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Summary

The development of the gut microbiome in preterm infants can hawessantial
impact on health, such as the development of the common preterm disease Necrotizing
Enterocolits (NEC). This thesis aimed to identify further areas in which the gut

microbiome could be contributing to the development of disease in pretemmtsinf

Experimental methodology included, 168NA genemetataxonomics, to map the

preterm gut microbiome. In additioprotease activity and inhibition assays were
implemented to assess total faecal protease activity and identify families of proteases
present. Moreeer, ELISAs were used to investigate inflammatory content of preterm
infant stool. Finally, data from a pegjt, by Dr David Gallacher, into the lung

microbiome of preterm infants was analysed with the data from this project to establish
links between theevelopment of the gut and lung microbiomes of preterm infants.

The results of this thesis found that gireterm gut microbiome shifts fromFarmicute
dominated community to Rroteobacteriaone, during the first 30 days of life. In

addition, associations between gender, mode of delivery, antibiotics and sampling site
were found. Secondly, no significantactges in protease activity were found over time,
however, protease activity during tfest 30 days of life varied between individuals.
Thirdly, no inflammatory response was detected in the stool of preterm infants. Finally,
no significant associations teeeen the bacterial communities of the gut and the lung of

preterm infants.

In conclusion, novel findings of this thesis have shown that gender, antibiotics and
sampling site have a significant effect of the development of the gut microbiome during
thefirst 30 days of life. Moreover, protease and inflammatory activity of preterm infant
stool was not significant. Lastly, development of the gut and lung microbiomes of

preterm ventilated infants progress along very different courses.
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Chapter 1. Introduction

1.1 Generallntroduc tion

In this section the general concepts of microbiome research will be introduced.
Moreover, the most used terms during microbiome research will be defined and
clarified. Lastly, the main topics covered in this thesis will also be summarized.

1.1.1 Key Definitions

When referring to disease, research into the bacterial cause of disease has been
conducted for hundreds of years. However, during tHectury, focus has shifted to

that of a deeper understanding of the entire non host, predominandyidlaantent of

the human body. Ultimately, once the content is known, links to disease can be
established through investigations into differences during and after disease processes,
such as infection. As with every area of research, it is given a mamhencmpasses

key aspects of roles within that area. The research noted in this paragraph, into non host

organisms on and within the human body, has been termedi¢habiome.

As with any fledging concept it has been misused and taken out of contexthby
specialists and general public, alike. This confusion has led to a loss of understanding
and miscommunication. A recent editorial by Marchesi and Ravel in 2015 has provided

clarification and is a useful resource for terms consistently used througrsthesis.

Microbiota refers to the collection of microorganisms contained within a defined
environment or niche, which in this thesis will be the preterm infant gut. Information
regarding the microbiota present in the preterm infant gut will be astcedltva a
metataxonomicprocess. This process involves a high throughput sequencing method
such as, lllumina MBeq, and subsequent analysis to establish the content and
relationships within the samples tested. It will not be investigated as part thfesiss,

but themetagenomerefers to the entire genetic content of the sample(Maechesi

and Ravel 2015)

The termmicrobiome is the most frequently misused in this field, as it is currently used
as a blanket term for the whole amdaesarch. Therefore, during this thesis the correct

definitions will be used. Thmicrobiome encompasses the whole study environment,
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the organisms, and their genetic content. Finally, the meicroflora is often used.
However, by definitionitmeards md laint s 6, whi ch i s an area

microbiome research or this the@idarchesi and Ravel 2015)

There are other terms used during microbiome research that should also be included
here such asichness diversity, andevenness Morecommonly these are used to
describe environmental habitats. However, they have been translated into the field of
microbiome research to describe this unique environmental habitat. Firstly, there are 2
levels of diversityalpha- andbeta-. Alpha diversity refers to the diversity of

organisms within a specific environment, such as the gut microbiome. In cooétast,
diversity refers to diversity between environments, such as the gut and lung
microbiomegWhittaker 1960)Alpha diversity is measured in terms of batichness
andevennessThe ternrichnessis defined as the number of spes present in an
ecosystem and does not consider the number of individuals from that species. Often
richnessis measured using the Chao 1 or Ace indices. In contrast, thevemnmess

takes into account the number of argans in a species, thereby gigia calculation of
equality within a community. Ultimatelgliversity takes into account of the previous
measurements and calculates the number of species present and the number of
organisms present in each species. Fdanmte, an environment with higlversity

would have a large number of organisms from each species present.dhgzisity is
often measured using the Si ntendivelsisy or Sh;

measurements include or account for the egsamvithin a systergHill et al.2003)

The results of microbiome research uélisxonomic nomenclature. The shavidely

used levels of nomenclature used during microbiome resegsblglisn andgenus

This is due to the limitations with the current power of next generation sequencing that
specieddentity cannot be readily identifle For example, the bacteriugscherichia

coli includes thghylum, ProteobacteriagenusEscherichia and thespeciescoli.

The key focus of this project concerns gut microbiome development in preterm infants.

A preterm infant i s defined amludngitben i f b
following sub definitions. Arextremepreterm is an infant delivered at less than 28
weeksO gegytpateitemr.m Anfant i s one born bet
Finally, alatepr et er m i s an i nfant bdatan bet ween 2

(Goldenberget al.2008) Often these infants require hospitalization and receive high
3



levels of caren a specialized ward, the neonatal intensive care unit (NICU). This
deviation from normal development is of great interest to the scientific community and
has huge consequences for not only the general health of the infant, but the development

of their gut microbiome.
1.1.2 Overview of the Topics Included in this Thesis

Research has shown that gut microbiome colonisation begins before birth, with
subsequent changéhroughout life. Current knowledge suggests that being born
prematurely disrupts the normal coisation of the gut microbiome, leading to acute
and chronic diseagPammiet al.2017) As aresult, there have ba a number of
studies into the acquisition of the gut microbiome in preterm infants, with the results
indicating clear differences from their furm counterpart&Zhouet al.2015)

However, additional areasjch as the effect of gendef,gut microbiome development

in these infants have yet to be ascertained.

One of these areas is the contribution of proteases to the normal preterm gut
microbiome environment. Research, discussed in more deGlilapter 4 clearly
demonstrates an association between proteases and gastrointestinal health in adults.
Data from these studies suggests that both the immune system and intestinal epithelial
barrier interact vth proteases and, as a resadintribute to the pathology of disease
(Gecseet al.2008; Shulmaret al.2008) Therdore, it is not unreasonable to

hypothesise that the same processes are occurring in the gastrointestinal (Gl) system of

pretem infants.

Currently, there has been little evidence of a detectable inflammatory response in the
stool of preterm infantéRougéet al.2010) As yet, it is undetermined if this is simply a
lack of immune response or because it is undetectable in the stool of preters infant
Therefore, the effect the microorganisms are having on the microbiome in this patient
group is unclear. Furthermore, there baen no data produced on the potential

proteases in this system.

Lastly, an emerging niche of microbiome research has shawvbalcteria and their
metabolic products, can influence different areas of the human body. This is achieved

through a breakdownf ¢the epithelial barrier and subsequent translocation of
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microbiome components into the bloodstrg@&addyet al.2007) Studies have
demonstrated a link between the translocation of gut bacteria from the Gl tract to other
body sites including the lungs, which are then able to exacerbate common diseases as

they colonize these new ard@scksonet al.2016)
1.2 The Microbiome

This section will provide a background on the gut microbiome and its development. In
addition, detail will be provided on the methods used to study the microbiome and how
they have developed. Finally, how the gutrobiome changes during disease shall be

presented.
1.2.1 Introduction

Twenty years ago, the concept of a microbiome was just that, a concept. It was radical
thinking to suggest that human body was home to millions of organisms occupying
several sites orhe human body. Detailed microbiome reseavels not possible until

the launch of the Human Microbiome Project (HMP) in 2(P&tersoret al. 2009)

Since then the research conducted has grown exponentially antdiesrtb do so
(Marchesi 2011)

From the HMP it has been discovered that the relationship with the microbiome is
symbiotic and affects every aspect of human h€@iiimbaughet al.2007)

Gnotobiotic, meaning all organisnare absent from an individual, mice have been

found to develop severe autigDesbonnett al.2014) the scalp microbiomieas been

linked to excessive dandryfXu etal. 2016)and diseases such as inflammatory bowel
dsease (I BD) and Crohnds disease are know
microbiome(Willing et al.2010; Fujimotcet al.2013)

Stemming from the HMPral aher projects it was believed, up until recently, that
humans were host to ten times more bacterial cells than constituent hot cells. However,
a study by Sendet alin 2016, showed this value to be grossly over estimated, with the
actual number monesenbling a 1:1 ratiqSendelet al.2016)

An interesting characteristic of the microbiome is thatasisnique as a fingerprint

(Wilkins et al.2017) Therefore, it is not surprising that research has showndhere
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numerous contributing factors such as environment, genetics, diet and health, which
influence the microbioméTrurnbaughet al.2010; Goodriclet al.2014) It is the
influence of all these factors, and manlyess, which constantly shape and change the

diversity and interactions in these migroosystems.

As mentioned previously in this section, there are numerous different microbiomes
occupying several sites on and within the human body. However, thisithpsisarily
focused on the gut and lung microbiomes. As a result, the following are discussed in
more detail inChapter 3andChapter 6

1.2.2 The Gut Microbiome

1.2.2.1 Introduction and Definitions

As discussed isectionl.1.], the term microbiome has become ambiguous. Therefore,
to avoid confusion throughout this thesis, it is useful to clarify wWiegut microbiome

is and its key components. Encompassing the definition propodddrohesi and

Ravel, the gut microbiome comprises of the following components. Firstly, the
microorganisms and the products they produce, predominantly this is bduieatso
includes viruses, fungi, yeasts and other eukary®egeset al.2010; Nastet al.

2017) Secondly, there are the host contributions which includes, the physical intestinal
lumen and the products itgruces. Lastly, are the contents of the intestinal lumen,
affected by diet, but necessaoysustain the vast quantity of life in this micro
ecosystentfMarchesi 2011; Marchesi and Ravel 2QIH)is concept is taken forward

and expanded upon throughout this thesis.

In addition, it is necessarytodefmeh at i s meant by the &6gutdé in
the gut microbiome is considered to encompass the entire gastrointestinal tract.

However, the oral and stomach microbiomes are very much separate and unique

ecosystems compared to each other and thmignobiome(Dewhirstet al.2010;

Klymiuk et al.2017) As with any ecosystem the occupants have evolved to become

adapted to a specific environment in order to exploit whatever resource is plentiful

there.Therefe e, i n this thesis the o6gutdé microbi ome
lower intestinal tract, from the small intestine to the colon;Tsdxde 1 (Marchesiet al.

2015)



Table 1. The Components of the Gastrointestinal TractThe gastrointestinal (Gl) tract is split into 3
main sections, uppemid and lower. Each of these sections contain numerous comptmanierform a
specific function necessary for homeostasis. The gut microbiome, when analysed with a stool sample,
gives an impression the environment in only the lower Gl tract. Thiss vedos constructed using
information from(Bailey and Keshav 2012)

Section of G| Components Function
Tract
Mouth Admits food into the gastrointéisal tract and is responsibl
for the initial breakdown of the food.
. Responsible for the lubrication of the mouth. Conte
Upper Salivary Glands| . . L .
digestive and antimicrobianzymes.
Carries food and liquid from the mouth to the stomach
Oesophagus : :
perisgalsis.
. Performs metabolic, synthetic, secretory and excretory 1
Liver . -
vital for life.
Performs the storage, churning and digestion of fc
Stomach Contains numerous enzymes, such as pepsin, to aid
process.
. First part of the int&tine and begins the adsorption a
Mid . : . . . . S
Duodenum digestive process in the intestine. Bile, pancreatic juice
enteric secretions are added.
Gall bladder Part o_f the host defen_ce system produces bile for the ren
of toxins and metabolic waes
Glandresponsible for producing the digestive enzymes in
Pancreas . . . .
intestine. Also produces insulin.
. Part of the main absorptive surface of the gastrointes
Jejunum . .
tract. Part of the small intestine.
lleum Part of the main absorptive surface of the igéistestinal
tract. Precedes the caecum. Part of the small intestine.
The predominantomponent of the large intestine. Ma
Colon =
function is to reabsorb water.
LRI . Follows front the caecum and have no special functiol
Appendix
humans.
Caecum The mos proximal part of the large intestine.
Rectum Stores faeces before defecation.
The most distal part of the gastrointestinal tract. Cont
Anus :
defecation.




The gut microbiome is known to contribute a vast amount of advantages to their hosts,
suchas aiding digestiofCantarelet al.2012) providing vitamingGill et al.2006)
preverting the overgrowth of pathogeflomoseet al.2008) and regulating host
metabolism and immurgystem(Tremaroli and Backhed 201231 of these functions
are necessary to maintain homeostasis, therefore a substantial baxBaothehas been
invested to determine there is common core microbiome shared by all individuals
(Turnbaugh and Gordon 2009; Huteal.2012; Liet al.2013) However, studies have
demonstrated the malleable nature of the human gut microl§ieckburget al. 2005;
Korenet al.2012) For example, due to the seasonal variations in food abundance, a
study by Davenpomrt alin 2014 discovered an isolated human population, @/lgos
microbiomes composition changesresponse to seasonal chan@@@svenporiet al.

2014) Current research suggests that adddt not share a core microbiome, due to the

influence of environmental facto(kloyd-Priceet al.2016)

However, Turnbaughkt alin 2009 found that the gut microbiome is shared within

families (Turnbaughet al.2009) This could be a result of a shared evolution. Studies
have shown that the microbiome has evolved in parallel with the human population. For
example in modern history the microbiome hasewlved to cope with urbanization
(Wingleeet al.2017) highly processed die{Mozaffarianet al.2011) global travel

(Nordahl Peterseet al.2015) improved hygiene and medicifi2ethlefseret al. 2007)

On the other hand, there are disadvantages to tegatation of the microbiome and
improved healthcare. Research has shown that the commensal microbiota are
transfering antibiotic resistance genes to opportunistic patho@gaigerset al.2004;

Sommeret al.2009) which has the potential to become a huge problem for health care.

As will be discussed in Sectidn2.4 the gut microbiome is acquired before and during

birth, changes throughout life, and reduces during old age. One of the most dramatic

changes in the transition from an infant microbiome to one that is considered more

6adluilked, at a redAdleriterthczad Wada2009) Howeveratigis may

sound contradictory, as current research suggests there is not a core microbiome.
Thereforel i kkehGe ndiacdrudbti ome refers tooa change f
organisms more prevalent in adulthood. As a reguli@early acquisition and constant

companionship throughout life, the gut microbiome has significant functions in a

healthy human host.



1.2.2.2 The Function of the Healthy Gut Microbiome

After detailing the oncept, it would be appropriate to discuss the funatifthe gut

microbiome. Studies discussed in Sectiah 2.1 have shown that the gut microbiome

has ceevolved with humans, adapting to our changing lifestyles. As a result, it can be
inferred that these organisms have ardefirole within their appropriate microbiome,

similarly the host must provide several benefits to the microbiota in order for the two to
coexist. Furthermore, there is a significant amount of variation in the human gut
microbiome between individuals becaus the influence of outside factors. Therefore,

it is very difficult to define what consi
alternative hypothesis proposed by Lleiydceet alis a logical explanation.

In their 2016 article, they proposédad uncti onal cored, defined

Afa compl ement of metabolic and ot her
performed by the microbiome within a paular habitat but are not
necessarily provided by the same or¢c
(Lloyd-Price et al. 2016)

Furthermore, they inferred this o6functi ol
there needs to be afement of genetic potential, in other words enough genetic

material to maintain a healthy population, and a lack [@teleous mutations. Secondly,

there must be a set of hodseeping functions that enable the organisms present in the

gut microbiome todlly exploit the environmental niéin which they have colonised.

An example of this, is the metabolism of dietarynponents that would otherwise be
wasted. Thirdly, this O6healthyd core musHi
gut microbiome into dysbiosis, such as the use tibiatics (Lloyd-Priceet al.2016)
Dysbiosisrefersta change from the norm or Oheal tth

that can progress disease.

