, 2014).
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In 2013 a systematic review (Kireg al, 2013) has proven no significant difference
between the LILT and STEP procedures. The STEP dabigher rate of
complications, while the Bianchi procedure has ghér rate of weaning patients
from TPN. However the Bianchi procedure was assediavith a higher rate of

patients receiving transplants.

The latest proposed surgical technique for intastengthening comes from Cserni
et al. in 2011 (Figure 1.13) (Cserrat al, 2011). In a double layer intestinal
simulator and in porcine model, a section of bowas$ lengthened and tailored in a
spiral fashion replacing the longitudinal sectiortedhnique proposed in the LILT
procedure. Cserni called this alternative technispieal intestinal lengthening and
tailoring (SILT), reporting the first human use tbe SILT in 2013 (Csernet al,

2014). Although SILT shows great potential in stddccases of ultra-short non-

dilated bowel, this new procedure still requiredtar long-term studies.
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Figure 1.13 Spiral intestinal lengthening and tailang (SILT)

(A) Bowel is cut at 6©and tabularized. (B) Spiral lengthening and tailpitranslation of intestine over a support to drperfect orientation
during suture time. The mesentery is gently splfatilitate spiral rotation. (C) SILT final resuRiagram adapted from (Csemtial, 2013).
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In the event of failed adaptation and in the coaditof liver failure and reduced
venous access, transplantation becomes the ong/fooghildren with SBS (Nayyar
et al, 2010). In this group of patients transplantatiovolves combined liver and
small bowel. In some cases in which the liver has wndergone irreversible

damage, isolated intestinal transplant could béopaed.

With improvements in immunosuppression treatmeofsrative techniques and
critical care, patient and graft survival have dilyaincreased. Graft and patient
survival both vary from 64% to 89% at one year dase age category falling to
31% to 69% at five years for graft survival, and@8 76% for patient survival at
five years. In larger centres, however, resultsiameroved with one-year patient
survival around 80% for both isolated intestine aodhbined liver-intestine grafts,

dropping to around 60% at five years (Granhal, 2005).

Transplant should be the last resort, if patieatstb adapt once surgical options
have been exhausted, develop irreversible livéuriaior are about to lose all central
venous access. Reconstructive surgery rather trersplantation is growing in

frequency as a first line treatment, evidencedhigyreduction in number of intestinal

transplantations (Abu-Elmagd, 2015; Cohran, 2015).
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1.7 Future treatment of short bowel syndrome

The modern approach to SBS has been consideres nailtidisciplinary (Khalilet
al.,, 2012), but there are still cases where the oolyti®n remains transplantation.
However, the low number of donors, postoperativeglecations, the reduction of
lifestyle and the low five years patient’s survidkta after intestinal transplantation
(survival near 67%) suggest the need for alteraatdechniques. Motivated by these
problems, researchers have placed their focusnalinfjy non-transplant therapies to

SBS since the end of the twentieth century.

The next section will provide a summary of the mestent research approaches for
SBS disease like regenerative medicine, tissue neaghg and distraction

enterogenesis.

1.7.1 Regenerative medicine and tissue engineering

Tissue engineering refers to the practice of compinscaffolds, cells, and
biologically active molecules into functional ti€su This technique has been applied
successfully in the clinical arena for the prodmatiof different tissues such as
bladder (Atala, 2014) or trachea (Fishmetnal, 2014) or by decellularization of

native intestine (Totonelkt al, 2012).

Regenerative medicine is a broad field that incdutiesue engineering but also
incorporates research on self-healing where they bases its own systems,
sometimes with help foreign biological materialrézreate cells and rebuild tissues
and organs. The terms tissue engineering and reggesge medicine have become
largely interchangeable, as the field hopes todamucures instead of treatments for
complex, often chronic, diseases (Zhat@l, 2014). Regenerative medicine aims to

use autologous human products to regenerate tidangaged from congenital
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diseases and to repair or replace injured orgaesn(i 2006; Orlandet al, 2011;

Zhanget al, 2014).

The development of bioengineering techniques ankgentar medicine has focused
researchers’ attention on the possibility to ussug-engineered small intestine
(TESI). In 1988 the pioneering study of Vacantiaésed a method to attach cell
preparations to biodegradable artificial polymerstigan culture and implanting this
polymer-cell scaffold into rodent animals (Vacastial, 1988). In 1997, Choi and
Vacanti described a tissue-engineered small imegin biodegradable scaffolds by
transplanting intestinal epithelial organoid unitghe rat model (Choi and Vacanti,
1997). Histological analysis of the neo-intestim@wed formation of neo-mucosa
characterized by columnar epithelium with goblet &aneth cells (Choet al,
1998). Subsequently, Kim and the Vacanti’'s groupestigated the effects of
anastomosis between TESI to native small bowelealoncombined with small
bowel resection on neo-intestinal regeneration (i€inal, 1999). When TESI was
anastomosed to the side of the proximal small iimef the rodents these animals
improved weight gain, suggesting a role for TESItlire management of SBS

(Grikscheitet al, 2004).

Using detergent-enzymatic treatment on tissuesriikscle (De Coppét al, 2006),
trachea (Kuttenet al, 2015) or intestine (Totonellet al, 2012) is possible to
generate a scaffold able to preserve the archieatd the native tissue and the
extracellular matrix that is needed for cell pmidtion. Due to the recent advantage
in this technique used recently in clinical praetiHamilton et al, 2015), the
decellularized scaffold seems to open new prosgeati the treatment of intestinal

disease as SBS. In future this approach could avobel need of intestinal
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transplantation but the transition to human thensgmuires reliable techniques (De

Coppi, 2013).

Using a mouse intestinal epithelial cell culturiee fpossibility to isolate epithelial
pluripotent stem cell has been explored (Sato atevets, 2013b), leading the
possibility to create mouse intestinal organoidlledaalso mini-gut (Sato and
Clevers, 2013a). Recently, the methods used wihntlbuse pluripotent stem cell
was tested with human pluripotent stem cell (Satal, 2011a), creating long term

expansion of human intestinal organoid.

The possibility to create intestinal organoid colldve the potential to offer a
personalized and scalable source of intestinesigemerative therapies. Recently, the
possibility of human intestine embryonic stem celidhiuman intestinal organoids to
repopulate scaffold, porcine or synthetic, was stigated with a primary output the
ability of matrix/scaffolds to thrive when transptad in vivo (Finkbeineret al,
2015). Although this study showed that human intestinglaooids in combination
with a synthetic scaffold seems to offer a prongsapproach to generating tissue
engineered human intestine, more studies are newdeceate a fully functional

tissue.

Reproduction of the three-dimensional structurehef single intestinal functional
unit (the crypt with the respective villus) stilpresents one of the major challenges
for the development of functional intestine. Toveothis issue, the research group
coordinated by De Coppi postulated a new bioengingeprotocol to create an
intestinal tissue-engineering model by using detetr@nzymatic treatment making a
natural intestinal scaffold, as a base for develgpiunctional intestinal tissue

(Totonelli et al, 2012). After the enzymatic treatment, the acatluhatrix showed

84



its cylindrical structure with mesentery on theesidFigure 1.14). In addition they
postulated that the preserved crypt/villus strietafter one treatment might
facilitate the establishment of the regeneratingt. udnfortunately, noin vivo

experiment has been yet published to consolidatsethesults.
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Figure 1.14 Decellularization of rat small intestie with detergent-enzymatic
treatment

Macroscopic images prior (A) and following (B) d#gkrization. Complete
decellularization of the rat intestine was obtairegter one cycle of detergent-
enzymatic treatment. Figure adapted from (Totomelél, 2012).
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Analysis of these models of treatment reveals tagestial features. First, all the
intestinal units were derived from newborn rodehighe clinical setting it would be

difficult, and sometimes impossible, to obtain hanmeonatal intestinal organoids,
especially for autologous stem cell transplantat®acondly, TESI is implanted in

the omentum where it will form a cyst with all ti@estinal layers. The omentum
provides the vascular supply to the organoids awadbles integration of the absorbed
nutrients with the host portal circulation. The aruen, however, is often removed
or scarred in patients with SBS because of priogesies. Even when present, the
surface area of the omentum is not large enougieterate the area of intestinal

tissue needed for clinically significant results.

The final point of controversy is the lack of péalsis in the tissue-engineered
bowel. Although tissues generated from intestinglanoids resemble the mucosa,
functional smooth muscle layers and neural plexesasent. However, in 2012
researchers directed by Bitar demonstrated the ilplitys of creating a
bioengineered muscle by growing rabbit colonic wlsc smooth muscle cell on
chitosan-coated plates (Zakhanal, 2012), opening new prospective in the future

peristaltic movement of tissue engineered gut.

In future tissue-engineered treatments would avpidblems associated with
intestinal transplantation, including donor availiap and complications from
immunosuppressive therapy but the transition to dwutiherapy requires a reliable

technique (De Coppi, 2013).
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1.7.2 Distraction enterogenesis
In the last decade mechanical stretching has besed wmither to increase tissue
surface or to stimulate its growth (Kraaijengtal, 2014; Rinker and Thornton,

2014; Charles and Leaver, 2015; Demetial, 2015; Murphyet al, 2011).

The idea of expanding bowel to create enough tisspeeparation for a lengthening
procedure was introduced by Georgesbal.in 1994 (Georgesoet al, 1994). The
authors described a nipple valve to occlude thestuwf the bowel. This process of
creating a non-controlled bowel obstruction geresrantestinal dilatation (Collinst
al., 1996). Bianchi introduced the concept of contltissue expansion (CTE)
modifying the nipple valve idea of Georgeson andppsed this approach serially

(Figure 1.15) (Bianchi, 2006).
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Figure 1.15 Controlled tissue expansion (CTE)

(A) Schematic representation of proximal and dithe stomas. Malecot or Foley
catheter is placed into the proximal and distal efdthe remnant bowel. (B)
Enlarged view of the tube stoma. The tube stomfaskioned using purse string
sutures to the abdominal wall. Tube is highlighitegellow, purse string suture in
red. Diagram adapted from (Murplky al, 2011).
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The CTE proposed by Bianchi (Murpleg al, 2011) uses a tube stoma clamping-
recycling approach with the benefit to distend gieximal bowel by the natural
content and to stimulate the mucosa of the digtithelium by recycling chime
(Pataki et al, 2013). At the present time CTE appear to be thly strategy

applicable in clinical practice.

Several approaches have been described to expdadtinal segments in a
controlled way but all with some limitation. Recetiidies reported the possibility to
induce enterogenesis by different devices, whiadndistractive forces to elongate
the bowel (Demehriet al, 2016; Okawadaet al, 2011; Sullinset al, 2014).

However, these devices appear to be difficult golyam a clinical scenario because

the onset of the patients and the family is congoyls

Recently a variety of devices and operative appgresdiave been used in animals,
but none of these approaches have yet been tradhstgd clinical use. While self-
expanding shape-memory polymer cylinder (Fisberal, 2015), catheter device
(Demehriet al, 2015), telescopic hydraulic device (Demegtrial, 2016) have all
been tested, these have been limited by the neasbfoplex activation mechanisms
or the surgical risk associated with reoperation femoval of the device and

consequent restoration of intestinal continuity.

The use of an osmotic expander has been populasiseg plastic surgeons and
has become the treatment method of choice for nw@mgenital and acquired
defects in a wide variety of diseases first adaltsl subsequently in children
(Gronovichet al, 2015; Yesiladeet al, 2013), but this approach has never been

reported in the treatment of SBS so far.
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1.8 Hypotheses and Aims

Molecular control of intestinal development has rbextensively investigateth
vivo, but little is known about the events controlled BGH31. This lack of
knowledge seems to be due mainly to the difficalassociated witligfZ1 null mice
model period because mutant embryos die at E9-EE)td growth retardation,
oedema, necrosis, vascular anomalies, endothelhbility, and loss of smooth

muscle cells around the vessels.

The design of an organ cultue& vivomodel could provide the opportunity to follow
intestinal development and differentiation, andowl chemical manipulation.
Furthermore, the ability to mechanically influenotestinal specimensx vivocould
provide an experimental model, which can be usdthtbnew therapeutic strategies
for catastrophic intestinal events such as the tslhowel syndrome. These

observations lead me to my hypotheses and aims.

Hypothesis 1:Ex vivoembryonic small bowel is able to restore continaiter an

injury.

Aim 1 To develop a reliable and reproducible organucaltmodel capable of

sustaining three-dimensional embryonic intestieginsents.

How | will do this Using a hydrophilic polymeric membrane, on whibk samples

will be located, and by serum free defined mediten $pecimens will be cultured
for a fixed time. Serial images will be obtaineddtect architectural modifications
and to monitor the specimens’ viability. Furthermdrwill use immunofluorescence
to determine whether this model can sustain nomeskelopment comparing the

small bowel anatomies of specimens cultured inngefinedia with embryonic jejuna
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from E14 and E17. Finally, | will record the peailsic movements of the specimens

culturedex vivoas supporting evidence that my model is reliable.

Aim 2: To test whether embryonic intestinal specimens lvél suitable for physical
manipulations aimed at enhancing continuity of gmbrc gut segments, thus

generating a single functional organ.

How | will do this: Using anex vivo model | will create a gap between two
consecutive specimens orientated by a thread @ lumen. Theex vivosystem
will be controlled daily to determine how the exgk tolerate the growth with a
thread into the lumen. Using opposite injection teb different dyes into the
specimens lumen, | will determine the physical dasiof the explanted jejuna.
Furthermore, to test the functional fusion, | wdtord real time movie to follow the
intestinal contraction between the two consecuéixplants after fusion. Finally, |
will investigate whether the healed tissue is ableestore continuity of the neuronal

network between the separated sections.

Hypothesis 2: Transforming growth factoyl affects embryonic small bowel

elongation and its architectural differentiatiorridg development.

Aim: to identify the effects of TGR in anex vivomodel of intestinal development

and to identify the source of TGE during development.

How | will do this Using the model established to investigate thst fiypothesis, |
will create arex vivosystem in which | will add different concentratioof TGH1.
Using immunofluorescence and morphological/anatahaoalysis, | will determine
the possible consequences that this growth faetiomeakeex vivo | will collect the

amniotic fluid of embryonic mice at E14 and E17 a&hd conditioned media of
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tissue exposed for three days to P&FUsing ELISA on these supernatants, | will
measure the endogenous and the exogenous amout@F3il. Furthermore, | will
compare in vivo normal development versus specimens cultured fferdnt
condition of TGPB1 ex vivo to determine how TGR influence intestinal
development. Finally, using RNA microarray and QRCRwill investigate how

TGH31 can drive morphological events during intestol@telopmenéx vivo
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2 CHAPTER 2 — Materials and Methods

2.1 Statement of experimental contributions
Many different experimental techniques were perfnduring this work. The
author generated the majority of the data presemteithis thesis. The scientific

contributions to the present research will be dtatethe present section.

| designed the study and the organ culture moaefgrammed the plug date of the
mouse, performed the harvesting of the small baspelcimens, inserted the tread
into the small bowel specimens, took the brightdfipictures of the specimens
during the culture, embedded the samples, sectidhedspecimens, performed
immunofluorescence and whole tissue staining, pexéd collection of specimens
for the microarray and the QPCR, collected the atimfluid, the specimens and the

conditioned media for the ELISA and interpretediadl statistical analysis.