Taking all of the previous information into account, attempts were made to determine
the bacterial content of the gut microbiome in healthy members of the populEte

most well cited of these, the results from the HMP. The HMP concluded the dominant
phyla in healthy adults to bBacteroidetesfollowed by a large proportion &irmicutes

and a small contribution ¢froteobacteria Consequently, the most domingenus
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present waB8acteroidegConsortiumet al.2012) A later study found the key
components of the heathy gut microbiome td3heteroidesRuminococcaceae
(Firmicutes), Clostridales(Firmicuteg, Alistipes(Bacteroidete}y andParabacteroides
(Li et al.2013) A study investigating the enterotypes of the healthy human gut
microbiome, found the 3 main genera toBeecteoides Faecalbacteriunand
Bifidobacterium Ultimately form this research they proposed 3 enterotypes of the
healthy human gut microbiomBacteroidesPrevotella andRuminococcugominated
(Arumugamet al.2011) In summary, over 1000 gut microbial species have been
identified( R a }Sit loij laehah.2014) of which the most comnmoin healthy
individuals belong to thBacteroidegenus.

For an ecological community to be considered healthy it must be diverse and contain a
significant number of inhabitants. Therefore, thialso true for the gut microbiome, as

it is a micreecosysem. This theory of diversity equals health has been shown by
investigations into diseases associated with the gut microbiome. Studies have
demonstrated that gut microbiome diversity is decreasebasity, inflammatory bowel
disease (IBD) and diabet@danichanhet al.2006; Turnbauglet al.2009; Giongcet

al. 2010) This reduction in microbial diversity has been linked to the Western diet of

high fat andsugar, accompanied by low fibfSonnenburgt al.2016)

However, as withall biological systems a higher diversity does not imply health, as a
high diversity in the &ginal microbiome has been associated with preterm birth
(DiGiulio et al.2015) Furthermore, it isnclear as to whether these changes are as a
result of disease or if it is the microbiome changes driving diggageession, this will
discussed further ih.2.5

A summary of the healthy human gut microbiome can be foukibirel. To
summarize, the healthy gut microbiome must have a highgiliyea resistance to
dysbiosis, the necessary hodseping genes, a low amount of deleterious mutations
and a high genetic pential. Furthermore, is most likely to be dominated by species

from theBacteroidetesndFirmicutesphyla.
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Figure 1. The Factors Contributing to a Healthy Gut Microbiome. A schematic representation of the
factors contributindgo a healthy gumicrobiome.

1.2.2.3 A Lifelong Relationship

The gut microbiome is a constant companion throughout life and undergoestidr
changes during this time. Colonisation begins before birth, detaile@.4 and
continues throughout the first two years of life. From birth until 3 months of age, the
infant microbiome is dominated Byrmicutes after 3 months the community is
dominated byActinobacteria Thiscontinues until 1 year of age whBacteroidetesind
Firmicutesare the main componer(tsoeniget al.2011a; Azackt al.2013) At two to
three yearsf life, the infant microbiome begins to resemble that of an adult. This is
because the abundanceQibstridia (Firmicuteg becomes predominant alongside the
Bacteroidia(Bacteroidetes(Avershinaet al.2016) As detailed in Sectioh.2.2.2 the
healthy adli microbiome is dominated by thigacteroidetesindFirmicutesphyla, and
remains relatively stable until old age. During old Bgeteroidetesncreases, whilst
the FirmicutesandProteobacteriadecreas¢Claessoret al.2011) Furthermore, in
individuals over a hundred years old, the gut microbiome shifts to include more
Proteobacteriawhilst the numbers dfirmicutesdecreas¢Odamakiet al.2016) An
earlier study showed that centenarians have a less diversecgoibimine compared to
adults and elderly individuals under a hundred years ofBiggi et al.2010) On a
moreind vi dual basis the stability of an

46 years. The studyiscovered that host genetics were the main contributing factor
11



towards both changes and the maintenance of a core microbiome throughout a lifetime
(Jayasinghet al.2017).

In summary, significant gut microbiome acquisition begins at birth and is subject to
change during the first 3 years of life. Once this developmeetalghas past, the gut
microbiome remains stable throughout adult life. As will be discusseccomipg

sections, the gut microbiome can undergo changes during this time as a result of
medication or disease. At the transition into old age the gut marebundergoes

changes to reflect the change in lifestyle the elderly enjoy. Finally, the gut roit®b

is subject to change up until death as centenarians have a different community structure
compared to younger individuals.

A key part of microbiome resech is the way in which it is conducted. The current
techniques use higiiiroughput sequencing tetologies that can rapidly sequence
numerous DNA sequences from numerous samples in a single experiment. It is often

referred to as 16S rRN@enesequence analysi
1.2.3 16S rRNA GeneSequerting for Gut Microbiome Analysis

For a century, thanks to the pioneer Robert Koch in 18&1fj¢ld of microbiology was
entirely culturedependent, and organisms could only be studied if it was able to grow in
laboratory conditions. As a result, maof the inhabitants of the human gut could not
be discovered or investigated due to the difficudtculturing them. One hundred years
after the development of plating techniques by Robert Koch, the discovery of DNA
sequencing techniques was led by Feadiger. However, this technique remained out
of the reach of mainstream research due to highdimlemonetary costs. It was not
until the 1980s when DNAvased techniques became a mainstay of microbiology. One
of the main draws to this technology was thaample could be sequenced without the
need for isolating and the culturing of pure cultures tedfand. The earliest of these
techniques was fluorescent in situ hybridization (FISH), where nucleotide specific
fluorescent markers are used to target geh@geresttAmannet al. 1995) Another
popular technique at that time used the polymerase chain reaction (PCR) fg ampli
specific genes, which were then available for sequerféifegdet al. 1990) It was this
techniqueand the description of 16S rRNA gefinegments from a bacterial community
which led to the development of the applicatiorl65 rRNA gene sequeimg for

12



communityanalysis(Olsenet al. 1986 Giovanroni et al. 199Q. This subunits
approximately 1542 nucleotides long and can form many bonds, creating a complex
secondary structur&jgure2. However, before the implementation of high throughput
16S rRNA technologies, 16S rRNA PARGGE (denairing gradient gel
electrophoresis) methods were used to identify components of microbiadwotes.
Using this method species are then identified by comparing the migration distance of
band within the gel and comparing to a reference strain. DGGErggi®lgacrylamide
containing a linear gradient of urea and formangRieerina and Pembroke 2013)s

with previously described techniques the throughput for the DGGE method is
significantly less than that for high throughput methods.

Ribosomal components are measured and identified in Svedhitsd$), based on the
rate of sedimentation during cefiilgations, the heavier more nucleotide rich molecules
or subunits will sediment before the lighter, less nucleotide rich subunits. In bacteria,
the three rRNA genes are organised into a singleathakoperon. This entire operon

is transcribed into asgle 30S rRNA precursor, this is then subsequently cleaved by
RNase Il into the 16S, 23S, and 5S rRNA subuiigure3 (Nikolaevet al. 1974)

The unique characteristics of thbasomaloperon are size, sequence and secondary
structures. These are all highly conserved within the bacterial kingdardaket al.

1997) Therefore, making them the ideal candidate for metataxonomic studies.
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Figure 2. The 16S Ribosomal SubunitThe diagrammatic representation gives the full nucleotide
sequence and secondary structures of the 16S subistherichia coli Each region of the subunit is

coded in a different colour and is appiroately 250 nucleotides in length. Each one of tlygores

contains variable (V) regions. These variable regions are different in every species of bacteria and is the
target area for sequencing in metataxonomic techniques. The R1, red, area contain¥ 2/ltfsand

orange area R2, contains V3; R3in

yellomions region V4; the green area, R4, contains regions V5

and V6; R5, in blue, contains V7 and V8 regions; finally, the purple area, R6, contains the final V9
region. Permission given to reuse the image.6.18, and is taken frofifarzaet al.2014)
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Figure 3. A Simplified Diagram of the Transcription and Processing of the 30S Bacterial Operon.
The 30S bacterial operon contains an gash promoter region and a downstream terminator region. In
the middle of these regions is the DNA sequence for each subting 80S bacterial ribosome. When
the promoter region is open the oreis transcribed by an RNA polymerase. This 30Srpi&A

sequence is then cleaved by RNase lll to isolate the 16S, 23S and 5S rRNA subunits.

The first microbiologist to use this teckjoe consistently was Carl Woese and

colleagues in the late 1970s, as they were able to demonstrate that phylogenetic trees, by
comparing taxa and their relationships, could be drawn by comparing relatively stable
parts of the bacterial genome, the ribosbomeron(Woese and Fox 197.7)

Furthermore, the unique features of the ribosomal opbedrmake it extremely

suitable for microbial identification is the presence of both conserved and hypervariable
regionsFigure2. These hypervariablregions are unique for every species of bacteria,
therefore allowing for easy and reliable identification. In addition, this means that
universal primers can be made that will bind to theseored regions either side of one

of these hypervariable regisnallowing for amplification. The bacterium are identified

by aligning the sequencing results to a reference database and a match is considered if
the percentage identity is above a certaraghold(Yarzaet al.2014) The first time

this technique is demonstrated in microbial ecology was in the 1990s. It was a
breakthrough, and led the way for future research, d@mdaikly microbiome research
(Giovannoniet al.1990)
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Until the mid2000s this was a highly used method for the area of microbial ecology. In

2005, the next step in sequencing technology was invented, high throughput sequencing,

often referred t o as vaiesefbdth Kgohand Bardgeddondé. As t h
provided multiple advances, high throughput sequencing superseded both these

techniques, such that an entire bacterial genome could be sequenced within hours

(Metzker 2005) The previous drawbacks of older methods, such as incomplete

community analysis, became possible with the advent of deep and high throughput

sequencing methods. Asestllt, this is one of the miggopular scientific techniques

currently in use, as the entire genetic content of a sample can be analysed at relatively

low economical and time cost.

Due to the financial viability of high throughput sequencing, large geajects such as
the Metagenmics of the Human Intestinal Tract (MetaHIT) and the Human
Microbiome Project (HMP), became feasible. In 2008, the MetaHIT project was
founded and aimed to elucidate the microbial genomes of the gut, using stool samples
donatedrom IBD, obese and healtiparticipantdQin et al.2010; Arumuganet al.

2011; Le Chatelieet al.2013; Liet al.2014) This was a four and a half year project,
50% funded by the European Union, with a totatef22 million euros. In contrast,

the HMP cost a total of 115 million dollars, ran between 2008 and 2013, and was
funded by the US National Institute of Health. The aims of the HMP was to determine
the diversity of the microbiome, sampled from numetmady stes such as, the gut,

skin and vagin@Petersoret al.2009; Consortiunet al.2012; Weinstock 2012)

To summarise, microbiology has come a long way since the edependent days of

the late 1800s. Theealth of data that has that has been generated from high throughput
methods is akin to the industrial revolution. However, our knowledge of bacterial
communities would not have been possible without the discovérypairvariable

regions in the 16S ribosmal subunit. However, we are at a critical point in microbiome
research where we know the microbial communities in various systems but cannot
conclusively link them to disease or other functions. Therefore, théresadtthrough in
microbiome research wille the discovery of a functional assay to assess the roles these

organisms play in the microbiome.

In Sectionl.2.2.3 thedevelopment of the gut microbiome was briefly explained in

relationships to our lifelong relationshidowever, as this thesis focuses on the
16



development of the gut microbiome, it is necessary to expand upon the research

mentioned previously.
1.2.4 The Developnent of the Human Gut Microbiome

1.2.4.1 Prenatal Development of the Human Gut Microbiome

Thereisconflictinevi dence debating the o6sterile w
discussed in this section. However, the current consensus within the scientific

community is that in a healthy pregnancy it is normal for low levels of bacteria to be

presat in the placenta,mniotic fluid and meconium. To add, in a healthy pregnancy

the bacteria present in the areas are of a low abundance, richness and {teltaity

et al.2015) However, infections such as chorioamnionitis do occur, and result in a very

different prenatal environment.

Research in 2005 first identifiedelypes of bacteriarpsent in the umbilical cord of
healthy neonates born by caesarean section. In 45% of the samples tested, bacterial
cultures were grown and identified to contain species from the following genera,
EnterococcusStreptococcusStaphylooccus andPropionibacterium(Jiménezt al.

2005) These bacteria were described as commensal and the findings aftStiont

2013 reiterate this. They found that 27% of placentas examined were foundaio con
intracellular bactea. Furthermore, they investigated if this was related to preterm birth
and intrauterine infection, such as chorioamnionitis, and found no link between the

bacteria present in the placenta and these adverse ésenitet al. 2013)

To expand on the study by Colladbal, they found an array of bacterial diversity

across several sites from the mother and new born infant. Firstly, they discovered a
unique microbial community in the placenta and amniotic fluistjrast from he

maternal faecal microbiome. The most prominent phylum in these samples were the
Proteobacteria Furthermore, they observed that the bacterial communities at different
sites and individuals were highly similar and consistent. Moreover|itiifgohe

presence of bacteria uterothey found that the majority of the microbial community
observed in the placenta and amniotic fluid was shared with the meconium of the infant.
This shared community include8treptococcus€Enterobacteriaceae

Propionibacterium Lactobacillus andBacillales(Colladoet al.2015) An ealier study
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showed similar results. Aagaaed alin 2014 found the placental microbiota to contain
the phyla Firmicutes TenericutesProteobacteriaBacteroidetegndFusobacteria

two of which were also identified in Collagbalb s 2 015 sresy thig studyOf |
also found the microbiota of the placenta was significantly associated with preterm
birth. Furthermore, it was noted that the microbiome of the first stool passed by the
infant most closely resembles that of the arnaifbuid. It is believed that this is a result

of the swallowing of the amniotic fluid during the third trimester of pregnancy. This

link between thén uteromicrobiome and infection has been further investigated
(Aagaardet al.2014)

Chorioamnonitis and intrauterine infections have been known to cause preterm birth for
over twenty years, however it was only recently that the organisms responsible have
been investigate(Beoet al. 1992) The microbiome of preterm infants, born to mothers
with chorioamnionitis, were enriched with urogenital and oral commensal bacteria
(Princeet al.2016) Therefore, thé uteromicrobiome is subject to infective

processes.

Notable research by Gosalbetsalin 2012,found a link between infant meconium and
maternal factors. For example, they found that a maternal history of atopic eczema
resulted in a reduced microbiome diversitghe meconiunfGosalbest al.2016)

This and previously discussed research suggest thteroenvironment to be nen

sterile.

On the contrary, someugties have suggested that the womb is a sterile environment
(DiGiulio 2012) Therefore, a consensus on the sterility of the womb anid titero
environment has not been established. For the purpose of this thesis, is it assumed that
thein uteroenvironment cotains a unique microbiome that contributes to the

developingGIl microbiome of the new born infant.
1.2.4.2 Post Natal Development of the Human Gut Microbiome

Postnatal development of the infant gut microbiome is considered to begin during the
birthing process andonclude at approximately two years of age. There are many

factors that influence this process and are discussed in more dé&t2ikir3 However,
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Aheal thyo postnat al infant devel opment c:
feeding, and no health complications requiring medoasuch as antibiotics.

Studies from the era of cultubased techniques through to high throughput methods
show thainfants born via the birth canal and receive only breast milk have a
microbiome dominated by tHg&fidobacteriumgenus(Mackieet al. 1999; Favieet al.
2002) Once weaning commences the number of bacteria that can utilize
oligosaccharides decreases and a community dominatenbizutesandBacteroides
begins to become establishi@beniget al.2011a) However, before weaning
commences around 6 months of age, there are temporal changes occurring in the infant
gut. Firstly, the profile is dominated by intrauterine or vaginal associated taxa.
Secondly, skirderived taxa become predominant suclstasptococcuand
Enterobacteriacea€T hirdly, a domination oBifidobacteriacea®ccurs in the faecal
microbiota. Firlly, adultlike taxa begin to appear suchBlautia, Eggerthellaand
Clostridium(Timmermaret al.2017)

A recent metagenomic study found that at 6 weeks of life, the metagenomes of the stool
beginto converge between individuals, suggesting the development of a core set of
metabolic pathwayfhuet al.2017) In addition, Del Cheiricet alin 2015 reported

upon a fAcore microbi ome 0 (DelChidricogt al.ei® Inf i r st
addition, to encompass all areas of the microbiome, recent research has shown a
succession of archaea and microeukaryotes gltinefirst year of life(Wampactet al.