Adrian S. Woolf helped me to design the reseaiset up the organ culture model

and to interpret the results.

Neil A. Roberts helped me to create an embeddindiume for the specimens, to
perform confocal and immunofluorescence imagesdasign ELISA and QPCR

experiments and introduced myself to the use ofjgdaPrism and Photoshop.

Emma N. Hilton helped me to design the ELISA andCRPexperiments and to

interpret their data.

Parisa Ranjzad helped me to set up the organ euttodel and to design the culture

media.
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Francesca Oltrabella performed the injection of tlyes into the specimens to

investigate physical fusion of two consecutive arps.

Leo Zeef and Andy Hayes generated microarray data the sample provided by

myself.

Michael Randles undertook bioinformatics analysesiioroarray data and generate

corresponding graphs.

2.2 Animals and experimental design

At the beginning of the present research | und&rtdome Office Modules covering

mouse ethics and animal handling. The Institutidaliew Board of the Registered
Medical approved mouse experiments and Scientipddtments of the University

of Manchester approved animal experiments. Poulatbf mice were housed at the
University of Manchester, adhering to home offi@gulation and the Animal

(Scientific Procedure) Act 1986. Wild type (CD1)amiwere mated overnight in the
University’s Biological Services Facility. The mang of the vaginal plug was

designated as EO. After Schedule 1 kiling perfamiey those holding an

appropriate home licence, the mouse was collected pgaced on a semi-sterile

bench in the dissection room for harvesting ofehwryos.

To reduce the risk of contamination the abdomen gkaaned with 70% ethanol.
The abdominal cavity was reached by midline incistbrough the muscles and
peritoneum. The uterine horn was removed and seggtafeom the other organs in

the abdominal cavity.

The dissected uterine horn was placed in a Pest din ice containing cold

dissection solution, Leibovitz-15 (GIBCO Dulbecc®bosphate buffered saline 1x).
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After separating the embryo from the uterus, thecspens were placed into a Petri

dish contacting cold dissecting solution and tramsfd to a dissection microscope.

Amniotic fluid was collected from E14 and E17 emdsyia a 16 - gauge needle and
harvested in an Eppendorf tube at®-8@grees. Dissection of the embryo was
performed using microsurgical forceps (Micro Jeessl Forceps, Mercian, code
JFL-5), scissors (Micro Scissors Flat Handle, Maci code SAS-11) and

ophthalmic blade (Optimum Straight Knife 150, BDaBer, ref 370566).

The abdominal cavity of the embryo was opened andently blunt dissection the

gastrointestinal system was explanted (Figure 2.1).
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Figure 2.1 Macroscopic anatomy of embryonic day (E}l4 embryo and embryonic gastrointestinal system

Pictures from an animal used during the preseefreb. (A) E14 embryonic mice. The small bowel appéo be herniated into the extra
embryonic coelom. (B) E14 embryonic gastrointestayatem. All the compartmental sections are hgjited. Green dots: proximal small
bowel. Red dots: distal small bowel. Scale baiOig&m.
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After identification of the Treitz ligament, the ergonic jejunum was dissected and
a 2-3 mm section used for histology or organ calt@Figure 2.2). In some

experiments, a polyamide 10/0 suture (Ethicon) thesaded through the rudiment’s
lumen to keep the explant straight and ensure géoerof precise transverse

histological sections.
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Figure 2.20rgan culture: creation of intestinal gap bridged ty a thread

An incision is performed in the middle portion opeoximal specimen. After the creation of iatrogegap between two contiguous
pieces of intestine, a 10/0 Prolene thread is dhited thought the lumen of the embryonic bowelalyrthe specimen is located on a
Millipore insert and is cultured in defined medidion three days. (Violet=Leibovitz-15; red=Definegfrgm free medium).
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2.3 Organ culture
E14 rudiments were placed onto semipermeablgud.fpore polytetrafluoroethylene
culture plate inserts 0.4 pm Millicell, (MilliporeBedford, MA, (cod. numb.

PICM03050) and maintained at 37°C in an atmospbkaér/5% CQ.

Defined serum-free media, placed underneath andhiog the platform, fed
explants. Basal media comprised Dulbecco's modédagle medium (DMEM): with
nutrient mixture F-12 (GIBCO BRL, prod. cod. 113283), insulin (10 mg/L),
sodium selenite (5 mg/L), and transferrin (5.5 mgfenicillin G (100 units/mL),

streptomycin (10Qug/mL) and amphotericin B (0.3%/mL) (Chanet al, 2010).

For serum-free organ culture, a protocol was uskidtwhas been shown to support
the differentiation of epithelial and mesenchynmabieth muscle lineages in
embryonic mouse bladders (Burg al, 2006), ureters (Taet al, 2013) and

metanephric kidneys (Andees al, 2013).

In some experiments, the medium was supplementéld rgcombinant human
TGHB1 (R&D Systems; cat. numb. 240-B-002) at 5 or 50mig concentrations

used previously in similar organ culture studiesenofbryonic mouse kidneys and
salivary glands (Buslet al, 2004; Janebodiet al, 2013). The defined serum-free
media or the media supplemented with growth fastas placed beneath the

platform and touching the membrane of the Millicge8ert.

In some other experiments, the medium was supplEdewith R-spondinl
(Peprotech) a factor that promotes canonical VBNBtenin signalling and
stimulates intestinal epithelial proliferation ingtnatal mice (Kinet al, 2005). The
concentration used, 100 ng/mL, has previously ltested in experiments conducted

on intestinal colonic and pancreatic culture (Hwthal, 2013; Sato and Clevers,
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2013a). Explants were cultured for three days bszarevious observations had

shown that longer cultures were less viable (Quielaal, 2006).

To determine whether embryonic intestinal lumengabee continuous during
culture, fluorescent fixable dextrans, 2 g/L in pploate-buffered saline (PBS;
Molecular Probes), were injected into opposite eofdadjacent explants, using a
MPPI-2 Pressure Injector/BP15 Back Pressure Unitpp(i&d Scientific

Instrumentation). Green fluorescent AlexaFluor 4@&tran (10 kDa) was injected

into one end and Texas red (70 kDa) into the other.

In addition, 2 mm segments of E17 jejunum were gdainto organ culture (basal
medium only) and, after 1h, they were observed ébemnine whether they
underwent peristalsis and to compare normal dewedop with the specimens

cultured for 3 days.

2.4 Enzyme-linked immunosorbent assay (ELISA)
To understand the concentration of TR&Fon the amniotic fluid, enzyme-linked
immunosorbent assays (ELISAs) test was performdte @mniotic fluid was

centrifuged first in ACfor 3 minutes and the supernatant used for the test

For TGH1, the Abcam kit ab119557 was used. The ELISA wegsceed in

accordance to the manufacturer protocols. For bwhkit, the absorbance of both
the samples and the standards was determined fcargphotometer using 450 nm
as the primary wave length. Finally the data wadyemed using Excel and GraphPad

Prism 6.0.
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2.5 Histology and Fluoroscopy

Tissues were fixed for 30 minutes in 4% paraforrehjdie, rinsed in 1% PBS,
dehydrated in ice cold methanol and stored iPG2QAfter rehydration, samples
were embedded in 25% fish gelatine and cryosedii@nd 0 pm using -3C for the

chamber and -3Z for the object.

Transverse sections were fixed in acetone forrfiveutes, washed with ice cold 1%
PBS and permeabilized in 1% PBS, 0.1% Triton X-1@010 minutes. Mouse on
Mouse Blocking Reagent (MOM™, Vector Laboratorieat. numb. BMK-2202)

was used to block endogenous immunoglobulins.

Sections were incubated for 30 minutes with primamyibodies against: a-smooth
muscle actinSMA; A2547, Santa Cruz Biotechnology: 1:200), aceisl muscle
cytoskeletal protein (Wilmet al, 2005); E-cadherin (ab76055, Abcam; 1:200), an
epithelial cell-cell adhesion protein (Tait al, 2013); Ki67 (ab16667, Abcam;
1:100), a nuclear proliferation associated prot8i@X9 (Millipore, AB5535; 1/200),

a transcription factor; TGFreceptor | (TGBRI; ab31013, Abcam; 1:200); and
TGH3 receptor 1l (ab186838, Abcam; 1:200). Table 2.avwshthe detailed list of

antibodies used.

After washing, fluorescent secondary antibodiesxaFluor 488, 568 or 599) were
applied for one hour. Sections were counterstaimgth 4’, 6-diamidino-2-

phenylindole (DAPI) to detect nuclei for 10 secands
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2.6 Whole tissue staining

Rudiments were rehydrated for two minutes in desinga concentrations of

methanol and then washed in 1% bovine serum alb(@®&A) in 1% PBS and 0.1%

Triton X-100 for two hours. Then the specimens weaasferred into glass tube and
blocked with 1% BSA in 1% PBS, 0.1% Triton X-100daf% heat-treated goat

serum for one hour.

After rinsing, they were incubated for 72 hourshwit:500 dilutions of primary
antibodies to E-cadherin (ab76055, Abcam), an efigthcell-cell adhesion protein
(Tai et al, 2013), and peripherin (1530, Millipore), an emareuron cytoskeletal
protein (Gannset al, 2006). The incubation was performed rotating \tfads in a

dark room at ZC. Table 2.1 shows the detailed list of antibodigsd.

After the first antibody step, the specimens weaslkved for four hours in 1% BSA
in 1% PBS and 0.1% Triton X-100 to clean any exe#sfrst antibody. Than the
specimens were blocked again for one hour and lyindey were incubated
overnight with corresponding secondary antibodiédéexaFluor). The second

antibody step was performed rotating the vials dtaek room at 2C.

After three hours of wash in 1x PBS, 0.1% TweentB8,specimens were incubated
in 1x PBS, 0.1% Tween-20 for 48-72 hours to cleammletely from any residual.
Than the specimens were incubated in 75% glyceretnight before be ready for
confocal images. The 75% glycerol was used instda®B% Benzyl Alcohol and
67% Benzyl Benzoate (BABB) solution because thatwshto dissolve completely

the embryonic intestine.

Before confocal investigation, the specimens wecated into a handmade chamber

prepared by solid resin and secured on a glass Wwigh vacuum grease.
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- Ab name and . Working
Ab specificity description Source/supplier dilution
SOX9 AbS535, rabbit Millipore 1:200
polyclonal
pSMAD3 Ab52903, rabbit .
(Serine423/425) monoclonal Abcam 1:500
pSMAD2/3 Sc-11769, goat .
(Serine423/425) polyclonal Santa Cruz 1:100
Ab31013, rabbit )
TGH3 Receptor | polyclonal Abcam 1:200
Ab186838, rabbit .
TGH3 Receptor I polyclonal Abcam 1:200
E-cadherin [M168] Ab76055, mouse Abcam 1:200
monoclonal
. Sc-7870; rabbit ]
E-cadherin (H-108) polyclonal Santa Cruz 1:200
a—S_mooth Muscle Ab21027, goat Abcam 1:200
actin polyclonal
a—S_mooth Muscle Sab2500963, goat Sigma-Aldrich 1:200
actin polyclonal
Ki67n [SP6] Ab16667, rabbit Abcam 1:100
monoclonal
Peripherin Ab1530, rabbit Millipore 1:500
polyclonal
Donkey, goat, mouse, AlexaFluor 488, , , _
rabbit 566. 594 Life technologies 1:500

Table 2.1 List of primary antibodies

The present table lists the antibodies used forumofluorescence and whole tissue

staining. Ab=antibody.
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2.7 RNA microarray and quantitative polymerase chain reaction

RNA was isolated from the specimens using the RN@4ss kit (QIAGEN). RNA
quality was assessed, and concentrations measussdg a NanoDrop 2000
spectrophotometer. cDNA was generated using a Bgpacity RNA-to-cDNA Kit

(Applied Biosystems).

For whole transcriptome microarray expression asedy amplified sense-strand
cDNA (Ambion WT Expression K#) was generated from 100 ng of total RNA.
Fragmentation and labelling (Affymetrix Genechip We&rminal labelling kit) and
subsequent hybridization utilizing Affymetrix Gemméz Mouse Exon 1.0 ST Arrdy
was performed at the Genomic Technologies Corelifyaat the University of

Manchester.

Data were processed and analysed using Partek Gen@&ulution (version 6.5,
Copyright 2009, Partek Inc) with these options:bgreets of the core subset were
quantile normalised and robust multi-array backgobweorrection applied. Exons

were summarized to genes by calculating the me#émeaéxons (log 2).

Validation and gene enrichment strategies consisiédthe following steps.
Microarray data are available in the  ArrayExpress atabase
(www.ebi.ac.uk/arrayexpress) under accession nusbdir AB-4509. For reviewer

access, please use username: Reviewer E-MTAB-#£z3&word: jeiuhaha.

To establish relationships and compare variabitigtween replicate arrays and
experimental conditions, principal components asialfPCA) were used. PCA was
chosen for its ability to reduce the effective dmsienality of complex gene-
expression space without significant loss of infation (Quackenbush, 2001). Next,

differential expression in response to treatmerd ealculated using Cyber-T (Baldi
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and Long, 2001). Correction for false discoveresatvas done using the method of

QVALUE (Storey and Tibshirani, 2003).

To validate array results, quantitative polymeralsain reaction (QPCR) TagMan
Gene Expression assays were performed on cDNA mgatifeom RNA extraction
and cDNA production stated above. TagMaGene Expression protocol was
applied according to the manufactory (Life Techgas). Each real-time PCR
reaction was composed by 1:5 dilutions of cDNA, TagMarf Gene Expression

Mastermix (Life Technologies cat. numb.4369016) RiNhse-free bD.

TagMarf Gene Expression probes for target genes weredintes at 500nM each.
Alongside an endogenous housekeeping prove as Gdglyceraldehyde 3
phosphate dehydrogenase) and for selected tratscfijable 2.2) altered by 5
ng/mL of TGH1. Similar analysis by the same transcripts was emaldo for
specimens cultured in 50 ng/mL of TERE QPCR was also undertaken for fhf
and Tgp2. Components were combined in a stepwise manmerairPCR 96-well

multi plate (Sigma cat. numb. Z374903) in tripleat

The assay plate was placed in the StepOn&PRieal Time PCR-system (Applied
Biosystems). Samples were heated t6C5fbr 2 minutes followed by 8& for 10
minutes. Cycling conditions were: @ for 15 minutes followed by G for one
minute for 40 cycles. Samples were analysed usimgparative Ct4ACt) method

in the accompanying StepOnePMsoftware package.
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UniGene :
Symbol UniGene Name TagMan
Krtl7 Keratin 17 Mn00495207_m1
Ctsw Cathepsin W Mn00515599 m1
Anpep Aminopeptidase M Mn00476227_m1
Col8al Collagen, type VIII, alpha 1 Mn01344185 m1l
Lgr5 Leucme—_rlch repeat containing G MNn00495207 m1
protein-coupled receptor 5
Eln Elastin Mn00514670_m1
Angptl Angiopoietin 1 Mn00456503_m1
Sfrpl Secreted frizzled-related protein 1 Mn00489161_m1
Fxyd2 FXYD domain containing ion MNn00446358_m1
transport regulator 2
Gpm6a Glycoprotein M6A Mn00463812_m1
Mixipl MLX interacting protein-like Mn02342723_m1
Pten Phosphatase and tensin homolog Mn00477208_m1
Sfrp2 Secreted frizzled-related protein 2; Mn01213947_m1l
Tgfsl Transforming growth factdil Mn01178820_m1
Tgfs2 Transforming growth factdi2 Mn00436955 m1
Gapdh Glyceraldehyde 3 phosphate MNn99999915 m1
dehydrogenase

Table 2.2 List of TagMan probes used for QPCR

The present list showed the custom TagfMamobes used in the present research.
Mn = mouse.
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2.8 Clustering and gene ontology enrichment analysis
Z-transformed mean normalised intensities were dsedhierarchical clustering of
microarray data. Agglomerative hierarchical clusigr was performed using

MultiExperiment Viewer (version 4.8.1) (Saeetdal, 2003).