2017)

1.2.4.3 Factors Affecting Gut Microbiome Development
1.2.4.3.1 The Effect of Mode of Birth on the Development of the GuMicro biome

The effect of mode of birth on the gut microbiome colonization was published in 1999.
Gronlundet alfound that théBacteoridesvere reduced in caesarean delivered infants
(Grénlundet al.1999) Since 1999, caesarean section (CS)leasfound to seed the
neonatal microbiome with opportunistic pathogens sucHasmophilusEnterobacter
VeilonellaandStaphylococcuDominguezBello et al.2010; Backheet al.2015)

This predominantly fromm he mot her 6 s Furkhermorentiheserinfabts o me .
have a delayed colonisation and reduced diversity dB#wteroidetephylum
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(Jakobssort al.2014) In a subset of the population this reduced colomisdty
Bacteroidetesvas also reported, alongside an increased incideri8aadfi and
Clostridiumin the CS delivered infants. Interestingly, they observed that this difference
in colonisation disappeared with age and the microbiota of both CS and aginal
delivered infants became simildreeet al.2016) In additon, to changing the

microbial content of the gut, CS infants have been reported to have a reduced diversity
during the first years of lifeJakobssomt al.2014; Leeet al.2016) A recent systemati
review provded further evidence to a reduced diversity in CS delivered infants, and
showed that the significant differences observed in the infants during the first 6 months
of life were removed after the first 6 montRutayisire et al.2016)

Not only has CS delivery been associated with changes to the microbiota recently after
birth, long term affets have been noted in a handful of studies. CS delivery has been
associated with childhood obes(tMueller et al.2015) With the underlying causes still
unknown, it was found that eléae CS was associated with adult psych¢s® 6 Net i | |
al. 2016)

A vaginal delivery is currently accepted as the namit is believed to be more
beneficial, as demonstrated in several studies. Infants delivegauhlly are enriched
with EscherichiaShigellaandBacteroidessompared with infants delivered by CS
(Azadet al.2013) Furthermore, there is a high levellafctobacilliin vaginally
delivered infant§DominguezBello et al 2010; Aagaaret al.2012; Avershinat al.
2014)

Conversely, a recent study by Céiual found that body site had more of an effect on
microbial reorganisation tinahemode of delivery during the first 6 weeks of I{fehu
et al.2017) Furthermore, a phylogenetic study during the first 30 days of life found that

t her e renic rao bfi oame 60 1 r r e s DelChiaricoet al.@X15) b i r t h mode

In summary, iis curently accepted that a vaginal delivery seeds a more beneficial and

Afheal thyo microbiome compared to a CS deliver
research to suggest that it has less of an effect. As a result, more longitudinal research

needs to beahe n order to provide a conclusive answer and discover if mode of

delivery is responsible for disease etc., in

20



reflects the vaginal mi crobi ome when bor

microbiome predomiatesthat of CS delivered infants.
1.2.4.3.2 The Effect of Diet on the Developing Gut Microbiome

As discussed previously, the gut microbiome encompasses not only the organisms that
reside there but also host physiology and transient components. The food thatste ing

as part of our diet is part of this transient community and, therefore, can have significant
impact on the composition and interactions within this micro ecosystem. For the
developing gut, a substantial body of research, has shown that breast tilllk is s
considered fibesto for the most benefici al
additives, such as probiotics, have been shown to have a significant effect on the

developing gut microbiome.

A multi-centre study, published in 2016, reported thidmula based diet that included
aBifidobacteriumbreveprobiotic, provided adequate nutrition for normal growth in
healthy infants when compared to World Health Organization (WHO) guidelines
(AbrahamseBerkeveldet d. 2016) An earlier study discovered that infants who

received a more breast milk like formula or a probiotic showed siBif@iobacteria

counts to breast milk fed individuals and higher counts than those on a readdplavai
formula(Hascoétet al.2011) This suggests that there is the potential for infant formula

to mimic that of breast milk, which as these and other studies have shown breast milk to

be more beneficial.

A unique study by Anvariaat alin 2016, investigated the bacteria present in a
powdered infant formula production facility. The results of their study noted the
following organisms colonising all areas of the production faciigtinobacter
Pseudomonaand StreptococcugAnvarianet al.2016) This is an interesting finding,
as will be discussed in followingections, these are bacteria often found in preterm

infants, and are more likely to be formula fed.

In vivostudies into the effect of formula feeding on developing offspring have also been
conducted, such as the following a neonatal porcine model. Tienefit of using

animal models is the ability to study interventions and histological changes. This study
demonstrated significant physiological changes in the forfi@aaohort such as, ileum
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and jejunum villus length we increased along withthe degtif Peyer 6 s pat ches.
addition, lymphoid follicle size was decreased, indicating at a reduction in immune

education. Immunological changes included amagulation in AMCFII, IL-8, IL-15,

VEGFA, LIF, FASL, CACL11, CCL4CCL25, and a down regulation ih-bB, IL-9, IL-

10, IL-27, IFNA4 and CSF3 at transcript level. This study added further evidence to the

effect of formula feeding on the bacterial content of the developing gut. There was a

significant increase ihactobacilbceaeandClostridiain the sow &d group compared

to formula fed piglets who were found to have higher levelsnbérobacteriacegea

pattern also seen in human infagruvaet al.2016) This data shows that not only

can a formula dominated diet affect the baaterontent of the developing giiit also

host physiology and immune development.
1.2.4.3.3 The Effect of Antibiotics on the Development of the Gut Microbiome

The effect of antibiotics on the gut microbiome of preterm infants will be discussed in
more detail in Chpter 6. In summary, research shswn that antibiotic use has been

linked to adverse outcomes in the preterm population. However, any links between the
gut microbiome, antibiotics and disease or adverse outcomes has yet to be investigated.

Moreover, antiotics are the most frequentlgrainistered drugs in the NICU.
1.2.5 Changes in the Gut Microbiome during Disease

The definition of disease within an environment, such as the gut microbiome, is referred
to as a dysbiosis. Therefore, dysbiosis within the gut microbiome is considered to be a
departure from a balanced ecological state by an environmental c({rRetgesen and
Round 2014)There are a number of diseases affected by changesguatthe
microbiome, however the most prevalent in Western society are inflanyniateel
di seases (I BD), such as Crohndés disease (CD)
an umbrella term for CD and UC, as both diseases are mediated by inflammatory
respnseqStangeet al.2006; Mulderet al.2014) Using adult intestinal diseases as a
basis, tle causes of similar neonatal disease can be investigated. For example, CD and
IBD are discussed here, as both are inffatory diseases, and have a similar pathology
to necrotising enterocolitis (NEC). Therefore, in order to understand possible
pathologiegpreviously found in adults and their possible role in preterm infants, an
understanding of these diseases is necessary.
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12511 nfl ammatory Bowel Di sease: Crohnotés LC

Crohnés disease (CD) is defi mfdhdmacgsaa tr al
that affects all parts of the gastrointestinal (Gl) system. It appears episodically and
progresses in sevity with each occurrence. Symptoms of the disease include parts of

the GI system shutting down, this then leads to complicationsasustnictures, fistulas

and abscessé¢Silverberget al.2005; Stanget al.2008). Ulcerative colitis (UC) is

defined as a netransmural inflammatory disease, which includes the episodic

progression seen in CD. However, this disease is limited to the colon, but the

inflammation can spread to the terminal ileum, therefore makuhfficult to

distinguish from COSilverberget al.2005; Stanget al.2008) IBD severely affects a
patientds quality of | (Mblaeckyetd. 2013 Tothova at c ¢
et al.2014) As a result, a substantial amount of research éas bommitted to

discovering the origins of this disease. To add, IBD is a ffadtorial disease

continuing with the definition of the microbiome to be affect by phigsgjy,

microbiology, immunology and genetics. However, for the purpose of this ttiesis,

microbiological changes will be focused upon.

To begin, CD patients have a reduced Shannon diversity index compared to healthy
controls. Furthermore, the overallerobial content of the gut is different from that of
healthy counterparig-ujimotoet al.2013) This was also seen in an earlier study where
the increased inflammatory response seen in IBD is a result of & kmsaayobic

bacteria in the cohic mucosdOtt et al.2004) In contrast, the microbial diversity in
patients with CD is unaffected by their disease ggésiket al.2003) On the other
hand, this same study identified an increadenterobaceriaceaen the CD affeted
cohort. This decrease in diversity has been accredited to the overall loss of diversity

within theFirmicutesphylum (Kanget al.2010)

Specific microbial changes occurring in CD include a significant decrease of
Faecalbacterium prausnitzdiompared to healthy controls. In additi@ifidobacterium
wadsworthiawas also deeased in CD patient$he ileum CD phenotype has been

found to correlate with a dysbiosis of the ileum mucosa associated bacteria. As a result,
it is plausible to suggest that a novel group of invaBiveoliis involved in the

pathogenesis of C(Baumgartet al.2007) Furthermore, virulence and secretion

metabolic pathways are enhanced during ileum(KBrganetal. 2012) The
23



Fusobacteriungenus has also been shown to increase in the cold@ glatients
(Toshifumiet al.2002)

Furthermore, in keeping with the microbiome defimtidorganet alalso found that
metabolic pathways wemore affected by disease status than the taxa of the
microbiome(Morganet al.2012) In addition the fungiCandida albican$ias been
found to colonize all sections of the Gl tract in patients with (B@janowskeet al.
2010)

1.2.6 Summary

The human microbiome includes several different body sites and performs a plethora of
functions to maintain health for both the host and its symbioticraamity.

Furthermore, the microbiogens a combination of organismal, host and transient
components. The gut microbiome encompasses the Gl tract from small intestine to
colon; includes organisms such as bacteria, archaea and fungi; and can be changed due
to diet, a transient component. Thieme, the combination of all this makes it an

exciting and rigorously researched area.

In order to fully investigate the gut microbiome, technology has made significant
advances to allow for research into this area torlnecohat it is today. The field of
microbiology has moved from cultudeependent to cultusmdependent methods, from
petridishes to high throughput sequencing. This leap in technology has allowed
researchers discover that gut microbiome colonisation bégifore birth and continues
to change and adapt throughout a lifetime. Furthermore, it has given insights into the
role of the microbiome during diseases of the gut, such as IBD. However, it is difficult
to draw a solid conclusion about the impact ofghemicrobiome on disease, as they
are multifactorial conditions, resulting in discrepancies between the studies discussed
previously. Although, it can be said with a high degree of certainty that changes in the
gut microbiome during IBD play a significardle in the pathophysiology ofé¢h
condition. Furthermore, the role of proteases, discussed in Séctigrovides further
evidence to the role of the gut microime in the development of intestinal diseases.
Moreover, it will become clear the associationdestn IBD, proteaes and NEC.
Ultimately, this will lead to a greater understanding of the interactions between the
human host and organismal content in preterfianits.
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1.3 Premature Infants

1.3.1 Introduction

An infant is classed as premature when delivered b&8fadte we ek s 0 gest at i
definition is further suldlivided into extreme preterms or extremely low birth weight

(ELBW), less than 1 kg, born at lessthan 2@wed s gest ati on; very
birth weight (VLBW), less than 1.5 kg, delivered betwee2 8 and 32 weekOqs
and finally late preterms or low birth weight (LBW), less than 2.5 kg, born between 32
and 37 weekds gestlarthisthaleadigurauseefmeohaya, pr et
morbidity and mortality worldwidéLawn et al.2005; Becket al.2010) The

consequences of preterm birth are not only acute but carchem@c and dramatic
consequences throughout l{fduddyet al.2001; Wanget al.2004; Gotlenberget al.

2008) Not only are there long term health issues for the preterm infant, the cost of
healthcare during and long after birth, is a burden on the global ecdPRatnguet al.

2003; Petrou 2005As a result, research into the prevention of preterm birth and the

treatment and care of preterm infants is of great importance.

The care of premature infants has developed extensively over tfgpaesrs to

provide safe, prompt and effective care torttast highly dependent infants. The

criteria for admission to the neonatal intensive care unit (NICU) is an extensive list but
includes, for example: 1) gestational age of less than 34 weekbijrfl) aeight less

than 1.8 kg, 3) prolonged resuscitationsdvere congenital abnormalities. In general,

an infant is admitted to the NICU who needs close observation, continuous monitoring

or active management by a specialist neonatal team.

Upon admis®n to the NICU a number of checks and baseline measuremiriis
taken in order to draw up a care plan and ultimately to deliver appropriate care to see
the infant through to health and discharge. In order to achieve this goal, a substantial

number oftreatments are administered.
1.3.1.1 Treatment Received in the Neontal Intensive Care Unit

Preterm infants receive a plethora of treatments in the NK3li¢het al.2014)

Antibiotics are the most common medication prescribed in the NICU, shown
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specifically to be ampicillin in the Clarkt alstudy(Clark et al.2006; Pateét al. 2009;
Schulmaret al.2015) For example, studies by Tripa#tialand Piantineet alin 2012
and 2013, respectively, show that 95% of the NICU patients, 65% of VLBW and 50%
of LBW infants receive antibiotid®r more than & days with negative culture results
(Tripathiet al.2012; Piantincet al.2013) The reason for this systemic use of
antibiotics is the extensive list of risk factors such asggtampsia, chorioamainitis,
pneumonia, sepsis, low birth weight, prematurity, fieg@nd ventilation, to name a
few (Cottenet al.2009; Kuppalat al.2011) In addition, they are often used
prophylactically to cover GBSna E. coliinfections. Furthermore, clinicians prefer to
err on the sidef caution when the above are pred&ioll et al.2002; Stollet al.2011;
Wirtschafteret al.2011; Cantet al.2016) Therefore, the role of antibiotics on the

development of the preterm infant will be intigated in Chapter 5.

However, this widespread use of aidtirs is not always associated with healthier

patient outcomes. For instance, several studies have shown that late onset sepsis (LOS),
NEC, fungal infections, NICU outbreaks, mortality, increasespital stay and costs,

are associated with blanket antitic prescriptiongCottenet al.2009; Kuppalat al.
2011;Afjeh et al.2016) In addition, the risk of sepsis, especially from commensals and
fungi, isincreased in preterm infants who are exposed to broad spectrum antibiotics
(Madanet al.2012; Maiet al.2013)

Not only are infegbns problematic in the NICU, there are a number of serious
complications assodiad with preterm birth. The first is patent ductus arteriosus (PDA),
where indomethacin is the conventional treatment, rankedtheo8t used treatment in
US NICUs. The secu is bronchopulmonary dysplasia (BPD), where oxygen is a
commonly used treatme(iisiehet al.2014) As a result, ventilation is a common

treatment give in the NICU. Moreover, respiratory distress is an admission criteria.

The preterm infant has complicated and demanding needs, therefore a substantial
amount of research hagen conducted into providing the best care possible to improve
long term outcores. As a result, guidelines on feeding and ventilation are constantly
being updated taking into account the latest research. However, there are short term
goals in mind thatlebow the medical team to determine the success of the treatment. For

feeding theaim is to accelerate infant growth, meet the nutritional needs of the infant,
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and prevent feeding related morbidities such as necrotizing enterocolitis (NEC)
(Thomas 2016)

There are a number of key factors to consider when started feeding in the hospitalised
infant. An infant shald begin feeding within 24 hours of life unless medically unfit to

do so. In ths situation, an infant would be given intravenous parenteral nutrition. If
parenteral feeding is the main source of nutrition for the infant than minimal enteral
feeding shoud be considered to be delivered in parallel. The aim of this is to provide up
to 1 ml/kg/day of milk to stimulate gut hormone production. The next factor to be

considered is the rate at which to increase feeds of they are well tolerated by the infant.

Typical feeds given in the NICU range from breast to formula milk, due to several

criteria that must be considered before the feed is chosen. Breast milk is considered the
gold standard in the feeding of preterm infants, who make up the majority of admissions

to the NICU. Breast milk fortification (BMF) can be given to infants of a cewaiight

to increase the protein intake in infants receiving breast milk. BMF is not needed if the
infant is taking preterm formula. Donor breast milk (DBM) is another optitirei
infantds mother is unabl e to eaxarpoftenss mi | |
inconsistent. Another obvious choice is the use of preterm formulas, if the infant is
under 34 weeksO0 gestation, i f graxcanter t h:
administered. When the infant is well enough to be discharged from the, Ni®i&nt

enhanced post discharge formulas can be used until catch up growth has been achieved.

Currently the use of probiotic in the NICU is not standard practice, howewss of the
infants recruited to this study were administered this treatmertiofios will not be

administered until the infant is receiving a given amount of enteral nutrition.

An infant would be considered for ventilation in the NICU under the fatigw
circumstances, the presence of a lung disease, having a poor respiragridgv
malformations and mechanical issues such as blockages. Similar to feeding, the overall
goal of ventilation is to improve the lostigrm outcomes for the infant, but agéhere

are acute benefits also. Firstly, adequate oxygenation and ventilegikaya followed

by patient comfort and a decrease in ventilation associated lung injury.
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1.3.1.2 Is the NICU a Breeding Ground for Bacteria?

As with any hospital environment, every care is taken to ensure a sterile and pathogen
free level of care. However, this an impossible target and hospital acquired infections
are an everyday par of hospital life. There has been research showing thesMICU
exception. However, one could argue that the NICU is a particularly potent breeding
ground. For instance, the imfig are housed in incubators to mimic ithetero

environment, this means they are warm and humid, and the perfect conditions for
bacerial growth.

In a study into the bacterial diversity of hospital equipment in a NICU a high diversity
of organisms waund, closely resembling that of general building surface and air
samples. Many of the genera in these samples were opportunistggraglsuch as
Propionibacterium Furthermore, in one of the sites sampled there was a high number of
faecal coliform baeria, such agnterobacterialesin samples taken from surfaces

(Hewitt et al.2013) In addition, to a high diversity of bacteria within the NICU, the
presence of specific pathogehas also been tracked. In one NICU in Zurich, there was
three consecutive outbreaksSdrratia marcescendlumerous steps were takien

isolate the source of contamination and prevent further outbreaks, however these were

proven to be ineffectivé-leischet al).

In contrast to this, aimteresting study investigated the effect of cleaning on the NICU
environment. They found that intensive cleaning of surfaces inatomith the

neonates did decrease the overall bacterial diversity and the le&teptiococcuand
Staphylococcuspedes. This is encouraging as these bacteria are responsible for
numerous nosocomial infections. Finally, all surfaces tested had avelholf bacterial

diversity irrespective of cleanin@okulich et al.2013)

One of the huge problems facing research into halspiquired infections is the
proliferation of antibiotieresistant strains of pathogens. One study showed that
vancomycin resistar. coli was present in 12% of infants on a NICU in Australia
(Flokaset al.2017) Furthermore, a study two NICUs in the Philippines showed that
nearly half if all infants admitted to the NICU were found to be colonizediibg
resistant bacteria. More importantly, the rate of colonisation with theseesisgant

bacteria did not change after infectioontrol procedures were successfully introduced

28



(Gill et al.2009) In contrast, an increase in antibiotic resistant infections by the
pathogerKlebsiella pneumoniavas due to a breach in infection control procedures by
NICU staff(Fabbriet al.2013)

In summary, numerous incentives are in place to reduce and prevent potential
pathogenic outbreaks in the NICUs. However, it appears that even with all oféathese f
safes in place, opportunispathogens are still able to exert their effects. Perhaps this is
due to the overuse of antibiotics and cleaning within the NICUs. Overall, much more
research is needed to determine the most effective protocol for infeotitnol in the

NICU. Moreover, his suggests that the NICU has the potential to influence the
acquisition of the preterm infant gut microbiome.

1.3.2 Overall Normal Infant Development and Specific

Gastrointestinal Development
1.3.2.1 Prenatal Development

The definition of prenatal development is theocess of growth and development within
the womb from fertilization to birtfDean and Grizzle 2011There are many systems
that begin to develop to maturity during this time. Tdwus in this thesis will be the

prenatal development of the gastrointestinal system.

Embryonic gastrointestinal development is formed from the endoderm, bending from
the head to the tail of the embryo to form a tubular gut, where the yolk sac attaches in
the middle. This tubular gut comges of three regions, séable2. During foetal
development the foregut gives rise to the pharynx, oesophagmscstocranial halves

of the liver, gallbladder, bile duct and pancreas. The intestine is fongmadaf mix of

the mid and hind gut to form the duodenum, jejunum, ileum, cecum, appendix,
ascending colon, transverse colon, sigmoid colon and rectum. Thepiegel
gastrointestinal tract begins to form distinct histology through a process called
recanaliation. The intestinal villi begin to form around 11 weeks fposiception along
with enterocyte differentiation and goblet cells. At 13 weeks the stomachemwnd

and small intestine are now fully grown, prior to birth. By 16 weeks the whole length of
thei nt estine has villi. Finally, at 20 wee

major components of the mature gut are pre@éatding and Bocking 2001)
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Table 2. The Formation of the Tubular Gut. A table describing each section béttubular gut and how
it is formed during prenatal development.

Tubular Gut Formation
Foregut Formed by a lateral and head fold of the endoderm.
Midgut Comprises of the yolk sack.
Hindgut Formed by a lateral and tail fold of the endoderm.

Akin to the foetal period of embryonic growth there are a plethora of structural,
functional and molecular changes occurring throughout the human body postnatally. As
a result, the focus of this section will be to detail the postnatal maturation of the

intestinal sgtem.

The most prominent structural change after birth is the gradual elongation of the small
intestine throughout the first twenty years of life. Other than this structural changes
during the maturation of the intestinal system after birth iecloy inteactions with the
developing microbiome and the education of the immune system. The development of
gut immunity will be discussed in a later section and the microbial colonization patterns
of the newborn infant have already been detailed. Therefuis gction has been rather

short.

1.3.3 The Development of the Preterm Infant with a Focus on

Gastrointestinal Development

A large field of research has detailed the changes in growth and development in infants

born before 37 wethdpistdre sgoeusderdevalopnmentandiser al |

referred to as catch up growth. There are numerous diseases and disabilities linked to

preterm birth such as asthma, behavioural issues, agfisotrum, blindness etc. The

long-term outcomes for infants born at lesari37we k s 6 gest ati on have dr a
improved over recent decades. As previously mentioned the structure of the
gastrointestinal system is developed by 20 we
has the necessary structural components but taeksnmune system and brain

development to fully exploit these structutEsight et al.2014)
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One of tle most problematic areas of intestinal function for premature infants is motor
function. For example, the suck swallow ability is not developed until approximately 34
weeksd gestation, the motility odhshowse i ni
delayed emptying. This is due to the immaturity of the enteric nervous system. This

delay in passage can cause bacterial overgrowth and distension, along with immune
immaturity can lead to the development of a common preterm morbidity,(N&C

2007a) However, the risk factors and the pathology of NEC will be discussed in a later

section.

1.3.4 The Gut Microbiome of Preterm Infants

Due to numerous factors, previously discussed in detail, the gut microbiome of preterm
infants is remarkably different to thatfoil -terminfants. One of the main reasons for

this is the difference in care environments, sucth@®NiCU.Other reasons include

mode of delivery etc. Examples of this includes, limited exposure to parental skin, type
of feed received, environmental surfaces, health care workers skin and antibiotic use.
Research currently dictates that ftdrm infans have aliverse and rich gut microbiome
dominated byFirmicutesandBifidobacteria This is in stark contrast to that of preterm

infants.

Firstly, it is believed that the cumulative exposure of antibiotics in the NICU, results in
a significant reductionfespeciegichness and diversity. In addition, in a majority of
infants sampled, bacteria of the gut microbiome contained plasmids encoded antibiotic
resistance genes for more than six antibiotic cla&S#sonet al.2016;Wardet al.

2016) Not only do treatments received in the NICU contribute to colonization patterns
of the gut microbiome, the abnormal environment has been found to play a significant

role.

As previously described the NICU is a breeding ground for bact&herefore, it is

interesting for these environmental bacteria to be seen in the guts of hospitalized infants.
One study found that dominant gut taxa sucBtaphylococcus epidermidislebsiella
pneumoniagBacteroides fragilisandEscherichia colwere also found in over half of
samples taken from the NICU environméBtooks et al.2014)
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Several studies have shown that the initial colonization of the preterm infant gut begins
with Grampositive cocci, such as ttgacilli family, from theFirmicutesphylum.

These intial colonizers are then overtaken by facultative anasr@lthin the
Gammaproteobacterielass. This then leads to a final strictly anaerobic $fatequot

et al.2011; Normanret al.2013; Torrazza&t al.2013; La Rosa&t al.2014; Simet al.

2015; Zhowet al.2015) Due to the lack of diversity and richneseen in these infants,
greater than 90% of the organisms predominate the microbiome of preterm (béants
Rosaet al.2014) Furthermore, th&ammaproteobacterialass ag proportionally over
represented in preterm infants, often comprising greater than 50% relative abundance.
This contrasts with less than 2@#en in full term infantf_a Roseaet al.2014; Wardet

al. 2016)

1.3.5 Necratizing Enterocolitis

Necrotizing enterocolitis, or NEC, is the most common gastrointestinal disease seen in
the preterm infant population. It is artremely serious disease with mortality rates as
high as 30% in VLBW infantéKosloske 1994; Holmaat al. 2006; Hunteet al.

2008a; Fitzgibbonst al.2009; Horbaket al.2012) In addition to the high mortality

rates, infants who survive are left with significant morbidities. This is a result of
invasive surgery toamove the necrotized parts of the bowel, leading to short bowel
syndromeg(Salhabet al. 2004; Blakelyet al.2005; Schulzket al.2007; Wadhawaet

al. 2013) Therefore, a vast amount of research time and morselpden invested to
investigate the cause of this disease. This research has shoNgE@a a mult

factorial disease, as shownhkigure4. As a result, research into potential treatments

and therapies has beenm@roblematic.
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Figure 4. Necrotizing Enterocolitis is a multifactorial diseaseAdapted from(Haque 2016)

The disease is characterized by increasing levels of damage to the intestinal tract,
beginning wih mucosal injury to full thickness necrosis and subsequent perforation.
The first symptoms of NEC include vomiting, diasg@a, a delay in gastric emptying,
abdominal distension and or tenderness, decreased bowel sounds, abdominal wall
erythema. Along withhese observational symptoms, there are others that can also
indicate the development of NEC, such as apnoea, letharggaded peripheral

perfusion, shock, cardiovascular collapse and bleeding diathesis. If NEC is suspected a
number of clinical tests aabe performed in order to determine a diagnosis, such as
white blood cell and platelet counts, blood loss, blood culplasma sodium and
bicarbonate levels, arterial blood gas levels and abdominal radiography. To note, all of
these symptoms will not @resent in the infant, as there is a definite progression of the
disease. Finally, not examined during clinical invesitgabut has been discovered

during research is that patients with NEC have a severely damaged gut(b&ariar

and Walker 2006)

In 1978, Dr Martin Bell prposed the Bell staging criteria for the diagnosis of NEC and

this is still used today. Stage I, often called suspected, KE€rs to the patient

displaying the mildest symptoms of NEC. Typical symptoms would include,

temperature instability, lethargy, agga, and bradycardia. Furthermore, the infant may

feed poorly, vomit, present a mildly distended abdomen, or pass stbdlaaod. Stage

Il infants display the classical signs of pneumatosis intestinalis and are proven NEC
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cases. Typical symptoms seerihirse patients are marked abdominal distension and
persistent blood in the stool. The final criteria is Stage 1ll, acthssified by showing
most or all symptoms from the previous two stages. These infants deteriorate quickly,

with a reduction of vitasigns, septic shock, and gastrointestinal bleeding. Ultimately,

all of these issues lead to necrosis of the bowel givingt di sease I tdés name.

necrosis has occurred surgical intervention is the only option for these ifGaatory
et al.2011) A flow diagram of the treatments fBEC is shown irFigureb.

Typically, the disease develops during the first two weeks ofdifestill results in
significant mortalities and morbiditie¥he causative factors, shownHigure4,

provide some insight into the pathology of this neonatal disease.

Suspected/
Diagnosed
NEC

Initial treatments given:
Supportive care
Antibiotic therapy
Enteral feedings held
Gastric decompression

o 3o T o

Patient taken off
antibioticsand
feeding resumes

Surgical invention is considered
if intestinal ischemia or
perforation occurs

Improve Deterioriate

Symptoms

Surgery
Performed
\ 4
Post-operative treatment:
A Supportive care
A Antibiotictherapy

Enteral feedings are Yes No
resumed. Possible Recovery Death
morbidities

Figure 5. A flow diagram to illustrate the treatment path of necrotising enterocolitis (NEC).The
above figure visualizes the clinical treatment for NEC.

1.3.5.1 Risk Factors for NEC

A number of risk factors have been identified for the developmieNEC. The first and
primary cage of NEC is prematurity, this then results in other risk factors such as low
34
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birth weight, enteral feeding, blood transfusion, and sepsis. In addition, research
indicates that breast milk and probiotics may be proteegainst this disease, therefore

removing these from the care of the infant can act as a risk fact@t al.2017)

Since the early 90s it has been shown that formula feeding is a risk factor for the
development of NEC, momspecifically cases dhe disease were increased six fold in
infants exclusively formula fefLucas and Cole 1990%ince then, a substantial amount
of research has beermrgated at this areas it is a relatively costffective way of

reducing the incidence of NEC.

In a randomized control trial of 243 infants it was found that the feeding of maternal
milk resulted in fewer episodes of late onset sepsis (LOS) and or NieGefmore,

with the® infants spending less time hospitalized, this resulted in an overall reduction in
infection. However, this study found that there was no decrease in NEC between

formula feeding and donor breast michanleret al.2005)

More recently in 2017, Autraet alfound that infants exposed to breast milk deficient

in select oligosaccharides were more | i ki
Furthermore, they found this colagon to be strongexhen one specific

oligosaccharide was missing from the breast ifAlitranet al.2017) In this $udy, rats

fed by thér mothers on formulas containing human milk oligosaccharides (HMO)

displayed the lowest pathology scores, compared to exclusively formula fed where the

pathology scores were the highgstitranet al.2016)

Moreow er , it was found that this fAprotectiyv
a dose dependent fashion. In detail, the likelihood of NEC or death, as a result of NEC,
was decreased by a factor of 0.83 for every 10% increase in the total propbrtio

human breast milk receivéieinzenDerr et al.2009)
1.3.5.2 Treatments for NEC

Due to a lack of a specific causal factor and a lack of conclusive data from studies into
prospective treatments, there is a whole spectrum of treatments that are used across
different countris andNICUs (Liem et al.2010; WoéjkowskaMachet al.2014) More

specifically, several studies have showrt thare is no consensus on the types,
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combinations and duration of antibiotics given both prel posioperaively to NEC
patients(Downardet al.2012; Shah and Sinn 2012; Blackwaeidal. 2017)

A systematic review by Downwat alin 2012 found a number of interesting

outcomes for treatments of NEC. Firstly, probistigere found to significantly reduce

the incidence of severe NEC and NEC asged mortality was significantly lower in

the groups receiving probiotics. Secondly, formula feeding was associated with
significant growth in preterm infants, however, it wasaiated with a higher incidence
of NEC and feeding intolerance. Thirdly, elay in enteral feeding was found to have

no significant reduction in the incidence of NEC. Finally, there was a lack of evidence
to infer if antibiotics given after surgical arvention reduced the rate of reoccurrence
(Downardet al.2012)

Despite this lack of consensus on the efficacy of treatments, there is a standard

procedure used when NEC is present, showfignre5. For Stage | NEC, when the

disease is suspected, enteral feeds are stopped and parenteral feeds initiated, nasogastric
decompression performed, and brapectrum antibiotics administered iretshort

term. During Stage I, whetie disease is confirmed, total parenteral nutrition is

continued, antibiotics are now administered for longer periods, and surgical consultation
begins. Finally, during the advanced stages, Stage lll, total parenigrabn is

continued, fluid resudation is given, inotropic and ventilator support, surgery is

confirmed and performed.
1.3.6 Changes in the Preterm Gut Microbiome as a Result of NEC

Links to the bacterial content of the gut and neonatal diseases, suclk agdVE been
mentioned in previousections. However, in this section more detail will be discussed

on the role of the gut microbiome in the development and progression of NEC.