Normalised probeset intensities were hierarchicallystered on the basis of
Euclidean distance, and distances between probesets computed using a
complete-linkage matrix. Clustering results wersuaiized using MultiExperiment

Viewer (version 4.8.1).

Gene clusters identified by hierarchical clusteringre analysed using DAVID
GOEA (Huang daet al, 2009b; Huang dat al, 2009a). Keywords with fold
enrichment>1.5, Bonferroni-corrected® value <0.05, EASE score (modified
Fisher's exact test) <0.05 and at least two trapiscper keyword were considered
significantly over-represented. These data wereomegd into Cytoscape (version
2.8.1) (Shannoet al, 2003) and analysed using the Enrichment Map pl{idierico

et al, 2010).

The following criteria were used to generate théwneks: false discovery rate
(Benjamini—Hochberg) cut-off <0.01 and similaritpteoff >0.6. The networks
generated were subjected to a Markov Cluster Allgorito generate distinct sub
networks. Transcripts with significantly alteredpesssion in the microarray were
searched against Jackson laboratory MGI-Mouse geqmression database to

identify ‘jejunum’ (TS23-28) and ‘muscle tissue’§T2-28) markers.

To identify smooth muscle specific transcripts,oflofving data query was used:
‘find genes where expression is detected in smoutiscle tissue (TS20-28) and

expression is not detected or analysed in sketataktle (TS20-28)'.
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2.9 Imaging
Intestinal explants were imaged and measured daty day three by an inverted
microscope (Leica) using magnification 5x, expositb0.6 milliseconds, gain 1.4x,

saturation 1.70 and gamma 1.06.

Immunofluorescence images were collected with Fewv FV1000 confocal
(Olympus) using a 10x and 20x/1.40 Plan Apo obyectbon an inverted 1X81
(Olympus) inverted microscope equipped with thfgurfocus system to eliminate
focus drift. Green and red channel were excitedh wie 488 nm and 594 nm laser
lines respectively. Images were acquired through Rluoview ver. 3.1b software

(Olympus).

For confocal images, dextrans were visualized tjinolan Olympus BX51
microscope and images captured with a CoolsnapalEfei@ (Photometrics) through

MetaVue Software (Molecular Devices).

Images were processed and analysed using Imagpd/(Bb.info.nih.gov/ij) and
Adobe Photoshop CS6. Specific band pass filter set® used to prevent bleed

between channels.

2.10 Statistical analysis
In order to test whether there is a difference betwpopulations of mean, three
assumptions have been tested: populations havsathe variance, populations are

normally distributed and values are sampled indeéeetly from each other value.

Although previous studies have begun to culturacinembryonic gut rudiments

(Abud et al, 2005; Quinlaret al, 2006), the peculiarity of the model designed for
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the present research requested pilot experimerdstermine how many number of

pregnant mice to use.

To understand the increase in length and in ar¢laecéxplants, the segment line and
freehand selection tools of ImageJ were used toggothe daily high magnification

pictures of the explants (Figure 2.4 and Figuré.2.5
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E14-D0

Figure 2.3 Method to measure the lengths of jejunaxplants

The present figures taken from ImageJ explain tethod used to measure intestinal
length of the explants. Using ImageJ was possibliraw a line (yellow) within the
middle area of the explant starting and finishirapf the cut end. The software was
able to calculate length in pixel and to conveesthdata ipum. Bar =500um.
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E14-D0 E14-D3

Figure 2.4 Method to measure the areas of jejunaludiments

The area of the explants was measured daily ugiegsbftware ImageJ. After
sectioned the tool “Freehand selection”, a yellame lwas drawn around the
specimens. This tool was able to measure the aa&ged within the selection. Bar

=500um.
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In a typical organ culture experiment used in tleisearch, the jejunal rudiments in
0, 5 and 50 ng/mL TGR originated from three embryo littermates so thatdata

were paired for statistical analyses.

For individual parameters analysed by immunofluceese, the value for each
rudiment was the average of measurements madeei@ sections approximately 50

mm apart.

All the analysis originated from immunofluorescemeeolved the area defined as a
floor of the explant, which it is the portion ofetlexplant onto the insert, extending

from the first crypt to the last crypt on the abmentioned floor.

Datasets were subjected to the Shapiro-Wilk testetermine whether or not they
were compatible with a normal distribution; theteafparametric (t-test two tailed)
or non-parametric (Wilcoxon two tailed) analysesravapplied, as appropriate.
Fisher's exact test (two-tailed) was used to compaoportions of organs containing

a longitudinal smooth muscle layer.

All the data was inserted in a Microsoft Excel thaise and statistical analysis was

conducted with GraphPad Prism 6.0 and 7.0.

113



3 CHAPTER 3 - Bridging the gap: functional healing ofembryonic small

intestine ex vivo.

3.1 Overview

The ability to grow embryonic orgamx vivoprovides opportunities to follow their
differentiation in a controlled environment, witlesulting insights into normal
development. In additiorex vivoorgan culture can be used to assess the effects on
organogenesis of physical manipulations or the tamdiof exogenous chemicals,

such as growth factors.

This study aimed to create an organ culture modél which to test physical
manipulations to enhance healing of small intestradiments, thus generating a
single functional organ. Using whole tissue stagnimtraluminal injection of dyes
and real time movies, | demonstrate that jejunplaxs separated by a gap linked
by a threaded through their lumens have the captcibrm a single functional unit.

The key to success was to preserve tissue orientasiing the thread.

In organ culture models, R-spondinl, a WNT agosiséms to have an essential role
in preserving tissue vitality, promoting epithel@ioliferations (Sateet al, 2011a;
Sato and Clevers, 2013b) or restoring epitheli@grity after an injury (Miyoshet
al., 2012). Therefore, | supplemented the organ aestwith this factor with the
intention of promoting growth and potentially heali However, the addition of R-
spodinl did not result in an increase in the fregyeof fusion or in the length of the

rudiments.
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3.2 Organ Culture of embryonic jejunum

I made preliminary experiments to explore the optirtime to grow explanted
jejunum into theex vivosystem. These observations showed that extendedecu
periods, for up to one week, were incompatible wisue viability, probably
because the organs had become too large to bealigtisustained by the culture

system. Therefore, all further experiments usedaexp grown for three days.

E14 proximal small bowel contains a simple epitheliwithout villi, surrounded by
a mesenchymal layer, the outermost cells of whielu8MA" (Figure 3.1, left upper
frame), showing that they are being to differestigato visceral muscle. From E14,
the jejunum presents changes in epithelial celpshand apical surface expansion
over time. This pseudostratified epithelium is ygproliferative and its epithelial

cells grow in height, elongating towards the lumest prior to villus formation.

After three days in culture, rudiments grown inddasedium had elongated and the
histology showed intact tissue with the formatidnredimentary villi (Figure 3.1,
right upper frame). The tissue organization of Ekplants cultured for three days
was similar to that observed in the freshly-dissddE17 jejunum (Figure 3.1 left

bottom frame).

In freshly dissected E14 and E17 intestine ancherudiments cultured for three
days, the epithelia immunostained for E-cadherircular muscle layer was present
in all three conditions but the cultured samplekédal longitudinal smooth muscle
layer, as demonstrated by the pauaBMA" in the outer mesenchymal area (Figure

3.1 right upper frame).
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Negative Control

Figure 3.1 Histology of embryonic jejunum double inmunostained foraSMA
and E-cadherin

The images situated above are cross sections edtimal tubes. All nuclei were
counterstained with DAPI (bluepxSMA immunostaining appears green and E-
cadherin immunostaining appears red. On the daynitheas explanted (E14), the
rudiment consisted of an E-cadhériapithelial core, which lacked villi; it was
surrounded by mesenchyme, the outermost layershafhwwereaSMA®. On day
three of culture (E14 D3), rudimentary E-cadhemili had formed and smooth
muscle was maintained. At this time point, the arplresembled freshly dissected
embryonic day 17 jejunum that also contain VvillL7@ . The lower right frame (No
primary antibodies) depicts a tissue section frard &17 specimen in which the
aSMA and E-cadherin antibodies were omitted. Baicags 5Qum.
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In order to increase the proliferation rate of #weplants and encouraging the
healing, some rudiments were cultured in media lempented by 100 ng/ml of R-
spondinl, a WNT agonist acting as an epithelidsqaloliferation. The cut ends of
rudiments exposed to this exogenous growth fadgsplaled sheet-like extensions
by day three of culture and these were not foundugiments grown in basal

medium alone (Figure 3.2).
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Basal Medium/D0 R-spondin1/D0

R-spondinl/D3

Figure 3.2 Effects of R-spondinl

Jejunal explants were cultured for three days isabanedia alone or this media
supplemented with R-spondinl. Note that, in thdefattondition, there was
exuberant growth of tissue from the ends of exglaBar specifies 250m.
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Although R-spondinl altered the shapes of the ehdse explants, their lengths at
day three of culture was not significantly differéonpaired Student’s t-test) from

explants fed basal medium alone (Figure 3.3).
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Figure 3.3 Intestinal increase in length of explartd embryonic jejunum

The scatter dot plot graph shows daily increaskemgth of specimens cultured in
basal medium and in media supplemented with R-gp@&ndlthough R-spondinl
altered the shapes of explants (previously showridare 3.2), the linear growth of
the specimens was not significantly differeRt=0.316) (as assessed by unpaired
Student’st-tests) from explants fed basal media alone. Rashmpe= specimens
cultured in defined media; square shape=specimaghsed in media supplemented
by R-spondinl. Bars represent meantSD (n=8 for eaxtdition) % increase in
organ lengths over three days in culture.
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3.3 Physical fusion of explanted embryonic jejunum

| sought to determine whether two explants, commmisidjacent segmenis Vivo,
placed near each other in the same proximal-diahtation as foundn vivo,
might fuse in culture. However, preliminary expeems demonstrated that the
rudiments curved as they grew (Figure 3.4), withgghesumed mesenteric side in the

concavity.
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E14 - DO El14 - Dl El4 - D2

Figure 3.4 From a straight tube to a looped tube

Daily pictures of an E14 jejunal rudiment culturied three day in defined media. At DO the specinserl straight tube that progressively
acquires the characteristic loop shape as per ngejnaum. The arrows highlighted the area in witicé tissue folds. Note also how the tissue
elongates after three days and how the inner steichorphology changes due to the rising of thie Eembryonic age. D=day. Scale bar is

500 pm.
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Furthermore, culturing two contiguous segments ofbionic small intestine
separated by a gap showed that the proximate ehdsjacent explants became
poorly aligned and the closure of the cut end watspermissive for fusion (Figure

3.5).
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Figure 3.5EXx vivo unguided embryonic jejunum does not restore continity

Pictures of explanted segments of jejunum sepatatealgap and cultured for three
days. The dot lines (green and red) highlight the tonsecutive specimen’s ends.
Upper frames show high magnification pictures & éxplanted jejununiThe area
of interest is identified by the box and magnif@d the bottom frames. After three
days in culture, the rudiments increased in lergjtbwing the cut ends to touch
spontaneously, but no complete fusion was repo8edle bar=50Qm.
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Due to this evidence and to maintain orientationtted specimens, upon being
explanted the rudiment pairs were linked with agl@rsuture threaded through their

lumens as previously shown in Figure 2.2.

Using this strategy, as assessed by observatiomsgi an inverted microscope, the
explants grew as linear tubes. On day three otiml25 (74%) of 34 such rudiment
pairs were noted to be touching, with well-aligreshtral epithelial zones (Figure

3.6).
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Day 0

Day 3

Figure 3.6 Physical fusion of explanted embryonicjunum.

Images from explants at 0 (A, C) and 3 (B, D) dafysulture. (A, C) Pairs of rudiments, which fusacculture. (A) Image of rudiments when
they were explanted (day 0); note the bridgingatréblue) and the points (indicated by asterisk@diathond) where it enters nearby ends of the
rudiments. (B) The same rudiment pair after 3 daysrgan culture (day 3); note that the rudimemésveell aligned in the border (arrowheads)
where they touched. (C, D) Complementary views nfdiment pair which failed to form a continuousnlen: after 3 days of culture, although
the ends of the explants touched, they were patidgyped (note the dislocation of asterisk and diad)oBar=25Qum.
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In 80% of such well-aligned pairs (equivalent t&&8f the total explanted pairs), a
single patent lumen was confirmed by visualizing ttrajectories of injected

fluorescent dextrans, which crossed the midlingheffused rudiments (Figure 3.7

A-C).
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Day 3
TexasRed 594

Day 3
Alexa Fluor 488

Day3

TexasRed/A

Figure 3.7 Continuity of lumens of fused explants.

Red fluorescent dextran (Texas red) was injecttaalthre left end of the fused organ
and green fluorescent dextran (AlexaFluor) injecdted the right end; the respective
trajectories of the probes are depicted (white)AinB); note that, in each case, the
probes flow into the opposite rudiment; (C) mergetbur image, with the zone of
mixing visible as an orange colour (orange arrd@ax=500um.
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By contrast, on day three of culture, nine (26%34frudiment pairs either still had
a gap between them or, if their ends touched, pithedial zones of the two organs
were not well aligned (as previously showed in FegB.6 C, D). In the latter cases,
fluorescent dye was confined within the lumen @& #ingle rudiment into which it

had been injected (Figure 3.8 A-C). Figure 3.9 samses the results of the healing

experiments.
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Day 3 Day 3
TexasRed 594

Alexa Fluor 488

Day3

TexasRed/Alexs

Figure 3.8 Failure of intestinal fusion

(A, B, C) The immunofluorescence pictures showeddaiment pair, which failed to
form a continuous lumen. Red fluorescent dextraaxéb red) was injected into the
left end of the fused organ and green fluorescextrdn (AlexaFluor) The two
dextrans failed to mix and were retained in sepdtahens. Bar=500m.
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34

Pairs of specimens

25 (74%) 9 (26%)
Touched Still gap

20 (80%) 5 (20%)
Healed Not healed

Figure 3.9 Summary of results from healing experimet

The smart-art graphic shows that, from 34 pairspafcimens, 74% of the rudiments
were well aligned at the border where they toucHaterestingly, 80% of these
fused specimens showed continuity of lumen, as detrated by dyes injection.
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The average distance between adjacent rudimens air the day they were
explanted tended to be lower in well aligned (n=E&1+24um, meantSEM) versus
nonaligned (n=9; 242+4pm) pairs but these values were not significantfjedent

(P=0.21; unpaired Student’s t-test) (Figure 3.10).
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Figure 3.10 Distances between rudiment pairs at thieme of being explanted

After organ culture in basal medium for three daysubset of explant pairs were
healed. There was no significant difference indtating distances between healed
and unhealed pairs, suggesting that initial placeroéthe rudiments onto the insert
did not dictate whether the healing event is acé. Bars indicated mea8EM.
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In experiments when rudiments were grown as paithe presence of R-spondinl,
14 (67%) of 21 of these pairs were seen to be aliglhhed and touch after 3 days of
culture; this result was not significantly diffetefrom that measured in basal
medium aloneR=0.76, Fisher's exact test, two-tailed). In specimeultured with
R-spondinl, no statistical difference was repoiteithe starting distancé (= 0.582)

(Figure 3.11).
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Figure 3.11 Distances between rudiment pairs at thigme of being explanted in
media supplemented with R-spondinl.