A retrospective cohort analysis by Cotttral 2009 showed that empirical anitbtic

therapy is associated withh encreased risk of NEC and or death. In addition, incidence

of Bell 6s Stage | I NEC, or surgical NEC,
in infants treated with antibiotics in the first three days of life. The ntgj@3%) of

their cohort were presibed a combination of ampicillin and gentami@@ottenet al.

2009) In addition, a study by Greenwoetlalin 2014 showed that the use of early

36

wa s



antibiotics in preterm infants increased the incidence of NE§Sjseand or death
(Greenwoockt al.2014) However, it must be considered that the infants diagnosed
with the more severe cases of NEC will have had a greater exposure to antibiotics.

Therefore, a strict cause aefiect relationship cannot be determined

Culturedependent techniques have shown a marked difference between the microbial
communities of preterm infants with and without NEC. The NEC infants contained
more coagulase negati®aphylococcand lesEntaococcus faecali§Stewartet al.

2012) A systematic review showed that NEC is preceded by an increase itathwere
abundance dProteobacterieand decreased relative abundancEiohicutesand
BacteroidegPammiet al.2017)

Despite research indicating a link between the microbial content of the gut and NEC,
there has been research demonstrating a lack of difference between control and affected
individuals. For instace, the bacterial load of stool taken from NE&ignts was not
significantly different from that of preterm contr¢ibdulkadiret al.2016b)

Furthemore, the gut microbiome prior to NEC did ndiuence the severity of disease

progressior{Barron et al.2017)

This and other studies further demonstrate the multifactorial nature of the disease.
Therefore, further research in this area is needed in order to develop effective
treatments. Howevemhé¢ gut microbiome of the preterm infant has begeed to other

diseases associated with this patient group.

1.3.7 The Role of the Gut Microbiome in Diseases Presented in

Preterm Infants

The gut microbiome of preterm infants is not only associated with N&GY, #lso has
been linked to other common pretediseases. The first of these being sepsis,
comprising of both late onset sepsis (LOS) and early onset (EOS). LOS is defined as
such for occurring at greater than 3 days of life and a positive blood dulticating
infection by a pathogenic organismrequiredStoll et al.2002) Similar to NEC,

sepsis is one of the most common causes of neonatal morbidity and mortality in
pretermgStoll et al.2004)
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The bacteria most associated with LOS are Gnagative organisms. In contrast,
Grampositive organisms acquired during the first days of life and coagulase negative
Staphylococcuare the most prominent genera in infants who contract a-@ogtive

LOS infection(Stoll et al.2002) FurthermoreEnterobacterandStaphylococcus

species have been associated with NEC and sepsipgctivelyStewartet al.2012)

Later research found that in VLBW infants with sepsis had higher levels of the
Enterobacteriaceatamily, Proteobacterigphylum, and lower levels of
Bifidobacteriumspecies. Fuhernore, principal coordinate analysis (PCoA) showed
differences between the microbiome of infants with sepsis and unaffected infants
(Colladoet al.2015)

On the other hand, other research has shown that it is an overall dysbiosis in the
microbiome of preterm infants that is responsible for sepsis rather than individual
organismgMai et al.2013) In addition, an overall reduction in bacterial diversity has
beenlinked to sepsi¢Madanet al.2012)

1.3.8 Summary

Necrotising enterocolitis is primarily a disease of prematurity, which still remains a
significant cause of mortality and morbidity in the infant community.ghificant

amount ofresearch has begun to unravel the risk factors, causes and treatments for this
disease. However, there is still much more research needed until the disease can be

controlled and cured effectively.

Gastrointestinal diseases are notased to the preterimnfant population. As previously
discussed, IBD is a common disease in adults and is known to be linked to changes in
the gut microbial community. Moreover, like preterm gastrointestinal diseases, several
factors have been found to inéince the developmeof the disease. A key example of

this is gut proteases. However, the total protease activity of the preterm gut has yet to be

determined.
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1.4 Proteases

Proteases are critical for homeostd€ikuseret al.2011)and make up approximately
2% of the entire human genortieurk 2006) For example, proteases are involved in
both protective and regutary functions. For instance, they are pobitee when they
degrade potentially problematic polypeptides and are regulatory when they activate
other proteins via cleavagPage and Di Cera 2008)hese processes include
development, coagulation, cell death, inflammation and immhiirk 2006)

Proteases are also referred to in the litersdarproteinases, as they facilitate the
cleawage of peptide bonds during the breakdown of proteins. Despite this universal
function, proteases have evolved into several different families as a result of specific
target sites. The families of proteases aréoHows: threonine, aspartate, serine,
cygeine and metalloproteasg2uenteet al.2005) As the name suggests threonine,
aspartate, serine and cysteine proteasetainthese amino acida their active sites

However, metalloproteaséave ametal ionin theiractive sie.

It was the research of Linderstrdmang that changed the historiegew of proteases

from solely degradative enzymes, only present in the breakdown and removal of
proteins from cellular systems, to the ci
demongtated that proteases are key components of pathways such asahtest

epithelial cell signalling. As a result, it was shown that proteases can have specificity in

addition to norspecific degradative activiti€gSchellman and Schellman 1997)

The majority of proteases are synthesized in an inactive feferred to as a zymogen.

In order for them to become active, they need to undergo proteolytic cleavage; this is
one of the key mechanisms by which protease activity is controlled. Axkeypde is
serine proteases, the simplest zymogen cascade invalvednsecutive proteolysis
reactions, with the zymogen being the substrate for an already active p(bleassh

and Walsh 1976)This process is known as a protease chsdgpified by a zymogen
being converted to an active proteasebgther specific protease, this process is
irreversible and results in an increase in protease potential and signal activation.
Nutrient digestion relies on a protease cascade. Pancrgpsmbgen (zymogen), is
released into the small intestinal lumaemd is activated to the serine protease trypsin by

enteropeptidase, another serine protease spanning the membrane of intestinal epithelial
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cells (IECs) in the brush bord@dermonTayloret al.1977) As a result, trypsin
activates pancreatic chymotrysinogen, procarbegyigases, proelastases, and
prolipasegNeurath ad Walsh 1976)If these protease cascades are prematurely
activated it can lead to numerous diseases. For example, if trypsin becomes active in the
pancreas or pancreatic ducts, this cad$eto uncontrolled proteolysis contributing to
diseases such aancreatitis and cystic fibros{$runingeret al.2001) Often protese
cascades do not act alone and several protease cascadestoverlagprotease
networks, such as during cell migration and extra cellular matrix (ECM) degradation
(Turk 2006) During ECM degradation the matrix metalloprotease (MMP) zymogens
are activated by serine proteases from the plasminogen cdbieddel Arnettet al.

2002) as deronstrated irFigure®6.

Factor ViD
B
B T ConD | G

@lasminogs —p> (Plasmii)

ProstasiD

Figure 6. An Example of Proteases and their Inactive Zymogeng&igure was reproduced from

(Antaliset al.2010) Pathways in which membraaachored serine proteases have been shown to

activate, or be activated by, serine protease#tro andin vivo. Proteases are colour coded according to
membrane localization sequences: red, type Il transmembrane serine proteases (TTSPs); green, GPI
anchored proteases; blue, other secreted proteases. Lines indicate activation cleavages and loops indicate
autcactivation. The broken line indicates that hepsin is a weak activator of the matriptase zymogen.
Membraneanchored serine proteases intersect the coagulation cascade (Factor VII activation),

fibrinolysis (prouPA activation) and metalloprotease pathways-MMP-3 activation). Not shown is

the activation of trypsinogen by enteropeptidase.

A widely studied family of serine proteases are the high temperature requirement A
(HTRA) proteases. They are widely conserved in both single and multicellular
organismsfor exampleE. coliare known to express three HTRAs and humans four
(Clauseret al.2002; Page and Di Cera 2008; Huesgeal.2009) In addition, they are

known to participate in a wide variety of cellular pgeses such as bacterial virulence,
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maintenance of photosynthesis components, proliferation, cell migration and fate
(Clauseret al.2002; Chieret al.2009; Huesgept al.2009) The most wetknown of

the human HRAs are, HTRAL1 and HTRAZ2. It has begmown that concentrations of
HTRAI are increased in diseases such as arthritis, which could be contributing towards

the degradation of cartilage as well as inflammagMitner et al 2008)

Faecal supernatants from healthy patients contain a limited quantity or serine proteases,
originating from different sources such as digestive enzymes, inflammatory cells and
microbiota(Rokaet al.2007b)The area bthe human body known to contain the

highest levels of proteases, both endogenous and exogenous, is the (Bhtedistet

al. 2007) As mentimed previously, proteases are critical for the kadean of peptide

bonds during food digestion and other metabolic processes. However, it has also been
shown that proteases are involved in much more subtle processes of regulation, such as
blood clotting(Macfarlanel964) Fifty decades on from that research we koww

proteases to be involved in an array of vital functions such asgyo#d progression,

cell proliferation and cell death, DNA replication, tissue remodelling, coagulation,

wound healing and the inume responsglurk 2006) As will be discussed in more

detail inanother section, the activity of these proteasdéigtly regulated to prevent

disastrous consequences.

Matrix metalloproteases (MMPs) belong to the endopeptidases group, specifically they
are responsible for the breaking of peptide bonds within thteiprrather than amino

acids near the terminal endOne of their main functions is to breakdown the ECM
(Baughet al. 1999; Stallmaclet al.2000; Pendeet al.2003; Lubetzkyet al.2010)

The main inhibitors othese proteases are the tissue inhibitors of metalloproteinases or
TIMPs. Moreover, they are produced by the same cell types who produce MMPs and
their main role igo regulate or maintain their proteolytic functiprfisse and Nagase

2003)

There have been many studies demonstrating a role for MMi?seiase. For example,
Medinaet alin 2006 found that MMPs are upregulated in N@&dina and Radomski
2006) Prior to this Bisteet aldemonstrated that MMB was found in the epithelial
cells of NEC samips, and showed that alongside MM Pother MMPs played key
roles in the tissue destruatiocn NEC(Bisteret al.2005) More recently, it has been

found that under stressed conditions CAalls are known to express the active form
41



of MMP-2, further implicating the role of MMPs in the pathogenesis of NB€ln et
al. 2015) Interestingly, it habeen found that MMPs, specifically MMPand MMR9,

are a component of human breast nilkbetzkyet al.2010)

1.4.1 Proteases in the Gastrointestinal Tract

There are a number of proteases present in the Gl tragcicdhebe luminal, circulating,
secreted, intracellular, intramembrane and pericellularekample, Gl function is
dependent on pericellular proteolysis, this is a result of the continual exposure of
intestinal epithelial cells (IECs), both at the apeadl basolateral surface, to proteases
from different source@Medina and Radomski 2008 contrast, proteases secreted by
IECs are known to regulate their environment, such as remodelling the extracellula
matrix (ECM)(Medina and Radomski 200@p a later section, the role of proteases in
Gl diseases will be discussed, here the types and functions will be detailed.

One of the main functions of proteaseshe Gl tract is as signalling molecules, acting
on the autocrine, paracrine, and endoesystems, in multicomponent pathways.
Protease signalling is a highly effective form of signalling as it is, in most cases,
irreversible. Examples of these pathwayclude growth factor activation, proprotein
maturation, enzyme activation, sheddingell surface receptors, and ECM degradation

and turnover.

Gastrointestinal physiology relies heavily on proteolytic substrates including: epidermal
growth factors (EGs), transforming growth factdr (TGFb), insulinlike growth

factors (IGFs), fibroblaggrowth factors (FGFs), trefoil factors (TFF), coleny

stimulating factors (CSFs), hepatocyte growth factor (HGF), pladelé¢ed growth

factor (PDGF), tumour necrasfactor (TNF) family members, ILs and interferons. An
example of this is proteases belongto the ADAM (a disintegrin and

metalloproteinase domain) family of proteases. Firstly, the ADAMs are activated by G
protein coupled receptors, who in turn cleavembrandethered growth factors, which
then activate the target, epidermal growth fastoeptor{Gschwindet al.2001; Ohtsu

et al.2006)

The regulation of many Gl processes are controlleddpyd®ein coupled receptors,
known as proteinase activated receptors (PARs)gnolle 2000; Kawabata 2003;
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MacNaughton 2005; Steinhaét al.2005) PARs become active as a result of
proteolytic cleavageas dictated by being protease activated, of the ataeimainal
domains. As a result, a new amino terminus becomassexi and acts as a tethered
ligand that is able to bind and therefore activate the recépooghlin 199). Serine
proteases are known to activate PARs and are found in large quantities in the intestinal
lumen as a result of secretion byferent mucosal cell typgdlacNaughton 2005)

PAR1 and PARS are activated by throm@ilakanishiMatsuiet al.2000) PAR2 is
activated by numerss serine proteases such as trypsin and mast cell tryfStsell

et al.2003; Cottrellet al.2004) Other proteases act upon PARs in a different manner.
For example, elastase and chymase cleave downstream of thetarmimal placed
ligand, therefore rendering the PAR signalling inae(Déry et al. 1998; Dulonet al.
2003; Duloret al.2005)

PAR1 and PAR2 activation leads to alterations in the functions of smooth muscle in the
colon and small intestines. As yet functions of PAR3 and PiAd¥4 yet to be
elucidated in the gyvergnolle 2005) Finally, PARs are known to have multiple

implications in intestinal pathologies, but these will be discussed in a later section.

An integal part of the Gl tract is the mucosal thar and research has shown that key
functions of this vital component are regulated by proteases. Investigations in this area
has found that there is an increase in epithelial membrane permeability as a
consequece of trypsin injections, a known activatifrPAR2 (Cenacet al.2002)
Furthermore, tight junction permeability has been found to be altered by the serine
protease zonuligFasancet al.2000; Wanget al. 2000) It is believed that this increase

in intestinal zonulin is a resudf bacterial contamination within the Gl tract and luminal
exposure to gliadifel Asmaret al.2002; Clementet al.2003; Dragcet al.2006)
Therefore, regulation of proteasé the Gl tract is critical in maintaining health and

homeostasis.
1.4.1.1 Protease Regulation in the Gastrointestinal Tract

Proteases system wide and in the Gl tract are regulated by numerous methods. As
mentioned previously, thargeted activation of zymogeis one method, but there are
also two others, compartmentalization and termination by inhibitors. Enterocytes

display both spatial and temporal compartmentalization. Proteases produced by mast
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cells, such as trypstase, chysaand granzyme B, are seqeestl within intracellular
granules and are released in response to inflamm@@aobet al.2005) This is an
example of spatial compartmentalization, whereas temporal compartmaimalihas
already been discussed via the activatibproteases during cascades. Proteases can
become localised in the pericellular space by direct and indirect mechanisms. An
example of direct localisation is the tethering of MIP, matriptase, and diptidyl
peptidase 4, to the cell plasma membrana byembrane spanning domékiooperet

al. 2001; Loreyet al.2002; NetzelArnettet al.2003; Medina and Radomski 2006)
contrast, indirect localisation woulee the sequestering of proteases in granules or
vesicles, as previously detailed.

The activity of many of the proteases in the Gl tract are controlled by specific inhibitors,
several examples are detailed asofiel. As mentioned previously MMPs are regatl

by TIMPs. Secondly, there are serpins, a large family of serine protease inhibitors that
target different stages of protease cascades causing irreversible intifitials and
Lawrence 2004)Furthermore, in certain cascades each step can be inhibited by specific
substrates. Inhibitionfgrotease cascades is not a simple progeserpins, serine

protease inhibitors, can have their inhibitory function removed by MMPs. After the
proteases have been neutralized by their specific inhibitors, the resulting complex is
rapidly cleared by spéi receptors, acting as scavengers. Aaragle of this receptor

is the family of low density lipoprotein (LDL) receptdiderz and Strickland 2001)
1.4.2 Bacterial Proteases

As discussed previously, host proteases contribute a significant proportion of proteolytic

activity that occurs in the Gl tract. However, combined with the knowledge of the

microbial content of the Gl tract, it is not surprising that @sés of bacteriarigin

also contribute to the total proteolytic activity of the intestines. These bacteria are

known to contribute serine, cysteine and matr
b r o tMactarlare et al. 1988; Gibsoret al. 1989; Rékeet al.2007b)

Bacterial proteases can exist in many forms. They can be excreted by the bacterium,
remain attached to the cell surface, or they can be embedded within the bacterial
membrane. Furtherore, they takeaot in numerous biological processes, such as post
translational regulation of gene expression. Specifically, in the processing and
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maturation of various surfaeessociated proteir{taskowskeet al. 1996; Gottesmaat

al. 1997) For example, HtrA proteases have been shown to have housekeeping
functions such chaperoning proteins and degrading misfolded pr{fgiesst al.