After three days of organ culture with medium fgdRbspondinl a subset of explant
pairs were healed (n=14; 67%). There was no saifi difference in the starting
distances between healed and unhealed pairs, mamdithat initial placement of the
rudiments onto the insert did not dictate whethmer healing event is achievable.

Bars indicated meaSEM

135



Finally to investigate whether there was any bedated to the methodology used in
these experiments, which could account have obdcany difference in healing

ability between the basal medium only vs. R-spohdieated rudiments, the average
starting distance between adjacent rudiment paias analysed. However, no
significant difference was reported in the creatainthe starting gapPE0.845;

unpaired Student’s t-test; Figure 3.12).

136



P=0.845

500' [
®
400
g .o
Z 300 ° o
= ®e° °*
2 200
A RO s
1004 ¢
02
0,00
Basal media R-spdndinl
(n=25) (n=14)

Figure 3.12 Distance between rudiment pairs that raded, on the day they were
explanted

The present analysis compare the starting gapénis@ns cultured in basal media
or in media supplemented by R-spondinl, when teeisgens were able to create a
healing when the cut ends were aligned. This digtalight the reproducibility of the
methods because there was no significant differantiee starting distances between
the healed rudiments cultured in basal media omadia supplemented by R-
spondinl. Interestingly, the specimens culturedRispondinl appeared to have a
more consistent starting gap. This could be addde$s the learning curve in the
introduction of the tube into the specimens’ lunaewl in the setting of the methods.
This result suggests that the tissue orientatiothesmajor features for creating a
feasible healingx vivo Bars indicated mea$EM
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3.4 Functional fusion of jejunal explants
After one day in culture, explanted rudiments bedganundergo spontaneous

peristalsis, with an average time between the sfartntractions of 4616 seconds.

Strikingly, in healed rudiment pairs, peristalti@awves were visualized to pass from
one rudiment to the other. Sequential still imagés typical wave are shown in
Figure 3.13 A-D, with a video of this process irgd in attached CD of this thesis
(Video 1). Whole mount immunostaining for Periphergévealed a reticular pattern

of enteric nerves in rudiments cultured for thragsd
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Figure 3.13 Functional fusion in organ culture.

Images from explants at the third day of cultufe-§) These four frames are stills, spanning 6 ® filsed organ was initially relaxed (starting
perimeter is traced by the dotted red lines in A-®tontraction was spontaneously initiated (redwarin B) and the wave travelled across the
fusion zone, so that both sides of the explant ween to be contracted (red arrows in C). (D) Bindie organ relaxed. Bar=2%@n.
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In healed intestines, a subset of PeripHeni@aurons formed a nexus in the fusion
zone between rudiment pairs (Figure 3.14, Figudb)3.This observation could
explain how contraction waves are directed to pEesg the fused organ in an

uninterrupted manner.
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Peripherin /

E-Cadherin

Peripherin E-Cadherin

Day 3
Whole tissue staining

Figure 3.14 Continuity of the intestinal enteric néworks after fusion.

Confocal images showing immunodetection of a Peripk neural network [white in (A), red in the medgimage in (C)] in the wall of a fused
explant pair, and the epithelial compartment, whick-cadherin [white in (B) and green in the mérgaage in (C)]. The boxed area shows
that the neural network traverses the zone whgeeawk explants touch, white asterisk, neural neRas=250um.
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Peripherin /
E-Cadherin

Peripherin E-Cadherin

Day 3
Healing area

Figure 3.15 Creation of a neuronal network in the eea of healing

High magnification pictures of the healing aredused specimens. Confocal images show immunodetectia Peripherin+ (white in A, red in
C) in the area of healing. Asterisk identifies #rea of healing. Interestingly, the E-cadherin el B and green in C) is not completely
present in the healing area. This picture can sighat the neuronal network and the mesenchymelicas the intestinal healing iex vivo
Bar=40um.
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Although | do not currently have a method for limeaging of embryonic guts
vivo, | recorded (Video 2) similar peristaltic wavesBEA7 jejunum segments that
had been explanted in organ culture and then redoothe hour later. Moreover, a
network of Peripherinneurons was detected in the walls of freshly diszskE17

jejunum (Figure 3.16).
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Peripherin

Figure 3.16 Neural networks in the wall of embryort jejunum

Confocal image shows a Periphérireural network in the wall of a freshly dissectsabryonic day 14+3 cultured day (A) and 17 (B) neous
jejunum. (A) The boxed area shows that the newedliork traverses the zone where adjacent explanthf white asterisk, neural nexus. (B)
E17 mouse jejunum showed a similar neuronal pattenmpared to the E14 +3 days in culture. Bars atdid OQum.
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3.5 Discussion

Surgery to elongate remnant bowel can be undertake®BS patients (Bianchi,
2006), and these treatments can be developed fiemeqring surgical techniques in
large animal models (Cserat al, 2013). The ability to tissue-engineer geisvivo

is beginning to provide a source of gut tissues tiaa be used to complement the
refashioning of aberrant gut by surgery (Setlal, 2009; Saxenat al, 2010). One
aspect that hither has been little explored is twelicit optimal functional fusion of

the adjacent ends of resected guts.

The current results confirm reports (Abetl al, 2005; Quinlanet al, 2006) that
embryonic murine intestine can be maintained inaorgulture, an environment
permitting growth and differentiation. Abudt al. (2005) used this system to
implement signalling through the epidermal growahbtér in stimulation of epithelial
growth and survival. Quinlaet al. (2006) showed that reporter genes could be

virally transduced into cultured embryonic inteatiexplants.

In my experiments, | explored whether paired bomeiments could fuse in organ
culture to form a single functional unit, as asedsby the formation of a single
patent lumen and spontaneous peristaltic wavessiiained the point of fusion of
the two rudiments. The key to successful fusion waspan the gap between
adjacent rudiments with a thread, which likely pded a bridge along which the
nearby ends of adjacent organs could grow and aiéiy fuse. In addition, this
thread traversed the lengths of adjacent rudimemtspkeeping them optimally

aligned.

Not every rudiment pair was observed to functignélise and | hypothesized that

the addition of R-spondinl (Kirat al, 2005) might increase the frequency of fusion.
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Although R-spondinl produced outgrowths from thelseof explanted guts, the
frequency of fusion was not enhanced, possibly lezathese extensions had
irregular, rather than normal tubular, shapes. Meee, R-spondinl did not

significantly increase the lengths of the explants.

In the future | will hope to use the current systsra test bed to assess the effects of

other growth factors (Krishnaet al, 2011) on the efficacy of gut fusion.

Having established this model, | went into test tbke of TGH1 during jejunal

development in the following chapter.

146



4 CHAPTER 4 — Effect of TGFB1 on embryonic jejunum differentiation

4.1 Overview
An ex vivoexperimental strategy that replicatesvivo intestinal development could
in theory provide an accessible setting with whiglstudy normal and dysmorphic

gut biology.

The previous chapter showed that over three daysgdan culture, explants form
villi and undergo spontaneous peristalsis. Nevégtizethe wall of the explanted gut
fails to form a robust longitudinal smooth muscl8M) layer, matching not

completely then vivo counterpart.

Previous studies have implicated T&F in postnatal gut maturation and in
regeneration following injury. In the mature iniast TGHB1 is detected in the tips
of villi (Barnard et al, 1993) and exogenous T@E inhibits the proliferation of
intestinal epithelia in cell culture (Yamaed al, 2013). Furthermore, T2 has
also been implicated in supporting SM differengatiin diverse other tissues
including urinary bladder mesenchyme (Let al, 2010), amniotic stem cells

(Ghionzoliet al, 2013) and neural crest cells (Huaatgal, 2011).

In this study, | hypothesized that exogenous BGFwould enhance SM
differentiation in embryonic mouse jejunal explartsing whole mount imaging,
immunohistochemistry and RNA microarrays, | fourtthtt exogenous TGH
promoted differentiation of longitudinal SM. At thevel of the transcriptome,
TGH31 showed effects correlating with the observedu@sshanges. Moreover, |
highlight that,in vivo, the physiologically herniated intestine is insggroximity to

amniotic fluid, which could provide an importanusce of TGIB1 proteins.
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4.2 Jejunal developmentin vivo and ex vivo

| first clarified the tissue layers in the expermted model. Freshly dissected E14
jejunum appeared as a semi-translucent cylindgu(gi4.1A). On histology (Figure
4.1B-D), it contained an epithelial core immunasitag for E-cadherin. This multi-

layered epithelium had indentations on its apiodiage but lacked villi.

Three sequential layers surrounded the epithalibé:t mesenchymal-like cells, a
circular SM layer that immunostained @8MA, and finally another mesenchymal-
like layer. Hereafter, the term ‘inner mesenchyiseiised to identify cells between
epithelium and circular muscle, and ‘outer mesenudiyfor cells outside the

circular SM layer.
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Figure 4.1 E14 embryonic jejunum

(A) E14 jejunum on the day it was explanted. Thgnsent is kept straight by a
suture threaded through the lumen. The red lineesgmts the plane of sectioning
used to generate histology. (B-D) Transverse sestiof this rudiment show
immunostaining foaSMA (white in B and green in the merged image inaDjl E-
cadherin (white in C and red in the merged imag®)nWhite arrowheads depict
the circular SM layer. Note there is no longitudli8® layer. Scale bars are 2pMh.
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Over three days in culture, and fed with basal metbne, the E14 explant increased
in length and width (Figure 4.2A). A transversetgecrevealed a prominent ‘floor
zone’ (Figure 4.2B-D) adjacent to the platform.S'hone contained villi accounting
for the ridge-like pattern evident in whole mourtsier mesenchyme, circular SM,
and outer mesenchyme were present in the flooho#fijh scattered cells in the
outer mesenchyme expresse8MA, typically a robust longitudinal SM layer was
absent. By contrast, the explant ‘roof’, abutting was a simple structure lacking

villi. Floor and roof zones were continuous andlesed a lumen.
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Figure 4.2 Organculture of embryonic jejunum

(A) Embryonic jejunum cultured for three days. T$egment is kept straight by a
suture threaded through the lumen. The red lineesgmts the plane of sectioning
used to generate histology. (B-D) Note the fornmawd villi and the presence of a
circular SM layer (with arrowheads); outside théelg only a few scattered cells
(yellow asterisks) expressSMA. Note there is no defined longitudinal SM layer
Scale bars are 250n.
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A freshly dissected E17 jejunum is shown in Figdt8A. A transverse section
(Figure 4.3B-D) revealed villi, an inner (circulai$M layer and an outer
(longitudinal) SM layer. These observations shoet,tin organ culture, rudiments
undergo a degree of differentiation and contaithefinl, mesenchymal and muscle
cells. However, no defined longitudinal muscle laigedifferentiated in specimens

cultured with defined media (Figure 4.4).
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Figure 4.3 E17 embryonic jejunum

(A) Image on left is a whole E17 embryo and insat dght (B-D)
Immunofluorescence pictures highlight the ta®MA" layers (white in B, green in
D) and the epithelium E-cadhefitwhite in C, red in D). Note the presence of villi
and both a circular and longitudinal (yellow arr@akls) layer. White arrowheads
indicate circular smooth muscle layer. Yellow arhmads=longitudinal muscle
layer. Scale bars=25{m.
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Figure 4.4 Schematic representation of embryonic jenum in vivo and ex vivo

(A) Diagrammatic transverse section of E14 jejunurhe asterisk denotes the
lumen. The epithelium (red) has yet to form vilhd the circular SM layer is green.
The area in the black rectangle is enlarged omigine. Note the ‘inner mesenchyme’
(im; grey) between epithelium and the SM, and thé&er mesenchyme’ (om; grey)
representing the most peripheral cell layers. (B3gtammatic transverse section
through an E14-D0O explant fed basal medium alorfee &xplant’s thick floor
contains villi and is continuous with the thin rdafrrows indicate boundaries). (C)
Diagrammatic transverse section through the Eldnijen shows villi and the
presence of a longitudinal SM layer (purple) thats Hormed within the outer
mesenchyme. Scale bar is 258.
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4.3 Explant growth

| determined whether supplementing media with [BGFaltered growth by
measuring explant length and area over three dagsliure (Figure 4.5). To account
for small variations in starting sizes, percentageeases were calculated for each
rudiment (Figure 4.6). In basal media alone theas an average 69.3% increase in
length and a 99.9% increase in area. Organs exgosear 50 ng/mL TGE1 also
increased in size. With 5 ng/mL TGE, there was no significant difference in length
versus rudiments fed basal media alone, althouglr tareas were modestly
decreased R=0.05). By contrast, rudiments exposed to 50 ng/ME&F31 had
marked decreases in growth versus controls in igths P<0.0001) and areas
(P=0.0004). Despite these concentration dependepttsffof TGB1 on overall
growth, in all three experimental conditions organstained a floor and a roof, as

assessed by histology (Figure 4.7).
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Figure 4.5 Effect of TGH31 on explant growth

Three rudiments when they were explanted (E14-DBg¢y were respectively fed basal media alone, atiangupplemented with 5 or
50 ng/mL TGB1. As depicted in the lower images, all three osggrew over three days. Note that the explants hatendency of
looping as per normal intestinal development. Sbateis 25Qum
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Figure 4.6 Statistical analyses of organ culture idifferent conditions

(A) Increases in length analysis showed that higiicentration of TGFL revealed a significant reduction in the lengthhef explant
and (B) Increase in area investigation depictemrdtiof effect due to the dose of T@&F Even in this case high concentration of B&GF
appeared to reduce significantly the area of trexispens. Overall the statistical analysis indicateat the higher concentration of
TGF31 retarded growth. Bars indicate me8SD.
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Figure 4.7 Effects of TGEB1 on explant growth differentiation

Transverse sections of rudiments maintained foeethdays in organ culture, with nuclei stained (@hivith DAPI. Each floor
contained villi; these appeared less ‘finger-likeexplants exposed to the higher concentratioRGi31. Scale bar is 250m.
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4.4 Effects of TGH3 on embryonic muscle layers

Next, | focused on the detailed pattern&8MA immunostaining within rudiments,
comparing organ cultures with freshly isolated Edad E17 jejuna. Transverse
sections of E14 organs (Figure 4.8, left panelwsdtba band of circular SM two to
three cells thick but no longitudinal muscle layBy. contrast, E17 organsa vivo

contained both a circular and a longitudinal SMelaffFigure 4.8, right panel).
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Figure 4.8 Muscle in embryonic jejunumin vivo

High power images of transverse sections from fye&olated intestines from E14 and Eitv vivo. Upper frames showSMA
immunostaining (white); lower frames are the samisns with DAPI stained nuclei (blue) ao&MA in green and nuclei in blue.
Note that a circular SM layer (c) is present ahliohes but only the E17 organ contains a longitad(l) layer. Scale bar is 30m.
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Figure 4.9 shows representative histology imagesrgns cultures grown in basal
media alone (left panel), 5 ng/mL T@E (middle panel) and 50 ng/mL T@RE

(right panel).
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Figure 4.9 Muscle in embryonic jejunum in organ cuiure

High power images of transverse sections of flaores of E14 rudiments (E14-D&x vivQ cultured for three days. Similar sequences
for explants fed basal media alone (left panelsinedia supplemented with 5 (middle panels) orrigh{( panels) ng/mL TGFL. Note
that longitudinal muscle is only present in thédatwo conditions. Scale bar is fifn.
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Quantitative investigation on the presence of tregitudinal muscle layer into the
study group showed that only the latter two havengitudinal muscle layer. Only

one of eight explants in basal media alone hadseretie longitudinal muscle layer,
whereas seven of eight explants in 5 ng/mL BGFand all eight explants in 50
ng/mL TGH1, contained longitudinal SM (respectiveB£0.01 and”=0.001 versus

explants in basal media) (Figure 4.10).
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Figure 4.10Percentage of longitudinal muscle layer in organ dture

Data from eight sets of organ cultures specimeashEEomprised rudiments from
three embryos in the same litter, one explant f@sabmedia alone, and littermate
rudiments fed 5 or 50 ng/mL T@E. The bar graph shows the proportions of
explant containing a longitudinal SM layer. Notattkthe longitudinal muscle layers
seem to not differentiate in specimens culturedh wa growth factor.
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The two TGIB1 concentrations caused step-wise increases iemtages of the total
floor area occupied by longitudinal SM (Figure 4.1All rudiments contained
circular SM, and 50 ng/mL of TG significantly increased the proportion of floors

occupied by this layer (Figure 4.12).
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Figure 4.11 Percentage of explants floors occupidyy longitudinal muscle layer

Data from eight sets of organ cultures rudimentschEcomprised rudiments from
three embryos in the same litter, one explant f@sabmedia alone, and littermate
rudiments fed 5 or 50 ng/mL of TE. The graph demonstrates a step-wise
increase in percentages of the total floor areapied by longitudinal SM due to the
two different concentrations of TBE. Bars indicate me&$D. Yellow=specimens
cultured in defined media; orange=specimens cudtimemedia supplemented by 5
ng/mL of TGH1; red= specimens cultured in media supplementefiObyg/mL of
TGH31.
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Figure 4.12 Percentage of explants floors occupidxy circular muscle layer

Data from eight sets of organ cultures specimeashEomprised rudiments from
three embryos in the same litter, one explant f@sabmedia alone, and littermate
rudiments fed 5 or 50 ng/mL of T@E. The graph demonstrates that all the
rudiments contained the circular muscle layer. Nb#t specimens cultured with 50
ng/mL of TGH1 significantly increased in the proportion of fteamccupied by this
layer. Bars indicate meaBD. Yellow=specimens cultured in defined media;
orange=specimens cultured in media supplemente8 hg/mL of TGB1,; red=
specimens cultured in media supplemented by 50 IngfM GH31
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4.5 Detection of TGH3 receptors

In vivo, at E14, TGBRI was detected in the circular SM, and, at E1Wai$ detected
in circular and longitudinal SM layers (Figure 4).1R0o co-localisation of TGFRII
with aSMA was identified in the circular muscle layer Bfi4 while in E17
specimens TGERII was detected the mesenchyme between the twalenies/ers

and only partially co-localised in the longitudimalscle layer (Figure 4.14)
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Figure 4.13 Immunohistochemistry of TGH receptor | in vivo

The figure shows transverse histology sectionsreghly isolated jejuna (E14 and
E17in vivg. Frames in the top row show T@RI immunostaining (white); middle
row shows the same sections immunostaineda®¥A (white); the bottom row
shows merged images with T@RI in red,aSMA in green, and nuclei in blue. This
receptor was detected in circular muscle (c) at Bbd in this and also the
longitudinal (l) layer at E17. Note that longitudirmuscle is absent at E14. Scale
bar is 20um.
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Figure 4.14 Immunohistochemistry of TGH receptor Il in vivo

Transverse histology sections of freshly isolatgdrja (E14 and Elih vivo) are
presented in this figure. Frames in the top rowwsAGHRII immunostaining
(white); middle row shows the same sections immtained foraSMA (white); the
bottom row shows merged images with TBRH in red,aSMA in green, and nuclei
in blue. TGBRII was not detected in circular muscle at E14 boty in the
mesenchyme after the circular smooth muscle ldpégrestingly in E17, TGERII

is prominent in the mesenchyme below the circulaisete layer and partial co-
localized with thexSMA" cells of the longitudinal muscle layer. Scale isg20pum.
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In explanted organs cultured without exogenous FIGRhe outer mesenchyme
expressed TGRRII but not TGPBRI, in contrast with rudiments cultured with
TGH31 where both receptors were identified. Moreovemilar to E17, in the

rudiments exposed to exogenous PGthe newly formed longitudinal smooth
muscle layer expressed both receptors. Table 4imsuwizes the localization of

TGH3RI and Il in E14 and E17 jejunal sections.

Interestingly, there is evidence that TgGPproteins initiate signalling only after
binding to TGP receptors | and 1l (Akhurst and Hata, 2012). Trees the outer

mesenchyme and the longitudinal muscle have theopppte receptors to respond
to TGH31 after E14, while by E17 (or three days in culfure circular muscle is no

longer competent to respond to TE$tgnalling.
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Circular SM Mesenchyme Longitudinal SM
Condition
TGH3RI TGH3RII TGFBRI TGH3RII TGFBRI TGH3RII
E14 Y N N Y n/a n/a
E17 Y N N Y Y Y

Table 4.1 Localization of TGH receptorsin vivo

The table above describes the localization of f&Fand Il detected by immunofluorescence analysitghe circular muscle layems vivo, both
TGHBRI and 1l seems to be expressed in E14, while in this receptor appear to be not localized. AlthougE14 and E17, T@RI and I

appeared to be localized in the outer mesenchyrpesitely in both condition, only E17 revealed agitadinal muscle layen SMA®. n/a=not
applicable due to no presence of longitudinal lagdi=smooth muscle.
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4.6 Jejunal villi
In vivo, between E14 and 17, the average width of the diexan expressing
epithelium fell from 38.2 to 18.Am, correlating with diminished cell multi-layering

during formation of villi (Figure 4.15; Figure 416
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Figure 4.15 Width of epithelia layerin vivo.

Measurement of epithelial width showed thativo there is a significant change in
the epithelial layer corresponding to the differatidn between the pluristratified
epithelium in E14 to the pseudostratified in E17riBg the developmental time
between E14 to E17, proto-lumen is at the beginrfmly occupied by the
epithelium, but then the rise of villi with syncimaus with the development of the
pseudostratified epithelial layer creates a fumaidumen. Bars indicate mes8D.
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Figure 4.16Embryonic jejunal epithelium differentiation in vivo

Transverse sections of freshly isolated jejuna (&id E17in vivo) are presented in
this panel. Left column=E-Cadherin (white); secamlumn=SOX9 (white); third
column shows nuclei (white); the right column isiarged image with E-cadherin in
red, SOX9 in green and nuclei in blue. SOX9 wasesged in the basal layers of
epithelium in the E14 jejununm vivo. At E17, SOX9 was localized to clusters of
epithelial cells (yellow arrowheads) between villith similar appearances in organ
culture (see Figure 4.18). SOX9 was also detectedsolated cells in outer
mesenchyme (asterisks), presumed enteric gangide $ar=4qQm.
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E14 rudiments cultured in basal media alone alsgatoed an epithelial layer with
an average of width of 19)@m, similar to E17 jejunurm vivo. In explants exposed
to TGH31, the average width was significantly decreasspecimens exposed to 5
ng/mL of TGHB1 (P=0.02) but the epithelial width of rudiments expbde 50

ng/mL of TGH1 was similar to control$P£0.09) (Figure 4.17; Figure 4.18).
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Figure 4.17 Effects of TGHBL1 in epithelial differentiation organ culture

After three days in culture, the rudiments exposeéxogenous TGFL express a
reduction of epithelial width as per normal epithleldifferentiation (E17 mean
epithelial width 18.47um; E14-D3 5ng/mL TGB1, 17.31um; E14-D3 5ng/mL
TGH31, 17.99um). Interestingly, specimens cultured in defineddimepresented a
wider epithelial layer compared to the 5ng/mL T&RP= 0.02), but no difference
were reported to 50 ng/mL T@E. Bars indicate mea$D.
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Figure 4.18Embryonic jejunal epithelium differentiation organ culture

This panel shows transverse sections of E14 rudsr&1i4-D3ex vivq floors. Left
column=E-cadherin (white); second column=SOX9 (ehitthird column shows
nuclei (white); the right column is a merged imagé E-cadherin in red, SOX9 in
green and nuclei in blue. During three days in nrgalture the intestinal epithelium
differentiate in finger like structure as pervivo. Interestingly, high concentration
of TGH31 showed dysmorphic villi, alteration of the E-cadh pattern and lower
amount of SOX9 in the area of the crypt. Scale #@apm.
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Villi formed in control explants and those expodedTGH31; however, explants
exposed to the higher TBE concentration appeared stunted. Transverse sgedaiio
explants in basal media alone contained an averg§e? villi (Figure 4.19). There
was a significantf=0.010) increase to an average of 6.5 villi in 5mg TGH31 but
rudiments fed 50 ng/mL TGH tended to have fewer (average of 4.19) villi than

controls.

The SOX9 transcription factor is expressed in pedditive epithelia in the intervillus
area. In E14 organs that have yet to form villg basal cell layers of the epithelium
expressed SOX9 (Figure 4.16). In E17 organs, ircispns cultured in defined
medium and the explants exposed to BGFepithelial SOX9 expression was
confined to regions between villi. SOX9 was alstedeed in non-smooth muscle
cells in the outer mesenchyme; these are probatugrie glial cells, known to

express SOX9 (Figure 4.16 and Figure 4.18).
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Figure 4.19 Effect of TGHB1 on number of villi

The graph shows the numbers of villi in transvessetions of floors. Eight sets of
organ cultures were analysed. In each set, the laag indicates the mean; flanked
by one SD. Explants in 5 ng/mL TGFE contained significantly more villi than

controls. Interestingly, immunohistochemistry shdwbat the shape of the villi is

abnormal in specimens cultured in 50 ng/mL PBE&MBars indicate mea$D.
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4.7 Jejunal transcriptome

To define molecular changes elicited by T3Fin an unbiased manner, we
undertook microarray analyses on organ culture &ssnpnd we validated the
microarray data with QPCR for 13 of the most chahganscripts altered by 5
ng/mL of TGH1 (Table 4.2). The most deregulated transcriptaltes from
microarray analysis are shown in Tables 4.2 and witB the full list available at
Array-Express database (www.ebi.ac.uk/arrayexpaesession number E-MTAB-
450). Ingenuity pathway analysis confirmed the olbs# changes were consistent
with activated TGB1 pathways. Figure 4.20 and Figure 4.21 showed gdsgim

levels of transcripts assessed by microarray ahdatad by QPCR analyses.
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UniGene UniGene Name FC P
Symbol
Up regulated in 5 ng/mL TGF L
Krtl7 Keratin 17 2.07| 0.0006
Ctsw Cathepsin W 2.27 0.0001
Anpep Aminopeptidase M 2.02 0.01
Col8al Collagen, type VI, alpha 1 2.10 0.0001
Lgrs Leucine-rich repea:;ggg:girnéng G protein—coupladl_90 0.004
Eln Elastin 1.82 0.005
Angptl Angiopoietin 1 1.81 0.0008
Sfrpl Secreted frizzled-related protein 1 1.54 0.0n
Down regulated in 5 ng/mL TGF 1

Fxyd2 FXYD domain containing ion transport regulator 22.53 0.04
Gpmé6a Glycoprotein M6A -2.05| 0.0007
Mixipl MLX interacting protein-like -1.84 0.01
Pten Phosphatase and tensin homolog -1.88 0.903
Sfrp2 Secreted frizzled-related protein 2; -1.53 0.009

Table 4.2 Expression of selected genes from micraay analysis

These selected genes were used to validate miayodata using QPCR. All gene
expression changes shown are statistically sigmtiavith P<0.05 using Student’s
pairedt test and n=4 for each gene tested. Data from igexs cultured in 5 ng/mL
of TGH31. FC=average fold change.
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UniGene UniGene Name Fold P
Symbol change
Upregulated in 5 ng/ml TGF A1 versus basal media

Car6 Carbonic anhydrase 6 3.02 0.02

Pigr Polymeric immunoglobulin receptor 3.01 0.01

AnxalO Annexin A10 2.89 0.01

Ifit1 Interferon-induced protein with tetratricopeptide 2 64 0.04
repeatsl

Ctsw Cathepsin W 2.27 0.0001

Mfap5 Microfibrillar associated protein 5 2.11 0.002

Col8al Collagen, type VIII, alpha 1 2.10 0.0001

Krtl7 Keratin 17 2.07 0.0006

Lgrs Leucine-rich repeat containing G protein-coupled 1.90 0.004
receptor 5

Eln Elastin 1.82 0.005

Downregulated in 5 ng/ml TGF L versus basal media

Cdhl6 Cadherin 16 -3.80 0.03

Dppaba Developmental Pluripotency associated 5a -2.89 200

Akp3 Alkaline phosphatas_e 3, intestine, not Mn 263 0.04
requiring

Fxyd2 FXYD domain containing ion transport regulatof 2 2.53 0.04

Paqgr5 Progestin and adipoQ receptor family memben V 2.4 0.04

Tufm Tu translation elongation factor, mitochondria 32 0.01

Hsd3b2 Hydroxyl—delte—5—st¢r0|d de_hydrogenase, 31 231 0.02

and steroid delta-isomerase 2
Agmo Alkylglycerosl monooxygenase -2.25 0.08
Adam4 A disintegrin and metallopeptidase domain 4 -1.780.001

Table 4.3 Deregulated transcripts in organs exposdd 5 ng/ml TGH31

List of significant transcripts up and down regathtin specimens cultured with 5

ng/ml TGH1.
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gg;ﬁbeor;e UniGene Name ctﬁgrl%e P
Upregulated in 50 ng/ml TGF 1 versus basal media
Clqgtnf3 C1q and tumor necrosis factor related protein3 685.| 1.69E-05
Akrlcl8 Aldo-keto reductase family 1, member C18 3.78 0800
Adamts|2 ADAMTS-like2 3.10 1.53E-05
Ibsp Integrin binding sialoprotein 3.10 0.003
Mfap5 Microfibrillar associated protein 5 3.08 0.0001
Cilp Cartilage in;?/rr?;r?gitpeh?g%r%rlgtseein, nucleotide 3.02 0.007
Ctsw Cathepsin W 2.96 4.97E-05
Col8al Collagen, type VIII, alpha 1 2.88 0.0004
Eln Elastin 2.73 2.18E-05
Downregulated in 50 ng/ml TGF 1 versus basal media
Gpmo6a Glycoprotein m6a -2.87 3.95E-05
Dppaba Developmental Pluripotency associated 5a -2.50 30.0
Tufm Tu translation elongation factor, mitochondrial 2P 0.0008
Gpx2 Glutathione peroxidase 2 -2.13 0.01
Kcne3s Potassium V?;ﬁﬁ;:ﬁéﬁjb(;?%nnell Isk-related .1.80 0.002
Potassium intermediate/small conductance
Kcnn3 calcium-activated chagnel, subfamily N, member -1.79 0.01
Upklb Uroplakin 1B -1.77 0.0004
Pten Phosphatase and tensine homolog -1.76 0.01
Celfl CUGBP, Elav-like family member 1 -1.69 0.005
Sema3d Sema domain, immunoglobulin domain, short 162 0.02

basic domain, secreted 3D

Table 4.4 Deregulated transcripts in organs exposed 50 ng/ml TGH31

List of significant transcripts up and down regathin specimens cultured with 5
ng/ml TGH1.