1999) In addition, the HtrA serinbke proteases help bacteria to survive environmental
stresses such as, elevated terafee, oxidative and osmotic essegPallen and Wren
1997; Clauseet al.2002)

One role of bacterial proteases is to interact with integral and peripheral proteins in the
intestinal cell wall, this normally results in inflammation and cytatity (Colemanret

al. 2013; Sumitomeet al.2013; Golovkineet al.2014) Another role for bacterial
proteases is in quality control, for examplecoli DegP, DegQ and DegS enzymes,
located on the cell envelof8piesset al. 1999) It is believed that this quality control
mechanism is related to bacterial pathogen@sigmer and Brgndsd 2009; Huston
2010) HTR proteins can also be found in other bacterial species s&threpsococcus
mutans such as HTRA. These proteases are itgmoifor biofilm formation, as they are
needed during the biogenesis of extracellular proteins, therefore it can beas&ittA

is involved in bacterial pathogenesis by modulating biofilm formaiswas and
Biswas 2005)

One of the maigroupsof bacterial proteases are memberthefomptin family. They

are outer membrane proteases known to direct the pathogenicity of Gram negative
organisms suchsé&. coli (OmpT)(Grodberg and Dunn 1988)hese proteases are most
often encoded on plasmids or prophages andeslikaty to be transferred via

horizontal gene transféHritonenko and Stathopoulos 200Furthermore, it is kown

that omptins interact with LPS as part of their proteolytic actiitameret al.2002;
Kukkonen and Korhonen 20Q4)ne of the key reasons omptins are so unique, is their
catalytic activity. They are technically classed as aspartate proteases by the MEROPs
database but also share a similar catalytic structure to that of serine proteases
(VandeputteRuttenet al.2001) As a result of the unique catalytic site, OmpT is not
inhibited by any of the normal protease inhibitors, such as PMSF a knowa serin
protease inhibitor. However, a recent study by Braret@aiin 2015 found that

Aprotinin, typically a serine proteasahibitor such as trypsin, was able to reduce the

proteolytic activity of OmpTBrannonet al.2015)
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E. coliis not the only pathogen shown to release proteases that aid in their
pathogenicityCampylobacter jejuniC. jejuni has been a key player in the protease
assisted virulence. Firstly, it is kwa to invade human intestinal epithelial selhis
occurs either via a transcellular or paracellular pathiBaghmet al.2012; O Crdinin

and Backert 2012More specifically, colonization b§. jejunibegins via a paracellular
breach of the intestinal deball and binding to fibronectin on the basolateral surface of
the membranéBackert and Hofreuter 2013 addition, it can occur via the
breakdowrof E-cadherin, present in adheren junctions, by proteg@ss=hmet al.

2012)

Furthermore, this method of invasion has been shown by another pathogenic species
Helicobacter pylori This bacterium releases proteases that compromise the integrity of
adheren junctions, therefore allowikig pylori access to the basolateral side of the
gastric membrangHoy et al.2010) A more recent sdy by Elmiet alfound an outer
membrane vesicle (OMV) @&. jejunito contain three seridée proteases. In addun,
these proteases increased the release of lactate dehydrogenase, a measure of
cytotoxicity, in T84 cells; caused the breakdown of kglgttjunction proteins; and

enhanced the invasion mechanisnCofejuniinto T84 cells(EImi et al.2015)

In addition,Chlamydiaspecies have been shown to secrete protéasiegrade

intracellular membranes, which creates the necessary compartment for bacterial survival
and growth(Derré 2015) Furthermore, there are other species of bacteria showing
protease activity. Proteases fr@acteroides fragilimndPorphyromonas gingalis

have been shown to breakdowst&dherin, an integral protein of intestinal wall

adheren junction8/Nu et al. 1998; Katzet al.2000; Remaclet al.2014)

It has been showtihat samples rich i€lostridiumspecies have increased proteolytic
activity in human faecal sampl@&/oodmanse¥t al.2004) A mouse model has shown

that a reduction in microbial density and protease activity occurs after the administration
of oral antibiotic{R0Oka et al.2007a) Interestingly, it is worth mentioning that

proteolytic activity from baeria is independent of inflammation in the intestine
(Pruteamuet al.2011)
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1.4.3 Protease Activity and Disease

There have beeseveral studies demonstratelgvated levels of protease activity in

disease, such as inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS)

(Bustoset al.1998; Dunlopet al.2006; Cenaet al.2007 Rokaet al.2007b; Gecset
al. 2008; Shulmaret al.2008; Annahazet al.2009) Figure?. The pathology behind
these diseases occurs as a result of excessive proteolysis by proteases. Research is
currently undegoing as to whether this is a result of faulty host proteolytic systems or
of a bacterial origin as virulence factors or §yosis. In addition, bacteria in the Gl

tract could also contribute to di sease
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Figure 7. Proteases and their role in diseas&ach bubble contains a different way protease exert their
effect in the deelopment and progression of Gl diseases. The bold text refers to the biological function
affected by the proteases and the othet are the affect components and the results. Adapted from
Vergnolle(Vergnolle 2000)

For example, high levels of neutrophil mediators such as elastasalpratectin were
found in the faecal samples of ulcerative colitis (UC) pati@héecsest al.2008) To

add, cathepsi® (CatG), a serine protease prodddsy neutrophils, binds structures on
intestinal epithell cells. These structures are called protehasasiwated receptors
(PARSs). PARs are a family of transmembranerGteincoupled receptors, which are
activated by serine proteases cleaving thetemhinal domair(Hollenberg and

Compton 2002; Cenaat al.2007) Specifically, CaiG binds to PAR4 activating

47

\Y



important inflammatory processes and neutrophil functiSasriet al.2003; Shimoda
et al.2007)

A key study by Canll et alin 2013 clearly demonstrated a distinct difference, detailed
next, between bacterial communities in samples demonstrating high afekea/
protease activity. In addition, a wide variety of protease activity was seen in the
samples, all patiestwith IBS. Furthermore, a significant decrease in the number of
observed Operational Taxonomic Units (OTUs) and the Shannon index of diveasity
found in the samples with high faecal protease actikagtobacillales Lachnospiracae
andStreptococcacesgroups were positively associated with faecal protease activity.
On the other hand, tHRuminococcaceammily was negatively correlated withecal
protease activity. Lastly, they found a significant correlatioR. gfrausnitziiwith

faecal protease ticity (Carrollet al.2013) From this research, it can be thought that
individuals wih a high faecal protease activity have lower numbers and diversity of
bacterial species in their intestines and harbour a microbiome that is distinct from

individuals with low faecal protease aaty.

Disease is not solely caused by bacterial or hoseases alone, there is a certain
degree of interplay between the proteases of different origins. As will be mentioned
throughout this thesis, there is little evidence in this area of proteasectes#ue to the
difficulties in determining the origin ohe proteases present in the sample. However,
there has been interesting research indicating at complex and detailed interactions
between these crogingdom proteases. MM, known to be excretday Paneth cells,
catalyse the activation of cryptdins, a fgnof antimicrobial peptide$Weekset al.

2006) It was found that in MMF deficient mice, enteric pathogens sucltasoliand
Salmonella typhimuriuroolonise in greater nupers in these individuals,
demonstrating the role of MMP in the activation of antimicrodl peptidegWilson et

al. 1999) Also, in miceCitrobacter rodentiuma relative of the human pathogegic
coli, increases the release of serine proteases and granzyme A. However, in PAR2
deficient mice the patigenic effect ofC. rodentiums greatly reduce(Hanseret al.
2005)

It is known that bacteria, specifically enteric pathogens, secretéfisgproteases
leading to either increased gut stimulation and inflammation, or by inhibiting host

immunity. A key example of this Bacteroides fragilisknown to produce the
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virulence factor, zindependent metalloproteinase enterotoxin. This entarotauses

a number othanges in the host, such as rapid release of IEC proteins, cleavage of tight
junction protein Ecadherin and reduction in colonic permeability, colonic epithelial cell
changes, release of praflammatory cytokines and colonic celtoliferation(Sears

2001) It is believed that these ainges contribute t8. fragilis associated diarrheal

disease, IBD and colorectal cand®r fragilisis not the only pathogen known to use
proteases as a virulence factdibrio cholerasecrets a zindependent protease with
mucinasdike activity, thoughto stimulate the cleage of occludin. In contrast, the
enterotoxic protease @f. perfringenss thought to cleave claudins, therefore affecting
intestinal barrier integritySears 2000)

1.4.4 The Role of Proteases in the Infant and Preterm Infant

Gastrointestinal Tract.
1.4.4.1 Introduction

Protein is an essentiautrient for growth ad development of infants. However,

preterm infants are born requiring a greater amount of protein in order to achieve
adequate or catch up growth. As a result, preterm feeding is often supplemented
(Arslanogluet al.2010) Little is known abouprotein digestion itboth full preterm

infants, thus making it an important area of research in order to provide the best care for
a vulnerable population.

1.4.4.2 The Source of Proteases in the Infant Gl Tract.

The primary source of protein for both term anet@rmm infantsistheemt her 6 s br e
milk. Research has shown that breast milk from mothers of preterm infants contains a
higher protein content, which decreases over the first 8 weeks of lagtéam2002)
Furthermore, a variety giroteases and themhibitors are present in breast milk. This

was shown by the presence of over 100 unigue casein fragments in milk from both term

and preterm mothe(&errant et al.2004; Armaforteet al.2010)

Interestingly, dat has suggested that preterm milk undergoes more proteolysis than
term milk (Armaforteet al.2010) This study indicates at the presence of a higher level

proteases in the gut of preterm infants, the origin a€lwbould not be host or bacterial.
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Several proteases haveebaliscovered in breast milk of term infants such as, trypsin,
elastase, plasmin, cathepsin D and kallik(@istrup and Sterndorff 1953; Fox 1981,
Vetvickaet al. 1993; Pémer et al.2006; Christenseet al.2010) However, research

has not yet investigated the concentrations and activities of proteases in the breast milk

of mothero6és to preterm infants. This protease

(Heyndrickx 1963; Toet al.1982) The proteases present in breast milk are currently
believed to initiate the digestion of protein for the infant, as the decrease of proteases

breast milk coincides witthte i ncr ease of the infantdés own

As mentioned previously protease inhibitors are also present in human breast milk, and
similarly, to other systems the inhibitors are present in order to regulateithiy att
proteases. Specificgllto protect the human milk proteins from digestion. This

inhibitory action was detected in term and preterm milk samples from birth up to 160
days postpartur(ilor et al. 1982) Interestingly for this thesig/l-antitrypsin has been

found in the faeces oftim breastfed infants. Therefoi€antiproteases are present in

the stool it is possible for proteases to also survive the gastrointestinal tract and be
detectable in faec€®avidson and LonnerdaB87). However, the persistea of

proteases and or antiproteases have not been reported in the faeces of preterm infants.
1.4.4.3 The Proteases Present in the GI Tract of Infants.

Overall, key luminal proteases in the adult intestine such as trypsin, chysiotryp
elastase, enterokinase aratboxypeptidase B; are also present in both term and
preterm infants. However, they have been found at concentrations and activities lower

than those in adults.

Enterokinase (also called enteropeptidase) is a protease secreted from intestinal
epithelialcells in response to food stimulatiMeu 2007b) This protease is essential

for proteolysis in the intestine as it is leads to the activation of trypsinogepsint

(Britton and Koldovsky 1989)I'rypsin is then available to initiate the conversion of
chymotypsinogen to chymotrypsin, proteoelastase to elastase and procarboxypeptidase
to carboxypeptidas@allaset al.2012) Very few studies have shown that enterokinase

is present at birth in both term and preterm infants. Furibwee, the enzyme was

detected in the duodenal mucosa by 24 to 26 weeks gegtitmmowicz and

Lebenthal 1977)Moreover, this enzyme to laetive in both preterm and full term
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infants(Dallaset al.2012) However, compared to that of older children, enterokinase
activity was 6% and 20% in 26 to 3@ek gestational age preterm infants and term

infants, respectivelyAntonowicz and Lebenthal 1977)

Trypsin is a ubiquitous human proteasegeted to cleave peptides at the carboxyl side
of lysine and arginin@_eiros 2004) In the duodenum trypsconcentrations are less
than those of adults in both full and preterm infgBisrgstrOMet al. 1960) However,
trypsin cancentrations in the duodenum of preterm infants was less than term infants,
until 2 to 4 weeksfter birth (BorgstrOMet al. 1960) Ultimately, a month after birth

both term and preterm infants display concentrations and activity of trypsin similar to
those of adult§Lebenthal and Lee 1980)

Chymotrypsin is another luminal protease known to cleave the carboxyl side of
tyrosine, tryptophan and phenidaine(Appel 1986) The concentration of
chymotrypsin remains relatilyestable during the first month of life in both full and
preterm infants, but only reach 10 to 60% of the concentrations seen in adults
(Lebenthal and Lee 1980; Kolacekal.1990) Of interest, during the first 30 days after
birth there was no difference in thetigity of chymotrypsin between term and preterm
infants(Kolaceket al.1990) Furthermore, chymotrypsin was present in the faeces of

both term and preterm infants in similar val{ésndrellet al. 2000)

Carboxypeptidase B isrotease that complements the activity of trypsin as it cleaves
arginine and lysine from the carboxy terminus and pepfies et al. 1972)
Carboxypeptidase B is also present in similar concentrations and activities in both term
and preterm infant duodenal fluids at birth and 30 days of age. In addition,
concentrations and activities were 10 to 25% of those of a 2 yk@ratienthal and Lee
1980)

In summary, the only protease discussed to have lessyatiyteterm infants is
enterokinase, the others had similar concentrations and activities. However, this was not
achieved until 30 days after birth, the most critical time for growthdaneélopment.

Therefore, preterm infants are likely to be less capabtligesting proteins.
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1.4.4.4 Bacterial Protease Degradation in the Infant Gut.

As previously detailed, bacteria of the gut microbiome are known to produce proteases
and contribute to the dempation of dietary proteins. Several key components of the gut
microbiome are known to breakdown protein sucBasteroidesPropionibacterium
Streptococcu<Llostridium BacillusandStaphylococcu@Macfarlane and Allison

1986) For example, intestinal beeria degrade casein and bovine serum albumin via

cell bound and exacellular proteasg$Smith and Macfarlane 1997blhese proteins

are first broken into peptides and then into volatile fatty acids, ammonia, dicarboxylic
acids and various phenolic comyals(Smith and Macfarlane 1997b) key

observation is that the angiracids do not accumulate when these bacteria degrade
protein, suggests the amino acids are quickly metabolized by the intestinal microbial
community. This could be a result of some @& gut microbial community being

unable to break down peptides dirgahd utilizes free amino aci@é/hiteley 1957)
Moreover, a wide variety anaerobes can ferment amino acids, such as species from the
following generdPeptostreptococcu€ampylobacterAcidaminococcus
AcidaminobacterFusobacteriunrandEubacterium(Catoet al. 1983; Durreet al. 1983;
Stams and Hansen 1984; Buckel 1986; Nanneigd. 1986; Zindelet al. 1988; Rogers

et al. 1992;Smith and Macfarlane 1997&ome bacteria can utilize both carbohydrates
and proteins as an energy source, whereas others are obligate amino acid fermenters
(Liepkeet al.2002)

Resarchers have not yet determined the amoubboferial protein degradation in the
intestinal tract and colon of term and preterm infants. However, studies have provided
an insight to the possible processes. For instance, the observatiBiiittodtacterum
longumsubspeciemfantis a bacterial sgin common in the intestinal tract of brefes
infants, grows on culture medium made of peqaBgested human milk Lf (lactoferrin)
and slgA suggests that bacterial fermentation of dietary proteins is comr@ast

fed infants(Brock et al. 1976) Moreover, a synthesized peptideledlprebiotic
lactoferrinderived peptidd (PRER) that is based on these peptides stimulated growth
of B. infantisat a concentration of 1 to 10M, but did not stimulate four pathogenic
bacterial straingBrock et al. 1976) The observation that Lf and sIgA can survive intact
in stools of term and preterm infants, suggestssihel stimulatory peptide fragments

could surwe to support the growth &. infantisin the colon, but also that even after
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exposure to bacteria in the large intestine, some milk proteins resist degradation
(Richardet al. 1986; Davidson and Lénnerdal 1987)

A comprehensive comparison of the protein content of ileostomy fluid with that of
faeces has not been made, so it is not possible to comment further on protein
degradation that occurs in the @ol Any proteolysis in the colon would likely be
primarily tha result of bacterial proteases. As protdegrading bacteria are present in
the colon(Windeyet al.2012)

1.4.4.5 Summary

In summary, there is clear evidence for a detectable proteaggydetiel in the stool of
preterm infants. However, data iseded to determine if this is the case. Yet to be

discussed is the role these proteases may play in disease, specifically the common
gastrointestinal disease in preterm infants, NEC. As detaiadously, excessive

protease activity has been shown touran individuals with IBD. However, no

research to date has found any link between preterm faecal protease activity and disease.
But proteases are responsible for the activation efrgfammaory signals in the gut, a

key pathology in the developmentNEC is an exacerbated inflammatory response.
Therefore, pranflammatory cytokines and protease activity could be closely linked in

the developing preterm infant gut.
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1.5 The Intestinal Epithelial Barrier

1.5.1 The Function of the Intestinal Epithelial Barrier

Regulation of the intestinal epithelial barrier is a result of the action of tight junctions
(TJ), which are present between the cells of the single cell epithelial layer. It has been
shown thathey can be activated by myosin light chain (MLC) phosphopratausing

the actinomyosin ring to contract and open the tight jun¢ionneret al. 1997) The

main function of the intestinal epithelial barrier is to regulate the passage of nutrients
and ions from the intéigal lumen to the blood stream and vice versa, as shown in

Figure8.