184



B Microarray
B QPCR

Fold Change
S » & 9

1
t

4
R Y A \» 5 'i «é

& & e%cmw

Figure 4.20 Comparison of changes in levels of seted transcripts measured by
microarray versus QPCR (5ng/mL TGH31)

Changes in levels of transcripts (presented iretdt®2) were assessed by microarray
(blue) and QPCR (red) analyses. Each bar is theaggevalue of four experimental
replicates of organs exposed to 5 ng/mL of BGRersus organs exposed to basal
media alone. Note that the patterns generateddytb assays are broadly similar.
Area between dot lines indicates EC. Bars indicate SEM.
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Figure 4.21 Comparisons of changes in levels of sefed transcripts measured
by microarray versus QPCR (50 ng/mL TGH1)

Changes in levels of transcripts (presented iretdt®2) were assessed by microarray
(blue) and QPCR (red) analyses. Each bar is theaggevalue of four experimental
replicates of organs exposed to 50 ng/mL of BGWersus organs exposed to basal
media alone. Area between dot lines indicatesEars indicate SEM.
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In those exposed to 5 ng/mL TGE 176 transcripts were increased and 130 were
decreased >1.4 fold alvalue <0.005. In 50 ng/mL T@HE, 246 transcripts were

increased and 76 were decreased >1.4 foldParalue <0.005.

In rudiments exposed to 5 ng/mL TEE there wereTGFSlgrowth factor-related
changes’(P-value of overlap, 2.81E-06; activation z-score02, and SMAD3-
related changeégqP-value of overlap, 6.75E-04; activation z-scor&82. The latter
indicates activation of the canonical TBignalling pathway (Akhurst and Hata,

2012).

In rudiments exposed to 50 ng/mL T@&F, there wereTGFS1growth factor-related
changes’(P-value of overlap, 2.07E-22; activation z-scor®13.and P38 mitogen
activated protein kinase (MAPK)-related charigéR-value of overlap, 1.02E-10;
activation z-score, 3.67). The latter indicates ivatbn of a SMAD

independent/non-canonical signalling T&pathway (Akhurst and Hata, 2012).

Unsupervised hierarchical clustering (Figure 4.28yealed three major gene
expression patternglusters 1-3 Cluster 1 comprised 90 unique transcripts with
reduced expression in explants exposed to exogelm@fMB1l. GO enrichment
analysis revealed that most encoded transmembrateins, including ion channels

(Figure 4.23).
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Figure 4.22 Microarray analyses reveals TGB1 dose dependent effects

The heat map located in the previous page showsipengsed hierarchical
clustering by transcript expression. Rows are esgiom levels denoted as the Z-
score, displayed in a high-low (red-blue) colowlsc Transcripts grouped into three
Clusters: (1) reduced in response to BGH2) increased in response to 5 ng/mL
TGH31 and (3) increased in response to 50 ng/mL fIGF
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Figure 4.23 Cluster 1 profile plots and network anbysis of transcriptomic data

Profile plot of Cluster 1 is shown, with the meaofpe indicated by a white line. Overrepresentéaldgical terms from each cluster
are displayed as GO enrichment maps. Nodes repré&s@rierms and lines represent the degree of que@tuster 1 revealed ion
channels and membrane transcripts that were umuesented following treatment with TGE
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Cluster 2 contained 66 transcripts increased itaetp exposed to 5 ng/mL TGE,
but not in those exposed to 50 ng/mL T8aFThese transcripts prominently encoded

proteins involved in the cell cycle. (Figure 4.24)
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Figure 4.24 Cluster 2 profile plots and network anbysis of transcriptomic data

Profile plot of Cluster 2 is shown, with the meaaofpe indicated by a white line. Overrepresenteadgical terms from each cluster
are displayed as GO enrichment maps. Nodes représeterms and lines represent the degree of quetuster 2 revealed cell cycle
and microtubule process transcripts that were epeesented following 5 ng/mL TGE.
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Cluster 3 contained 170 increased transcripts thighhighest expression in explants
exposed to 50 ng/mL T@EH. They prominently encoded extracellular matrix

(ECM), cellular adhesion and focal adhesion pratéiigure 4.25).
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Figure 4.25 Cluster 3 profile plots and network anbysis of transcriptomic data

Profile plot of Cluster 3 is shown, with the meawfge indicated by a white line.
Overrepresented biological terms from each clusterdisplayed as GO enrichment
maps. Nodes represent GO terms and lines reprémedegree of overlap. Cluster 3
revealed transcripts involved in ECM and focal ailbve type processes that were
overrepresented after exposure to BGF
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Using the Jackson laboratory MGI-Mouse gene exmesdatabase, we analysed
tissue specific transcript sets. SM markers (Tabld) displayed a TH
concentration-dependent increase (Figure 4.26), redise less specific muscle

markers (Table 4.5) were only marginally increa@edure 4.27).
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Figure 4.26 Violin plots of transcriptomic data for smooth muscle transcripts

Violin plot of Z-scores shows the expression lev@isSSM specific transcript. The
violin plot combines box plot and kernel densitsice to describe the distribution
pattern of a vector of data. Note that SM specitmscript increased in a stepwise
manner with increasing TBE concentrations. The symbol + indicate mediarhef t
data.
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Gene name

Akrib7

Anol

Col5a2

Erg

H2-T10

Mfap4

MslIn

Myocd

Sfrpl

Sncaip

Susd?2

Wifl

Table 4.5 Smooth muscle transcripts used to geneetorrespondent violin plot

The table above listed the smooth muscle transcrgpgnificantly changed by
TGH31 and used to create the violin plot graph preseoteFigure 4.26.
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Figure 4.27 Violin plots of transcriptomic data for all muscle transcripts

A violin plot of Z-scores shows levels of transtsim@long vertical axes. General

muscle transcripts showed little change with B&FThe symbol + indicate median
of the data.
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Gene name

Ul

Abca9 Chrd GO0s2 Mb Nrap Rpl37 Tceb2
Actal Chrnal Glil Meox1 Nxph4 Rpl3l Thsdl
Actn2 Ckm Gprasp. | Mpp4 Obsct Ryrl Tmod<
Actn3 Ckmt2 Habp2 Mybpcl Obscn S100al Tnncl]
Adamdecl Coro6 Helb Mybpc2 Pcdh18 Sag Tnnc2
Adralk Cox6a: | Hfe2 Myf6 Pdel0 Sardt Tnnil
Adssl1 Cryab Hhip Myh2 Pde6a Scara5 Tnni2
Akl Csrp3 Hint2 Myh7 Pdk4 Scnda Tnnt3
Ankrd2 Des Hrc Myl1 PdlimE Sema6 | Tomm7
Ankrd23 | Dgcr6 Hspb2 Myl2 Pdlim5 Sgca Tpm1l
Art3 Didol Hspb6 Mylpf Pebp4 Shmt2 Tpm?2
AsbE Didol Hspb’ Myod1 Pgam: Slc25a3. | Trhde
Atp2a2 Duspl3 Impg2 Myom1 Pipox Sin Trim54
Atp5d Eno3 Inhbe Myom2 Pkia Smpx Tuba8
Cacnal Eya< Itgal( Myot Pin Smr3i TxInb
Camk2d Fbfl Jphl Myoz1 Ppara Smyd]| Ucp3
Casq. Fbpz Krtap4-7 | Myoz2 Ppplrli | Stl: Vampt
Ccrn4l Fgfl10 Ldb3 Ndufal Ppplr3a  Stac3 Vamp}
Ccrn4l Fafr4 Lmod1 Nelll Pygm Sultlel Wnt5b
Cd7 Fhil Lpo Nexr Rabep: | Synpo2

Cdh15 Fhi3 Lrrc39 Nipsnap3bRapsn Tacr2

Cdk4 Fut2 Mapkl12 | Nosl Rdh5 Tcap

Cfl2 Fxyd1 Mars Nr2e: Rgmze Tceal

Table 4.6 Muscle transcripts used to generate corspondent violin plot

The table presented depicts muscle transcripts tasgdnerate the graph showed in

Figure 4.27.
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Similar to muscle markers, jejunal transcript (Eall.6) did not show TGR
concentration-dependent increase (Figure 4.28).leColely, these results
demonstrate complex sets of changes in gene eiumeissresponse to exogenous

TGH31, with both concentration-dependent and conceatrapecific effects.
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Figure 4.28 Violin plots of transcriptomic data for jejunal transcripts

Violin plots of Z-scores show levels of transcrigng vertical axes. Jejunal
transcripts increased in a stepwise manner witheaging TGB1 concentrations.
The symbol + indicate median of the data.
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Gene name
Ace Htr2b
Ada Htr2b
Argl l12rg
Artl Kcnmal
Ccl9 Kcnmal
Cd4 Laptm5
Cd53 Liph
Eno3 Myh11
Gasl Nt5e
Grik2 Nt5e
Hoxc8 Slc6al2
Hspa4l Tac2
Htrld Wnt5a
Htr2a

Table 4.7 Jejunum transcripts used to generate coespondent violin plot

The table shows the list of transcripts relategepumum and significantly altered on
the microarray produced from experiment presente@hapter 4. These data were
used to create the violin plot graph in Figure 4.28
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4.8 Proliferation in explants

Given that the microarray data showed an incraasell cycle transcripts following
exposure to TGFL, | analysed either normal proliferation raterinvivo rudiments
and cell number and proliferation in tissue sediex vivo In normal development
between E14 and E17, the intestine is normally exbf to extensive re-
organization of the epithelial, mesenchymal and culas compartment. As
demonstrated by Figure 4.29, E17 jejunum is invdlire higher proliferation rate
compared to E14, as demonstrated from the anatbdifterentiation from a single
tube to a complex structure. Interestingly, inned auter mesenchyme of the E17
jejunum tends to reach the highest point of pradifien, whereas in the E14 the

proliferation rate constantly increases in a radiedction.
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Figure 4.29 Proliferation in embryonic jejunumin vivo

The graph bar shows the rate of proliferation caimngaEl4 and E17n vivo
assessed by Ki67 immunohistochemistry. In E14 redis no longitudinal muscle
layer or mesothelium was identified, whereas Elffimted all the intestinal layers.
Although E14 explants presented a hyperbolic tiengroliferation rate per layers,
the two mesenchymal layers of E17 rudiments shawegbeak of proliferation, with
an associated proliferative reduction of the efigh&ayers. Bar=SEM.
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Although the floors areas seem to growth slightlythwincreasing TGE1
concentrations (Figure 4.30), floors of rudimentpased to 5 ng/mL TEF tended

to have more nuclePE0.077) than controls (Figure 4.31).
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Figure 4.30 Cross-section areas of explants in orgaulture

The graph depicts area of explant floors aftereltays in organ culture. There was
no significant difference between T@EE and control cultures. Bars indicate
mean+SD.
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Figure 4.31 Numbers of cell nuclei in organ culture

The graph illustrates the total number of nucleexplant floors after three days in
organ culture. There was no significant differermween TGB1 and control
cultures. Bars indicate mean+SD.
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Immunofluorescence for E-cadherin am8MA showed that specimens cultured in
defined media did not exhibit a defined longitudismooth muscle layers (Figure
4.32), but the percentage of floalSMA" between inner and outer mesenchyme
stayed at the same level as specimens exposeddgbrt TGH1. Interestingly, 50
ng/mL TGH31 seems to increase the percentage of both cireumdrlongitudinal
smooth muscle layer. Figure 4.33 shows that pralifen was most prominent in
inner mesenchymal and longitudinal muscle layemudiments exposed to 5 ng/mL

TGFB1.
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Figure 4.32 Distribution of layers in organ cultures

The box and whisker graph illustrate the distribntof the epithelium (E; red), inner
mesenchyme (IM; dark blue), circular muscle (CMeagr), outer mesenchyme (OM;
light blue) and longitudinal muscle (LM; pink) ihe floor of explant assessed by
immunofluorescence for E-cadherin am8MA. Although the layers distribution is
conserved in all the condition, explants culture@¢aonditioned media do not present
defined longitudinal muscle layers. Interestingilydiments cultured in 50 ng/ml of
TGH31 exhibited ticked circular and longitudinal musdéeyers. E=epithelium;
IM=inner mesenchyme; CM=circular muscular layer; €Mter mesenchyme;
LM=longitudinal muscle layer. Box plot shows thdeinquartile range, whiskers,
and max/min outliers. Bar into the box indicatesiiae.
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Figure 4.33 Proliferation in organ cultures

Percentages of proliferating cells (assessed by7 Kimunohistochemistry) in

explant floors: epithelium (E; red), inner mesemoby (IM; dark blue), circular

muscle (CM; green), outer mesenchyme (OM; lightebland longitudinal muscle
(LM; pink). Overall, the highest proportions of pferative cells were noted in inner
mesenchyme and the longitudinal muscle layer, hbothhe group of explants
exposed to 5 ng/mL TGH.. Note that, n=8 for all layers in all three cdiudis apart

from the longitudinal SM layer for which n=1 in @/mL TGH31 and n=7 in 5

ng/mL TGH31 (because only one of eight and seven of eighlaeip formed this

layer in these respective conditions). E=epithefiumv=inner mesenchyme;

CM=circular muscular layer; OM=outer mesenchyme; dldhgitudinal muscle

layer. Box plot shows the inter quartile range, skiers, and max/min outliers. Bar
into the box indicates median.
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4.9 TGFg in jejunum and amniotic fluid

In the E14 embryo, herniated intestine protruded the extraembryonic coelom of
the umbilicus (Figure 4.34, left paned). At Eih7vivo, the intestine had returned
into the abdominal cavity (Figure 4.35). Note tltze intestine had a close spatial

relation with the amniotic fluid.
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Figure 4.34 Whole mount of E14 mouse

Image on left is a whole E14 embryo and inset ghtris a high power of the boxed
area showing intestine protruding into the extrasmmhic coelom. Scale bars=250
um.
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Figure 4.35 Whole mount of E17 mouse

Image on left is a whole E17 embryo and inset ghtris a high power image of the
boxed area showing that the intestine has retuintmd the body cavity Scale
bars=25Qum.
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Amniotic fluid contained TGFL at E14 (1.39£0.31 ng/mL; mean+SD, n=3) and E17
(2.73£1.72). Next we sought TGHn the gut itself. As assessed by QPCR both the
E14 and E17 jejunum expressEgfsl, with levels falling between these embryonic
stages (Figure 4.36). E14 explants, cultured foedldays with basal media alone,

contained levels ofgfs1 similar to E17 organm vivo.

Despite the detection ofgffl transcripts in explants, there was no detectable
TGF31 protein in organ culture conditioned media (lowsnrit of detection being

0.03 ng/mL).
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Figure 4.36 QPCR of endogenous TER

QPCR measurements faigffl, factored forGapdh expressed as the average of
three samples of freshly dissected E14 jejunumdyelE14-DO0), freshly dissected
E17 jejunum (orange, E17), and E14 rudiments oedtuior three days in basal
media alone (red, E14-D3). Bars define m2iD.
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4.10 Discussion
The current study reveals marked effects of exogendGH1l on the

muscularization of embryonic small intestine.

RNA microarrays of cultured organs showed that BGkncreased SM specific
transcripts in a concentration-dependent mannereder, detailed examination of
histology sections within explants revealed thabgenous TGEL increased the

proportions of the tissue occupied by SM.

| found that in the embryonic mouse small intestexe reported in rats (Kedinger

al., 1990), circular SM is present before longitudi8M has formed. Strikingly, in
the currentex vivomodel, exogenous T@E was essential for differentiation of
longitudinal SM. Moreover, the detection of T@#H and Il in differentiating muscle

cells is consistent with a direct effect of THnN this process.

In fact, diverse growth factors have been implidaten controlling gut
differentiation, as assessed by experiments inrsevevertebrate species (Rubin,
2007), and our results should be considered inioaldo this body of knowledge.
Embryonic gut endodermal cells secrete SHH thatuséites visceral mesoderm to
form SM (Apelgvistet al, 1997). BMP, a SHH target (Robess al, 1995), and
PDGF are expressed in the gut wall where SM is ifmgrand have themselves been
functionally implicated in SM differentiation (Kunashiet al, 2008; Torihashiet
al., 2009). As well as being a signalling centre fddHs embryonic intestinal
epithelia secrete FGF9 that drives gut growth, eoimg mesenchymal proliferation
(Geskeet al, 2008). Here, FGF9 also prevents premature diffextton of intestinal

SM cells in association with down regulated B3tgnalling (Gesket al, 2008).
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In most of the above studies, gut SM was considased single entity. An exception
is the report by Kurahaskt al. (2008) (Kurahashet al, 2008) that concluded that
PDGF-A is expressed by circular SM, and that POBSB-expressed by interstitial
cells of Cajal, and that these factors acted orgitadinal SM precursor cells
expressing PDGFiRandf. In our RNA array, we found a significant up-regfidn
of Pdgfa (1.33 fold change in 5 ng/mL and 1.22 in 50 ng/M&F31) andPdgfc

(1.38 fold change in 5 ng/mL and 1.66 in 50 ng/nFB1).

There was no significant change Fgf9 transcripts after exposure to 5 ng/mL
TGH31 but in rudiments exposed to 50 ng/mL T8 FH-gf9 levels were significantly
lower (0.82) than controls. Thus, as well as haardirect effect of longitudinal SM
differentiation may indirectly enhance embryonitestinal muscle differentiation
via alterations of these growth factors. No siguifit changes were notedRagfh
Pdgfd or the receptor®dgfra and Pdgfrs, nor in the HH pathway transcrip&hh

Ptchl, Ptch2 Bmp2 andBmp4

Whereas longitudinal muscle differentiated in tmeal intestinein vivo between
E14 and E17, it failed to do so in explants fedhwbasal media alone. Strikingly,
however, longitudinal SM differentiation was resdu®y the addition of exogenous
TGH31. As assessed by QPCRgiAL transcript was detected in the embryonic
jejunum, with levels tending to fall between El4dak&17. Moreover, these
transcripts, at levels similar to those found a¥ B1i vivo, were detected in E14
jejunal rudiments cultured for three days. On ttieep hand, conditioned media of

explants fed basal media alone did not containctigée levels off gf5L.

At mouse E14, anatomically equivalent to week sevehuman gestation (Sadler,

1990), | found that the elongating intestine prd&siinto the extraembryonic celom
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of the umbilicus where it is in close proximityttee amniotic cavity. By mouse E17,
anatomically equivalent to week nine of human dgestaSadler, 1990), the small
intestine has become tightly coiled and has retumoethe body cavity. Amniotic

fluid has previously been shown to contain PG&t least some of which is derived

from the mother (Letteriet al, 1994; McLennan and Koishi, 2004).

In the current study, | showed that amniotic flumbntained TGBl in
concentrations between about 1-2 ng/mL, at a timeenwthe intestine is
physiologically herniated. Thus, by analogy withe trgan culture results, we
suggest that fluid bathing the intestine may enbatsdifferentiationn vivo. This
concept, that exogenous TEBupplements endogenous gut TGS similar to one
proposed by Penttilat al. (Penttilaet al, 1998) who found that maternal milk was

rich in this growth factor.

A recent mouse study by Zhaeg al (Zhang et al., 2016a)sed QPCR to measure
levels of a variety of growth factor receptors madl intestine between E13 and
postnatal day 60. They found that transcripts emgp@GHRI were highest at E13,
and fell later in gestation, then rose to a smatleak at two weeks after birth.
Transcripts encoding T@RII rose between E13 and two weeks after birth, taed
decreased. The study reported that milk contaimecaerage of 900 ng/ml of
TGF31 at birth, with levels of TGR2 approximately an order of magnitude less
Zhanget al (Zhang et al., 2016a). In the first few postnataews, the authors
contended that TGFproteins in milk might affect epithelial termindifferentiation,

and play an anti-inflammatory effect, in the sniatiéstine.

While TGH31 appeared to facilitate jejunal development, esfigcn relation to

muscularization, my results point to the additiot@hclusion that the higher TRE
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concentration seems to have additional deleteedffiests. Scrutiny of the array data
revealed that some transcripts were up regulatédelesm 50 and 5 ng/mL TGR
that were unchanged between 5 and O ng/mL [FIGFThey included
metalloproteases Adamts16, Adamts20, a skeletédge Col24al, integrin Itga9
and laminin Lamal. Furthermore, the array indicated SMAD independent/non-

canonical TGBL1 signalling became activated at the higher comagah of TGFRB1.

TGH31 secreted by smooth muscle cells seems also tnvmved in the

modulation of cell phenotype also during postnapabcess like chronic
inflammation.In vitro study of human smooth muscle cell indicated thathie

later phases of inflammation, a relative upswingoad-fibrotic factors such as
the TGHB might modulate the expression collagen productiorthis way, the

repetitive events of chronic relapsing inflammationight drive stricture
formation or increase in muscle width (Grahan al, 1990). Furthermore,
smooth muscle cells both secrete and respond tacekiular matrix factors and
decreased expression of collagen | and lll, witbreased collagen VIII and
ICAM-1 reflects the modulated smooth muscle celepdtype Alexander and

Owens, 201p

My current study cannot answer the question of idreTgf31 transcripts expressed
in the embryonic intestine play a biological rofe gut development. TGH null
mutant die either at E10-11 with defects in yolk sasculature (Dicksoet al,
1995), or in the first few postnatal weeks whereytlsuffer a wasting disorder
accompanied by multi-organ inflammation and ‘millanic and gastric necrosis’
(Kulkarni et al, 1993). A similar embryonic phenotype was obsenied

homozygousTgf2 mutant mice (Oshimaet al, 1996) andTgff2/wild type
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chimeric mice progressed through the foetal pebotd suffered postnatal wasting

accompanied and their ‘organs were smaller’ thamab
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5 CHAPTER 5 — General discussion

5.1 Summary of findings
The work presented in this thesis has applied physind chemical manipulation to

anex vivoembryonic intestinal culture system

The results presented in Chapter 3 establish ti@tntouse embryonic jejunum
differentiates from a simple tube to a complex dtree with villi, crypts and
muscles between E14 to E17. Moreover, explantechjen broadly follows normal

differentiation in arex vivoorgan culture using defined media for three days.

Demonstrating the possibility of culturing jejursgdecimens in defined medium over
a thread inserted into the lumen, with no damagealeration of normal
development, is one of the innovations of this gtudterestingly, after three days in
organ culture, | observed that consecutive jejusedments are able to restore
physical and functional continuity when bridged aythread. This is important
because it demonstrates that inearvivoorgan cultureghe jejunum is able to restore

a functional contiguity following injury.

Chapter 4 details aspects of intestinal differemim with particular focus of
longitudinal muscle layers using a comparison betw&evelopmental evenis vivo
andex vivo Furthermore, chemical manipulation of defined rmeslas applied to
enhance differentiatioax vivo Strikingly, this study shows that &x vivojejunum,
exogenous TGEL promotes the differentiation of smooth musclesfays revealed
by the absence of the longitudinal muscle layespecimens cultured in defined
media without growth factor. Additionally, | notidethat inex vivotissue, a high

concentration of TGFL was deleterious to normal differentiation as dest@ted
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by alterations in villi structure and an increasecircular smooth muscle layer
thickness. Transcriptome analysis revealed compets of changes in gene
expression in response to exogenous FGkvith both concentration dependent and
concentration specific effects. Finally, | was aldeconfirm that the embryonic
jejunum is bathed in amniotic fluid between E14tb7, which contains increasing

concentrations of TGFL as assessed by ELISA.

In conclusion, this study reveals that embryonjarjam explants can be maintained
in organ culture. Using thisx vivomodel, | demonstrate that intestinal explants have
the ability to restore functional continuity aften injury and | show the important
function of exogenous TGH in the development of small intestinal muscukian

ex vivo In this contest, TGFL protein that is present in the amniotic fluid nizey

crucial for the normal development of the gut witea physiologically herniated.

5.2 Culturing embryonic jejunum ex vivo

The intestine represents a complex tissue, whigmp®rtant for human growth due

to its capacity in digesting and absorbing nutsei@everal congenital or acquired
diseases can limit the intestinal length resultimgn inadequate absorptive surface.
Furthermore, similar consequences are found iradesthat alter bolus transit time,
a condition known as motility disorder. Studyingeistinal development is important

as it could offer the opportunity to restore tisane organ physiology.

Although organ culture models have been extensiuslgd for solid organs, the
opportunity to explore intestinal development usimmghree dimensional culture
system have not yet been extensively exploredhEurtore, there is also a parallel
between mouse (E14) and human intestinal developiiméme weeks gestational

age) in morphological events such as the physio&dierniation of bowel before its
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return to the intestine into the abdominal caviiyally, my decision to use jejunum
at E14 was also due to the striking elongation différentiation events that occur

from that particular age.

In order to define whether thex vivomodel can sustain intestinal development, |
adopted several strategies including tissue sentipmvhole tissue staining and real
time recording to compari vivo versusex vivojejunal specimensThe results
shown in Chapter 3 confirm reports (Wilet al, 2005; Shyeret al, 2013) that
between E14 and E17 the mouse jejunum differenfrai® a tube with a virtual
lumen to a complex structure with finger-like stires facing a lumen and crypts.
Furthermore, daily measurement of cultured specgam@emonstrated a constant
growth both in length and in the area during thituced time. More strikingly the
peristaltic movement recorded by real time movieppsrted the evidence of

explants viability.

The success of this organ culture model has allowedo study the embryonic gut
in a new way. In contrast with previous studiegtéstine using aex vivoapproach
(Hearnet al, 1999; Reedeet al, 2014; Walton and Kolterud, 2014) the application
of a three dimensional organ culture strategy, phgsical manipulation of the
specimens (Chapter 3) and finally chemical maniputa(Chapter 4) allowed me to

identify novel characteristics of the embryoniestine.

5.3 Embryonic intestinal healing

Intestinal diseases can drastically shorten imtaktiength, creating in the most
dramatic scenario a condition called short boweldsgme (Thompson, 2014). Its
management is challenging and, despite advance®dical and surgical therapies,

a significant morbidity and mortality in the firgears after diagnosis is still reported
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(Coletta et al, 2014). Accordingly, novel treatments are stiljuged to treat
intestinal diseases. This thesis hypothesisedtligabowel could be encouraged to
grow such that it would bridge the gap between $ivort segments. Translating this
idea into clinical practice, if this conditionedwméowel was morphologically intact

and functional, it could obviate the need for otterapies.

As demonstrated by a study on neonatal lambs (lHad@D7), it seems to be
possible to physically manipulate the growth oftgzistestinal tissue. Subsequently,
the same group used a similar procedure in bakibsleng gap oesophageal atresia
where this part of the foregut is congenitally attse its mid part (Hadidet al,
2007). Interestingly, trans-anastomotic tube tes@ree gut length has been used in
clinical practice for the treatment of intestinategsia or necrotizing enterocolitis
(Yardleyet al, 2008; Romaet al, 2011), but no gap is left between the consecutive
sections of bowel. Moreover, an intestinal anassismawvithout using stitches

between the two cut ends is currently technicafigttainable.

In Chapter 3, | hypothesised that the embryonicdidvas the capacity for restoring
continuity after injury. The first challenge | fodirwas to create a model in which
two consecutive jejunal rudiments were located antoinsert divided by a fixed
gap. A second challenge was to explore the poggitof inserting a material

through the embryonic lumen without creating damage tissue.

In order to combat these difficulties, | introducedery fine hydrophilic thread into
the virtual lumen of E14 of two consecutive specimef jejunum. Moreover, this
thread traversed the lengths of adjacent rudimeaispkeeping them optimally
aligned. Finally, | cultured the specimens in thesigned organ culture model,

feeding some of them by R-spondinl, an intestinath factor (Kimet al, 2005)
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reported to be important in intestinal regeneratimming to accelerate intestinal

growth and consequently facilitate intestinal fusio

Surprisingly, the vast majority of the explants iexied not only a physical but more
importantly a functional healing as demonstrated donfocal images, healing
patency tested by bilateral injection of dyes asal time videos. Interestingly, the
addition of R-spondinl was able to generate arheljil outgrowth from the cut

ends of the explanted jejuna but fusion was noaeoéd.