Bacterial products

and dietary antigens g
Na* - D >
Small solutes B (} Actomyosin A
Eplthellal cel\ = . A 4 ring
UL l“‘ U RUPUCUURY : QO CURURIUUURRUH AU
v Claudm ’! Claudmz g S # e x' ) i
Occludm ! MLCK Nl
| o | | |
r o GD ‘\’ \ O ,“ l o [\ q | \\
J S N e | . S S S
Lamuna Nar i Endosome
propria Small solutes (v) v
T §§¢ il \Y
TGFp = ‘ \ == IFNy ‘ "’ 4
Retinoic acid \Q}H;}(é TNF | QS( O Z%-
S i k.
Antigen—0) M B?f‘[\\\x
J—Tcr
o

IL-10 and TGFf J-

Figure 8. The Function of the Intestinal Epithelial Barrier. Image reproduced with permission from
Turner 2009 Turner 2009) permission granted on 25.2.19. Minor barrier defects allow bacterial products
and dietary antigens to cross the epithelium and enter the lamina pidypsiaan lead to disease or
homeostasis. If the foreign materials are taken up by angigesenting cells (APCs), such as dendritic

cells, that direct the differentiation of T helper 1 (Thl) or Th2 cells, disease can develop. In this process,
APCs and Thkells can release tumouraresis factor (TNF) and interferegn(IFNg), which signal to

epithelial cells to increase flux across the tight junction leak pathway, thereby allowing further leakage of
bacterial products and dietary antigens from the lumintire lamina propria and amplifying the cycle of
inflammation. This ray, ultimately, culminate in established disease. Alternatively, interleL&itL-

13) released by Th2 cells increases flux across small esgiective pores, potentially contributitm

ongoing disease. Conversely, homeostasis may dominate if APCetproegulatory T (Treg) cell
differentiation, which can be enhanced by epithelial cell derived transforming growthldg@iGib)
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and retinoic acid. The Treg cells display latency assed peptide (LAP) on their surfaces and may
secrete 110 and TG to prevent disease. Abbreviations as follows: MLCK, myosin light chain kinase;
TLR, Toll-like receptor; TCR, T cell receptor.

In the intestine, the epithelia are arranged into crypts/éihdlhe crypts contain stem

cells which regenerate every five daysl the villi increase the surface area of the

barrier to encourage the passage of nutrients etc. Furthermore, the epithelial barrier has
a protective system that also separates it fitmrintestinal lumen, a thick mucus layer.

This mucus layer contaimsucins, glycoproteins produced from the goblet cells of the
epithelial layer. The function of this barrier is to prevent direct-hostobial binding,

reduce aggregation of adherenttesi@, and increase bacterial remoftaalpern and

Denning 2015)

The integrity of thidarrier is further increased by the apical junction complex (AJC),

these are intercellular contacts consisting of membrane proteins and cytoskeletal anchor
proteins, resulting in tight and adheren junctions. TJs consist of over 40 transmembrane
proteins ncluding occludin, claudins and junctional adhesion molecules. Tiezardh

junctions include the proteins@&dherin, ané- andb-catenin. The whole AJC is

linked to the cytoskeletal scaffoldingtocreateam &t i n ri ng. The AJCs
intestinalepithelial cells together to regulate the passage of ions and snietiutes.

The AJC and the cytoskeletal connections can be regulated by physiologic and

pathologic signal§Halpern and Denning 2015)

The key role of the intestinal epithelial barrier is to prevent bacteria and other toxins

from entering the blood stream. One of the way®és this is through the action of

Toll-like receptor 11 (TLR11). TLR1 has been shown to fibl oc
Salmonella hr ough the Peyerds patches, this i s
as a A cSalmonellgS$hiet ab2012) The role of bacteria in the control of the

intestinal epithelial barrier will be discussed in a later section.
1.5.2 Disruption of the Epithelial Barrier and Disease

There are numerous factors that contribute to the dierupf the intestinal epithelial
barrier. It has been shown that proinflammatory cytokines such agd¢BNincrease
intestinal epithelial permeabilitiResearch suggests that Hgidan induce endocytosis

of TJ proteins, therefore increasing paracellplrmeability(Utechet al.2005) An
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earlier study showed that IF§lalongside tumour necrosis fac@r(TNFa) can
downregulatelte TJ protein occludin, as a result increasing TJ permeailapkertz

et al.2000) The action of these proinflammatory cytokines by inducing endocytosis of
TJ proteins acts independently and primarily over the apiogfiect, previously

known (Brueweret al.2003)

Inflammatory bowel disease is a sevetestinal disorder affecting a significant

number of people and a large amount of research into the pathophysiology of this

disease has been done and is discussed in a previous section. It has been suggested that

epthelial barrier dysfunction has an irmpant role in the progression of this disease.

For example, relapse in Crohnds disease patie
epithelial barrier integrity. Furthermore, a disruption on barrier integrgyblean seen

in patients with celiac disse(Clayburghet al.2004)

One of the key changes to epithelial integrity during disease is via the action of bacteria.
There are numerous pathogens with a vast array of methods to invade the intestinal

barrier.
1.5.3 The Effect of Bacteria an the Intestinal-Epithelial Barrier

The diseas effect of Enterohaemorrhadic coli (EHEC) infection was unknown till it

was discovered that infection causes an increase in intestinal barrier permeability. It was
found that infection with this pathogerdléo activation of intracellular transduction
pathways, which resulted in epithelial permeabilRhilpottet al. 1998) Anin vivo

murine model of EHEGnhfection was developed and provided more detail on the effect
of this pathogen. This model showed that EHEC led to a redistribution of TJ proteins as
a result of altered transcription of key TJ proteins sgobcaludin and claudifRoxas

et al.2010) As previously identified TJs are opened by the phosphorylation of the

MLC, therefore it would be feasible to hype#ize that bacteria may act upon the TJ in

a similar wg in order to enter the bloodstream. Simonatialin 2000 found that

EHEC infection caused the dephosphorylation of occludin, which led to the same effect

as MLC phosphorylation, by increasing TJdmeability (Simonovicet al.2000)

It is known that pathologies such as Crohnos
it has been shown that patfens such as adherenvasiveE. coli (AIEC) can
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contibute to the progression of this disease. Research has shown that aiivesene
E.coiproduce a | ong polar finbrae that inte
effectiveness of M cetranslocation, therefore contributing the lesionsenyPe r 6 s
patchegChassaingt al.2011) Furthermore, AIEC cells are known to interact with

other intestinal cell types, as a result increasing cla2@irpession and TJ
permeability(Denizotet al.2011)

Another bacterium knowto contribute to epithelial barrier breakdowrSalmondh
typhimurium It has been found th& typhimuriuntauses a rapid decrease in
transepithelial electrical resistance (TEER) and a rearrangement of key TJ proteins
(Jepsoret al.1995) Later research has elicited part of the mechanism by véich
typhimuriumcauses epithelial barrier disruption. In order to interact with the b&rier
typhimuriumextends fibrils, similar to AEIC, these protrusions aater TLR2 causing a
decrease in TEER and an increase in translocation across the epi({@pipomget al.
2013)

One of the most weknown and possibleesearbed gastrointestinal pathogens in
Campylobacter jejuni known to attack the gut intest
pathogenesis. Research has shownGhgjunican inhibit absorptive cell function and

alter TEER through a rearrangemehil J proteins such as occludi{MacCallumet al.

2005) Further research showed that epithelial cell invasio8.4gjunipreceded

epithelial barrier decrease, as a re€ulfejuni barier disruption is mediated by

invasion(Wine et al.2008) A very interesting piece of research showed that not only
doesC. jejunienable translocation of itself across the intestinal epithelialdbabi it

can also enable commensal gut bacteria to travel outside of the intestinal lumen via a

lipid-raft translocation mechanis(ialischuket al.2009)

A known pathogen responsible to many cases of gastroenteMissmia

enterocoliticaand as with many other pathogens previodsigcrbed elicits a diarrheal
effect by intestinal barrier dysfunction. It was found thaénterocoliticacaused a
decrease in TEER only in the presence of live bacteria and necrosis. Furthermore, this
decrease in TEER was a result of TJ protein reaeraegt(Heringet al.2017)

Another bacterium in this genus, pseudotuberculosigs been found to alter intestinal
barrier function by disrupting the interplay between immune and epithelial cells via

TLR2 stimulation(Junget al.2012) This mode of action has been discovered in
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another bacteriurB. typhimirium The research by Jumg alwas built upon by Meinzer
et alwho found thalY. pseudotuberculoseffector YopJ by disrupting the immune
receptor Nod2, instead of acting as mmateimmune receptor Nod2 activates caspase
1, thereby increasing levels of-li, leading to intestinal barrier disrupti@keinzeret

al. 2012) Not only doesr. pseudotuberculosshare TLR2 diruption withS.
typhimirium this bacterium can also favour the translocation of commensal gut
bacterium(Ragnarssoet al. 2008)

There area sibstantial number of bacteria who can translocate the epithelial barrier as
has already been discussed, but aso/be mentioned is the subtle differences between
there invasion tactics. So far, we have seen TJ protein rearrangement, membrane
interagions, cell signalling events, phosphorylation methods and the ability to allow
commensal bact er tthaereishigdild flaxgeridnd causegdiseaseNdye x
translocating the epithelial barrier, by releasing Ipa proteins (invasins) that cause
rearrangement of the cytoskeleton therefore allowing access for the bacteria to cross the
epithelial barrie(Sansonettet al. 1999) However, earlier research showed that
Shigella flexnertranslocated througtie epithelial barrier via the basolateral surface
(Mounieret al.1992) This conflict shows that there is much more research needed to
elucidate the exact mechanisms by which bagtpathogens and their toxins are able to

move from the gut to the wider host environment.
1.5.4 Host Proteases and the Intestinal EpitheliaBarrier

It is known that bacterial proteases are not the only proteases present in the intestinal
lumen, as a signifant contributor to total protease activity is host derived proteases.
There are a number of host proteases known to contribute to thiefuoicthe

intestinal epithelial barrier. Firstly, host matriptase, a serine protease, increases the
production of chusin2 a tight junctional protei(Buzzaet al.2010) Proteases released
by mast cells have ba foundto increase intestinal epithelial barrier permeability
(Overmarnet al.2012) Furthermore, trypstase is released from mast cells during times

of stress and inflammatidiCamilleri et al.2012)
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1.5.5 The Development of Intestinal Permeability in the Premature

Infant

The development of the intestimeuteroand in premature infants has been discussed
previously,1.3.3 however, there are differences associated with the development of the
epithelial barrier, seen ifable 1, that are different from general intestinal developmen
Firstly, development of the intestinal barrier occurs hotlteroand postnatally. The
barrier of the human intestinal monolayer forms during the first trimester. Furthermore,
epithelial architecture begins to form at 8 weeks of gestation to foromthes and villi.

Two weeks later the AJC develops and tight junctzarsbe detected. This

development occurs relatively early in gestation, however, the intestinal barrier is not
considered fully mature until term, as growth factors are not presen2@nteeks of

gestation.

In a continuation of the theme of this treeghe preterm infant differs dramatically in
terms of development from that of faérm infants. Studies have shown that Paneth
cells are developmentally deficient in number and famciin an infant born at 24

weeks. Furthermore,-Gells are shown to becruited early to the premature gut.

One of the most prominent defects in preterm infants is an increased intestinal
permeability. As a result, this leads to an increased invasibactéria and toxins

causing inflammation and potentially intestingluiny. Studies have shown that
commensal bacteria and probiotics decreases this intestinal permeability, progressing
the preterm gut towards maturiylalpern and Denning 2015)

Table 3. The Effects of Immaturity of the Intestinal Epithelial Barrier in Preterm Infants.
Reproduced from Halpern and Denning 2015 witmpssion(Halpern ad Denning 2015)

Intestinal Barrier Time of Maturation Effect of Immaturity in the Preterm Infant
Component
Epithelial Apical Mature structure at 12 wks gestation (in - Increased mntestinal permeabilitylmmature absorptive capability Immature secretory capability

Junctional Complex (AJC) utero)Mature function at term
Paneth Cells Detectable at 12 wks gestation Decreased number Decreased secretory capability (Lack of antimicrobial peptides required to
Secretory capability at 13-20 wks regulate intestinal colonization)
gestation
Mucin (Goblet Cells) Term Immature mucus layer allows bacteria to contact intestinal epithelia{Lack of physical protective
barrier)
Intestinal epithelial TCRyS subset recruited early (24 wks  Early recruitment may be important to promote immature barrier function (Important to prevent

lymphyocyte (IEL) gestation) bacterial translocation, promote TJ function, regulate inflammation, and promote epithelial repair)
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1.5.6 Summary

The intestinal epithelial barrier is imggeal in maintaining gut homeostasis. This is

achieved by maintaining a selectively permeable barrier. Proteases, bacteria and
inflammation have been shown to affect the permeabilithiefliarrier. However, their

effect on the gut barrier permeabilitypneterm infants have yet to be investigated.

Therefore, by analysing the levels of proteases and inflammation in the gut of preterm
infantds possi bl e bar r.Mereoved leygampadilythe on c an
bacteria present in different sites withihe infant the degradation of the intestinal

epithelial barrier can be investigated.
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1.6 The Immune System of the Gut

1.6.1 The Healthy Gut Immune System

The immune system of the gut is umégas it needs to avoid triggering a large immune
response to food agens and commensal microbiota, whilst still being able to detect
and remove pathogenic bacteria. This level of specificity is known as oral tolerance.
The gut immune system has evoltede able to determine the difference between
antigens derived fronobd and those from other foreign sources.

The main component of the gut immune system is the mucosal immune system,
concentrated at the Peyer 6s hgsarethches. Al s
microfold or M cells. These cells actually lack mucosgéfaand can therefore interact

directly with the luminal contents. The M cells take part in transcytosis, taking up

luminal contents and passing them through the cell to the basallages they can be

used for antigen presenting during the adaptive imemasponse. As a result, M cells

are often targeted by pathogens. In addition to the mucosal immunity, lymphocytes and
plasma cells are spread along the lamina propia of the gut vaak e lymphocytes

have become activated by luminal contents, thaindsut of the intestine into the
bloodstrean{Charles A Janewagt al.2001)

1.6.2 Changes during Disease and Prematurity

As mentioned previously, IBD and IBS and other gut diseases are mutidhetibh
numerous pathways contributing to pathophysiology. In #6ti@n, detail on how the
immune system changes during wiallown gut disorders in both adults and preterm
infants will be discussed.