In contrast with previous studies, in which synih@baterials were stitched on the
cut ends of tissue (Iket al, 1989; Hadidi, 2007), no anastomosis betweenhiead
and the jejuna specimens was used during my expatimUsing this approach, the
specimens seem to grow over the tube with no dpeigiation as demonstrated by
the looping shape adopted over three days in eulontinually, | demonstrate that
the fusion is possible only when the orientatiorthaf two specimens is preserved, a

condition that appear to be possible by the usheothread as bridge.

Open questions remain on the identification of dmtimal gap between the two
consecutive specimens, or whether it is possibltate the specimens in a less
permissive environment such as the abdominal caftyther investigations are
needed to assess the possibility to culture padsi-fguna and to assess the effects

of other growth factors (Krishnaat al, 2011) on the efficacy of gut fusion.

5.4 TGFB1 enhances smooth muscle differentiation

TGH31 is known to play a key role in smooth muscle salevelopment, in
particular in vasculature as demonstrated byirawivo study in which 50% of
TGH31-null mice die in utero at days 10.5-11.5 with ed#$ in the yolk sac

vasculature, including decreased vessel wall iftie@nd reduced contact between
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endothelial and mesenchymal celBickson et al, 1995) Furthermore, a similar
phenotype was reported in mice lacking the BBF (Oshima et al, 1996).
Recently, a study on embryonic stem cells (ESCeelé embryoid bodies
transfected by an adenovirus provided evidenceitiaition of TGH1 decreased
expression of SMC-specific markers as a specifiecebf loss of TGB1 signalling

(Sinhaet al, 2004)

There is also compelling evidence that P&FEo-ordinately up regulates a variety of
smooth muscle cell differentiation marker geneduiding smooth muscle-actin,
smooth muscle myosin heavy chain, and hl-calpomicultured smooth muscle

cells derived from mature blood vess@gorkerud, 1991; Hautmanet al, 1997)

Because smooth muscle cell differentiation is ott@rized by the up-regulation of
these and other smooth muscle-specific genes,sitbean postulated that TGE
may promote smooth muscle cell development fromi4plotential precursors. This
hypothesis was initially investigated vitro, with primary cultures of neural crest
cells (Shahet al, 1996)and more recently with neural crest-derived Moneells
(Chen and Lechleider, 2004These studies provided evidence that addition of
TGH31 induced these cells to express several smoothklencsll markers, including
SMA and calponin. However, although the cells wanke to respond to exogenous
growth factor by expressing smooth muscle celledéhtiation marker genes, no loss
of function studies were done to determine whetratogenous T@H signalling
was a component of the normal developmental pathefagmooth muscle cells

derived from the neural crest.

The organ culture model used in Chapter 4 revethatl specimens cultured in

defined media are not able to complete differeimmabf the longitudinal muscle
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layer. Remarkably, TGFL appears to rescue the longitudinal layers diffia&ion,

and also to increase the number of villi.

TGH31 null newborn is indistinguishable from littermsitdhat are homozygous or
heterozygous for the normal allele (Millaet al, 1991), and show histological
abnormalities only after birth (Geisaat al, 1993; Kulkarniet al, 1993). An
explanation could be that T@Fis supplied to the foetus from maternal sourees,
demonstrated in a study using a labelled mixturaatifze and latent TG3 injected
into the hearts of pregnant female TgFheterozygotes mice. Time-dependent
trans-placental transit by TGE was observed after injection of pregnant mice in

tissue like foetal lung, muscle and liver (Lettestcal, 1994).

The result from Latteriet al. prompted me to use ELISA analysis of amnioticdlui
from E14 mouse, which is the time when the intestgphysiologically herniated.
This test demonstrates that amniotic fluid continEGH31 in concentrations
between about 1-2 ng/mL. Thus, by analogy with dngan culture results, we

suggest that fluid bathing the intestine may enbatscdifferentiationin vivo.

QPCR shows thaffgffl transcripts were detected in the embryonic jejunum
(Chapter 4), with levels tending to fall between4Ednd E17. Moreover, these
transcripts were detected in the cultured jejundiments at level similar to E17
cultured for three days, but interestingly conditd media of explants did not
contain detectable levels of TGE Figure 5.1 shows a proposed timeline of

muscular differentiation according to the resutissented in Chapter 4.

The results from Chapter 4 suggest that embryoaweb may require exogenous

growth factor from the amniotic fluid to fully deleg the longitudinal muscle layers,
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and future studies of embryonic intestieg vivo should include TGFL in the

defined media to produce a more faithful moddahofivo muscle differentiation.

In terms of morphology, the higher concentration T@&§F31 caused an overall
retardation in growth. This effect recalls thosparted in embryonic organ cultures
of mouse kidneygRogerset al, 1993; Clarket al, 2001)and salivary glands
(Hardmanet al, 1994)exposed to exogenous TEF hus, there may be a parallel
with a variety of human diseases in which exces3i@& signalling has been

associated with aberrant development and diffeaati.

As examples, TGF deregulation has been implicated in metaplasticf&ivhation
within malformed kidneys (Yangt al, 2000), aberrant ECM modelling within
aortic aneurysms in Marfan syndroifi¢ataatmadijaet al, 2006) and the formation
of fibrotic strictures in Crohn’s disease (i al, 2015a). Chapter 4 also demonstrate
that specimens cultured in high concentration ofFFG exhibited increase in

muscular width and alteration of villi structure.

Looking at the data generated from my researchar speculate that in the
malformation called gastroschisis, where herniated fails to return to the
abdominal cavity, the intestine would suffer ovgresure to growth factors in the
amniotic fluid including TGB1. Furthermore, a recent communication in the &riti
Association of Paediatric Surgery (BAPS) annualgress report an elegant study in
which specimens from gastroschisis patients wenepaoed to resected small bowel
segment from other intestinal disease (Carnagtaah, 2016). Similar to the results
presented in Chapter 4, the histological investigaipresented i at the BAPS
showed that in gastroschisis circular and longitalilayers are significantly

thickenedCarnagharet al, 2016)
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For these reasons, a better understanding of thadnof TGPB1 during intestinal
development could potentially represent a targettrémt intestinal dysmotility
disorder in human, although better understanding@&®1 in human amniotic fluid

and TGP receptors in human intestine has yet to be coefirm
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E9.5 E14.5 E16.5 PO P15
Mouse . « L 1 1 1 1 1 1 1 1

Figure 5.1 Mouse intestinal smooth muscle differerdtion during small bowel development

The diagram presents a proposed timeline of imaisGircular and longitudinal smooth muscle diffgration in mice during small bowel
development. According on the experiments performedhapter 4, the circular muscle layers appetrdat differentiated around E14, day of
explant. After three days in culture and fed by P&Fthe longitudinal muscle layers start to difféi@te as demonstrated mrSMA®
immunofluorescence. CM=circular muscle layer. LMwdudinal muscle layer. Figure modified from Figut.1 and adapted from (Guiu and

Jensen, 2015).
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5.5 Limitations of the study

The ex vivoorgan culture model used in this research presamt® limitations. In
particular, | noticed that transverse section @ $ipecimens revealed a prominent
‘floor zone’ adjacent to the platform, a morpholmaichange that may be associated
with the air-fluid environment in which the specimseare cultured for three days.
The floor zone contained villi accounting for thidge-like pattern evident in the
whole mount analysis. Inner mesenchyme, circulanam muscle, and outer
mesenchyme were also present in the floor. By ashtthe explant ‘roof’, abutting

air, was a simple structure lacking villi.

The specimens were cultured only for three dayauree | found that after five days
of culture the surrounding mesenchyme of the elsthtibe had spread to form a
monolayer, confirming data reported previously (@am et al, 2006). This can be
considered a limitation of the present study beeauss still not clear which is the
best media or substrate to use for preservingdisstegrity for longer periods in

organ culture.

The high mortality of the TGFL null embryonic mice at E10 appears to be a major
limitation for investigating the role of TR during bowel development. Moreover,
the alterations of the embryonic intestinal epiddel muscular and neuronal
compartments remain to be described in the absehcEGH31 signalling and
interestingly no TGB1 inhibitor experiments have been reported in tiriab

embryonic tissuex vivoyet.

The final limitation implicates the source of tissused in the present study in which
only the events related on a particular embryorge &rom E14 to E17) were

investigated. For this reason, it is still not clednether the results provided of this
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research can be translated in postnatal tissuénether is possible to use this model

as an exemplary of intestinal disease comparaldbda bowel syndrome.

5.6 Perspectives and future work

The opportunity to investigate intestinal developmand its physiology using
animal models has opened new challenges. The rexidiscriptions of intestinal
morphogenesis governed by growth and transcrifictors need to be elaborated
upon with the re-inclusion and re-consideratiorotbfer factors, such as mechanics,
in intestinal growth. Furthermore, understanding ithnate regenerative possibility
that small bowel hold seems to be critical to dimccand design new treatment for
intestinal diseases. Finally, a modern comprehensiothe signalling regulating

intestinal homeostasis could be used to drive regdive events after injury.

In future theex vivomodel proposed in this research could be useamlgtto test
different growth factors, such as epithelial, vdacor neuronal growth factors, but
also to investigate physical manipulation of embrgantestine. Additionally, the
results presented in this thesis may open potentats not only in the creation of a
more faithful model ofin vivo intestinal differentiation, but also to test pasi

therapeutic models for intestinal disease.

Due to the novelty of the methodological approacdsented in this thesis, several
additional experimental works can provide a bettiederstanding of the two main
results described. The capacity of this model tppsu three-dimensionally
embryonic jejunum suggests the possibility of iriggding the intestinal epithelium,

musculature and neurons from a different perspectiv

The identification of the crypts after three dajsualture as demonstrated by S6x9

cells (previously shown in Figure 4.20) could pde/new insights into the study of
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epithelial stem cell niche. This model can be alsed to identify the cellular
progeny of the intestinal stem cells called +4<bif immunostaining the rudiments
for antibodies such as Lrigl, Lgr5, Oft4. Furthermothis model can be use in
future to investigate secretory lineages versuratise lineage of the epithelial
cells. Different epithelial markers as villin, magisynaptophysin or lysozyme can
be useful to identify the different developed egilitd cell within the villi. A possible
future work would it be to growth postnatal intastionto the Millipore insedx vivo

to investigate the speed of growth.

To methodologically improve the model, the posthatiestine could be opened on
its length and cultured as an open tube. Txsvivo three-dimensional opened
intestine may allow the researcher not only to stigate the percentage of growth in
a controlled time but also to investigate the speédyrowth. Thereafter, two

consecutive specimens of postnatal bowel can sddcon the membrane divided
by different gaps looking to find the optimal dista in which the bowel is able to
fuse and finally this model could be used to explhether different growth factors
(as beads located onto the insert or as aliquot tim¢ conditioned media) could

accelerate intestinal length and fusion.

As demonstrated in Chapter 3, this model permitysichl and mechanical
manipulations that can drive intestinal healing.ohder to better understand these
properties, propagation of calcium waves within ltlealing area could be studied to

confirm the restoration of peristaltic waves.

This model could be used to test how intestinalscebuld migrate into a
decellularized scaffoldex vivo looking to create a functional healing in

gastrointestinal diseases or to create an autofogguthetic bowel starting from the
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biopsy of the patient. Using transgenic embryoogiments, the migration of jejunal

cells across the healing area can be followed wuoifg the physical fusion.

Moreover, 30-50um sagittal sections of the healing area could b@&umostained

and processed by light sheet microscopy or by hightrast microstructural
visualization with x-ray phase contrast computeddgraphy. This investigation can
provide three-dimensional high-quality images @& thtestinal microarchitecture of

the healed tissue.

Interestingly, Chapter 4 indicated that exogenoGs{J1 seems to be fundamental
for the optimal growth of the intestine in termsrofiscular development. It is still
not clear what effect exogenous T@AF has in postnatal intestine, when both
epithelium and muscular layers are developing. Bgtrast, the TGEFL-TGH3RI
and Il system plays a pivotal role in mediating-prilammatory intestinal disease,

where it may act to regulate cell growth and peoétion.

Future studies of embryonic intestinal culturesusthonclude TGB1 in the defined
media to produce a more faithful modeliofvivo muscle differentiation. Finally, it
is notable that human pluripotent stem cells canirgkiced to form intestinal
organoids in culture (Wells and Spence, 2014). @hibst attention has been given
to epithelial morphogenesis in this model, the oods can also contain
mesenchyme that forms SM and fibroblasts. In fytitrevill be informative to
determine whether TGQFaffects the differentiation of these mesenchymivdd

cells.

In order to better understand the Tgfole in intestinal development and in post-

natal intestinal tissue, T@Finhibitor experiments would be needed to identify
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whether exogenous T@Fcould restore normal intestinal morphology during
development, and to investigate the potential cdihimplications of this growth

factor in intestinal diseases.

With particular interest in paediatric diseaseufatstudies could be designed to
investigate whether the over exposure of prenataktine to amniotic fluid, which
has been demonstrated to be a source offIG€ould be physiological relevant in
the sequelae of gastroschisis, a congenital disg@seacterised by a defect in the
anterior abdominal wall through which the abdomicahtents freely protrude.
These future studies could improve our understandh the intestinal hypo-
peristaltic disorders presented in gastroschisig] aventually design possible

treatments.

Taking into account all these potential works, ¢theation ofin vivo model to study
human therapies for intestinal diseases, such & S&ms to be plausible. In this
contest, it is possible to hypothesise a model hiclv isolate two consecutive
segments of small bowel bridged by a scaffold erdbddby growth factors and
secured to the peritoneal surface. This isolateslegy could allow the intestine
segments to growth into the scaffold while the atef attached to the peritoneum
can create a vascularized support as demonstratecoystructive gastrointestinal
procedure as the Kimura (Kimura and Soper, 1998)thA time of harvesting, the
new elongated and vascularized segment could kb fos@ lengthening procedure
in which it will be possible to divide into thre@ascularized segments that anatomize
together to generate a segment length three tinoes than the original (Figure 5.2).
This significant increase in length can reduce rieed of TPN and dramatically

reduce the patient referred to intestinal trangplan
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Peritoneal surface B Peritoneal surface

Figure 5.2 Triple lengthening procedure after inteinal regeneration over scaffold

(A) Two consecutive segment of bowel (Segment AbBj)iged by synthetic scaffold and secured to thétqreeal surface. (B) The similar
methods can be adapted to decellularized scaffGldThe scaffold will help the tissue to growth pee into it generating a fused organ. (D)
The neo tissue can be divided in three segmemsrform a triple longitudinal intestinal lengthegiand tailoring. Asterisk=intestinal lumen.
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5.7 Conclusion

The aim of this thesis was to use @nvivomodel to study the healing potential of
the embryonic intestine after an injury and to stigate the effect of TGH on its
development. Although these studies were performexmbryonic intestine and the
results are difficult to translate in post-natalieotnment, what it is truly exciting
about this experimental model is the potential a#lity for studying intestinal

biology and potential new chemical and physicatapees.

Overall the data generated in this thesis formsireight for further study of
intestinal development and intestinal regeneratiddoreover, theseex vivo
approaches could be easily reproduced and appiedfdarm the design of novel

therapies for human disease.
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