Studies in patients with IBS have shown that thelpers of immunocompetent cells

are increased in the intestinal mucdsar. example, there are increased numbers of T

cells, intraepithelial lymphocytes, and-Bexpressing receptor cells. Furthermore, in

50% of patients the numbers of neutrophil and malcosst cells were increased.
Patients exper i enebhbeendound tobarbouw abnodrialnataat e h a
killer T cells. Genetic defects in IBD patients have been found to affect Paneth cell

function. In addition, it has been found that a loss lefrémce to the commensal
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microbial community is seen in IBD pathogeise3 here are numerous other studies
that demonstrate the aberrant immune system in IBD and other gut diseases, again
adding further evidence to the multifactorial nature of these dis@@ader and Kaser
2013)

The immune cell composition of the full term infant gut, and as a result the preterm

infant gut, is not fully understood, as the intestinal tisgsugfficult to obtain for

research{Battersby and Gibbons 2013s previously described, the adult gut

immunological tissue is distributed into three maimpartments: the epithelium,

| amina propria, and within the Peytem d6s patche
is thought to begin with the appearance of T cells in the human foetal intestine at 11

weeks of gestation. Mo r slwegireto form By d6weekéf pat ches
gestationBraeggeret al. 1996)

To summarise, previous research has shown that the development of preterm infants is
very different from full term infan{sand this includes the immune system of the gut.

The infant, even born before 37 weeks of gestation, canédlithe physical gut
components necessary to develop and program the local immune system. Therefore, it is
the environment these infants encouriter birth that causes changes in the
development of the immune system. In the womb, the infant woulddesreexposed

to a small volume of bacteria that would provide the immune system with a baseline in
which to program tolerance. However, a preterfant is born early and exposed to a
significant increase in the number of bacteria. This overwhelms thanmsystem,

leading to increased permeability and disease. Furthermore, a preterm infant is often
unable to consume food orally and therefore thitargmune system is delayed in
recognising orally derived antigens. In addition, the infant is given arntibjohis will

reduce the number of commensal bacteria leading to a reduction in tolerance
programming and possibly allowing for the colonisatigrphthogenic bacteria

(Melville and Moss 2013)

1.6.3 The Role of IL-6 and IL-8 in Adult and Preterm Gut Disease

Levels of IL-6 and IL-8 have been found to be increased in thedgggase UC. It is

believed that the increased amount ofbltesults in excessive inflammatory response

progressing the disease. Moreover, in CD increased levels®hihve been associated
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with relapse rates. In contrast, increase® llevels in gut disases has been linked to
activation and migration of neutroph{isM T &teas2012)

In preterm infants the levels of4& and IL.-8 have been found to be increased in the
plasma of infants with NEC. Both molecules are believed to progress NEC through

excessive inflammation and nesi®(De Plaen 2013)
1.6.4 Proteases and the Gut Immune System

Controlled proteolytic activity is crucial for the maintenance ofigumune

homeostasis. However, it hbsen found that in inflammatory diseases, such as IBD,
pro-inflammatory cytokines induce the up regulation of proteases. These proteases then
destroy the mucosal layer. This then allows access to the epithelial memiinane

the upregulated proteasesdakdown the tight junctions and apical junctional
complexes. Consequently, bacteria, their toxins and other antigens can cross the
intestinal epithelial barrier to activate the adaptive immune system and therefore
sustaning this inflammatory proceg8iancheriet al.2013) Furthermore, serine
proteass from bacterial and host sourcas @ctivate PARS, this causes increased
epithelial barrier permeability via the contraction of the myosin light ofi&aieno and
Fioramonti 2008) Therefore, proteases have a huge effect of the gut immune system.
However, this is not in a direct way but as a secondary outcome of intestinaligpithel

breakdown.
1.6.5 Summary

Inflammationhas been shown to have a dramatic impact on the development and the
homeostasis of the gut immune system. Moreover, aberrant inflammation has been
shown to develop and progress both adult and preterm gut diseaseseHdhis\has

only been demonstrateystemically and the levels of localised inflammation,

especially in preterm infants, have yet to be reported.
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1.7 The Gut Lung Axis

1.7.1 Introduction

The gut lung axis is only beginning to become understood, howeversiharch

provided so far indicatesraservoir of potential for the manipulation of the gut

microbial community in the treatment of lung diseases. More specifically, tHargut

axis comprises of the following components, as showigare9: the lurg and gut
environment, the microbial community of these environments, the immune system and

outside environmental stimuli.
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Figure 9. The Gut-Lung Axis in Health and DiseaseReproduced from Buddest al2017, permission
grantedon 28.2.19. This figure demonstrates the normal contribution of the gut microbial community to
lung health and the changes that occur during disease.

It has been found that chronic lung diseases, such as asthma and chronatiwédstru
pulmonary disease @PD), occur together with gastrointestinal diseases, such as IBD
(Rousso%t al.2003; Rutteret al.2014) For instance, up to 50% of adults with IBD
have some form for pulmonary involveméitzaret al.2001) Furthermorepatients

with COPD are B times more likely to be diagnosed with IEReely et al.2012)
Functional structural alterations are more likely to occur in the intestinal mucosa in
individuals with asthméVieira and Pretorius 20107 herefore, the gut lung axis is an
interesting area to research as this research clearly indicates atd @esk talk
between these two body sites. Due to the naivety of this field no research has been
conducted into this cross talk in pretemfants.
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1.7.2 The Interactions between the Gut and the Lungs

The epithelial surfaces of the gastrointestinal and raspjyr&ract are exposed to similar
organisms as they can access both sites orally, via ingestion and micro aspiration.
Furthermore, both epiétial surfaces are similar in structure and provide a physical
barrier from the epithelium to the bacteria. Thisriea also acts as the main line of

immune defence in both organs, and commensal bacteria have been found to stimulate
the immune system vihis pathwayBuffie and Pamer 2013 herefore, it is not
unreasonable to hypothesize that these orgamsl support the same species of

bacteria.

Further interesting studies have shown that gastrointestinal baetereee an effect

on lung function. Oral gavage of faecal suspensioi® pneumoniamfection model

mice who were given antibiotics, shadvan improvement in symptoms after the gavage
(Schuijtet al.2016) Furthermore, gut colonisation by beneficial bacteria suéh as

longumhas been found to reduce the incidence of as{iay et al.2014)

There has been considéie evidence to suggest that host epithelial immune cells
assimilate information directly from microorganisms and from concomitant local

cytokine response to adjust inflammatory responses. This has then been found to shape
immune responses at distal sjtegch as the lund3rompetteet al.2014; Marslanckt

al. 2015) However, there has been less evidence of direct transfer of microorganisms
between the sites, but the translocation of bacteria has been sesesinfsapsis and

acute respiratory distress syndrome. This is when gut barrier integrity is compromised
(Dickson et al 2016)

The crucial role for commensal microbial community in health and disease has been
proven by numerous studies in gefree mice, whereby their susceptibility to allergic
airway disease and some acute infections, is increased in thesd¢sgRagundegt al.

2012; Olszalet al.2012) Current research has been diverging into assessing the effect
of gut microbiota on systeic immunity, shown irfFigure10, aswell as the

effectiveness of pro and prebiotics on acute and chronic pulmonary disease. For
example, certain bacterin the gut have been found to stimulate pulmonary T helper

cell responses. This was also shownSopneumoniamfection(Gauguett al.2015)
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There is considerable evidence to show how the gublried community can affect

immunomodulatory signal8uddenet al.2017)
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Figure 10. The Systemic Immunity Effect of Commensal BacteriaReproduced from Buddezt al
with permission, obtained on 25.2.(Buddenet al.2017) The diagram demonstrates the interplay
between the commensal bacteria in the lungs and gut.

1.7.3 Gut Microbiota and Lung Diseases

An increased risk of asthma has been connected to the disruption of the gut microbiota
in early life. The overall composition of the gut microbial community is not altered in
infants at risk of asthma. However, it has bemmd that select changes in e@nttaxa

can be detected in the first few months of (ddrahamssoet al.2014; Arrietaet al.

2015) For example, an increaseBnfragilis and total anaerobes in early lifeshaeen
associated with an increased risk of astlfxeael et al.2008) In addition, decreases in
diversity,E. coliand the relative abundancekdecalbacteriumLachnospira Rothia
andVeillonellaspeciegAbrahamssormt al. 2014; Arrietaet al.2015; Orivuoriet al.

2015) This is similar in adults, with the overall diversity not differing between affected
and healthy individuals but with species specific chaligesaet al.2015; Heviaet al.
2016)

There have been several proposed mechanisms by which the microbiota exerts it effect

on the risk of asthma. Infants who were at risk of developing asthma had less LPS in
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their stoolqArrieta et al.2015) Polysaccharide A (PSA) froB. fragilisinduced I1L-10
in T cells protected against the development of as{dotansoret al.2015) H. pylori
has been fountb alleviate allergi disease in mice in several different ways, by
modulating the immune systefidoch et al.2015; Sehrawatt al.2015) Commensal
bacteria can also have also have an effect on the development of asthma by the
produdion and secretion of metab@g(Buddenet al.2017) Examples of these effects

can be seen iRigurell.
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Figure 11. The Microbiotic Programming of the Immune System.Reproduced from Buddest alwith
permission, permission granted on 25.2.19. This diagram shows how the microbial community of the gut
can program the local immune system.

Previously, respiratory microbiota researels fiocused on changes due tmkmg, of
which is a major risk factor for COPD. So far, it has shown that the lung microbial
community is similar between smokers and-samokers, but the oral microbiome
differs significantly(Morris et al.2013) It is believed that enrichment of the lung with
the oral taxa of smokers causes increased inflammation in théSagd et al.2013)
Then it is a combination of the increased inflammation and the inability toveethese
bacteria contribute to COPD development, in only a subset of smoking populations.
Furthermore, there are substantial differences between the luraproioe of

Aheal t hyo s moker s(Pragmdretal.B0d% $zetval.2012) COP D
Interestingly, smokers have a decreased abundarRiGdwbacteriumspeciegZeitz et

al. 2014)
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The gut microbial community is broadly protective against respiratory infection, as a
reduction in microbial content increased the vingke of infectiongChenet al.2011a;
Ichinoheet al.2011; Fagundest al.2012; Wuet al.2013; Schuijet al.2016)
Administration of certain bacteria is protective agaisaureugpneumonia and
Bifidobacterumspecies protected against pulmonary infection in rf\ide et al.2013;
Gaugueet al.2015; Kawaharat al.2015; Vieiraet al.2016)

Several important mechanisms by which the gut microbiota promotes thenclearf
pathogens have been identified. Innate immune responses to bacteria in the lungs are
greatly enhaced by exposure to NOlike receptor and TLR agonists in the
gastrointestinal tract, which included peptidoglycan, LPS, lipoteichoic acid and CpG
DNA (Chenet al.2011a; Fagundest al.2012; Clarke 2014)Similarly, stimulation 6

TLRs by cell wall components and flagella of gut bacteria is necessary for effective

adaptive immune responses to influe(izinoheet al.2011; Ohet al.2014)
1.7.4 Summary

Current research suggests that the gut lung axis is a programming of the immune system
by the microbial community of the body. However, this can be protective and
detrimentain different situations. It has been shown that the translocatibaabéria

from the gut to lungs and vice versa has less of an effect that immune system
programming. Currently, there is no research on these interactions in preterm infants,

but it wouldnot be unreasonable to theorise that similar changes occur inrtfzags.
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1.8 Thesis Aims

The overall aims of this PhD are to provide a detailed picture on the colonization and
subsequent effects of the gut of the hospitalized preterm infant. Theuictiodto this
thesis has shown that although there is a substhotigl of knowledge on the preterm
gut microbiome there are still significant gaps. As a result, this thesis will assist in

bridging these gaps through the following hypotheses and aims.
The main aims and objectives of this thesis are as follows:

1. To investigate the development of the preterm gut microbiome development
during the first 30 days of life.(Chapter 3). This will be achieved using 16S rRNA

genemetataxonomics and clinical data colltduring sample collection.

2. To determine the total faecal proteaseactivity of preterm infant stool and
attempt to make associations with thgut microbial community. (Chapter 4).

This will be achieved using a protease activity and inhibition assays.

3. To conduct an indepth analysis of the effect of antibiotics on the delopment
of the preterm gut microbiome (Chapter 5). Previous research has shown that
antibiotics can increase the incidence of disease. Howeveepith investigations
into the bactedl community changes as a result of antibiotic administration have
yet to be conducted. Therefore, | hypothesise that antibiotics will result in

significant microbiome community changes.

4. To analyse the gut and lung microbiomes of preterm infants to invégate if
there is any translocation of bacteria (Chapter 6). | hypihesise that the
development of the gut and lung microbiomes in these infants will be similar,
potentially demonstrating a translocation of bacteria. Specifically, this will be
achievedtirough the combination of the data from this thesis with that ofd¥idD

Gallacher.
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Chapter 2. Materials and Methods

2.1 Ethical Approval and Consent Forms

Patient recruitment began in November 2014 at the University Hospital \Ai&g)

by Clinical Research Fellow Dr David Gallacher. This was later extended to North
Bristol NHS Trust (NBT) in June 2015amples from NBT were collected by Dr

Richard Wach and colleagud&thical permission for the study was granted by the
Wales Reseah Ethics Committee 2 (Study No: 14/WA/0190). Other permissions were
granted by the research and development committees of the participating NHS trusts.
Ethical permssion was obtained by Dr David Gallacheopies of the ethical approval
alongside reseadncand development approval can be foundppendix 1 Participants
were recuited using the following criteria by Clinical Research Fellow, Dr David

Gallacher:

1. Preterm infants, ventil at edgestalidn@ se we |
age and required ventilation within the first 24 hours of life for respiratory
distress synme.O
2. Term infants, ventilated. These were |
who were admitted to the neonatal unit and ventilated withimo24s of age for
a non respiratory condition, e.g. abdominal surgical complications.
3. Term infants noventilated. These were infants borrré87 weeks gestational
age, with no known pathology, and who were considered well and residing on
the postnatalwardO
There were several samples collected from these infants, described in more @e2ail in
including, Bronchoalveolar Lavage (BAL), Tracheal Aspirate (TA), Nasopharyngeal
Aspirate (NPA), blood, and stool. Samples were tak@veryavailable opportunity

over the first 30 days of lifAll samples were collected by Dr David Gallacher.

Infants were not eligible for recruitment into the study if any of the following applied at
birth. Infants with respiratory pathology, such aagenial adenomatous lesions or
diaphragmatic hernias. Furthermore, incidences of meconium aspiration and ischaemic
encephalopathy, were also excluded from recruitment. Finally, infants with undiagnosed
chromosomal abnormalities or who were not expedeuitvive, as determined by the

treating clinician, were also not recruited.
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During participant recruitment, parents were approached to give consent for their child
to be included in the study, either whilst preterm delivery was a threat or shortly after
delivery. Upon consultation, an information sheet was provided, includedaind

written informed consent was obtained from the parent or parents before the child was
entered into the study. To protect the identity of thevidiials included in the study, all
participants were assigned a study number and patient identifiable information was

inaccessible.

An amendment, mentioned previously, to the study protocol was giteral approval.
Permissions sought by Dr David Galat This amendment allowed for the addition of
Southmead Hospital, part of North Bristol NHS Trust, as a recruitment centre from May
2015 to September 2018amples were collected from Southmead Habkpy Dr

Ri char d Wanaddibiem, atsecaaneandment was granted ethical approval in
August 2016 to include the collection of stools from infants admitted to thenptadt

ward. Permissions sought predominantly by Dr David Gallacher, assigtertb

2.2 Sample Collection

2.2.1 Bronchoalveolar Lavage

Brondhoalveolar lavage samples were collected following the guidelines set out by the
European Respiratory Socigilic et al. 2000) In addition, an individual clinician, Dr
David Gallacher at University Hospital Wales, performed the procedure on all recruited
infants toredue variability. Once the samples were collected, they were immediately
placed on ice and transported to the laboratory for processing.

Intubated infants on the neonatal unit at the University Hospital Wales, routinely
receive surfactant therapy at hidndif necessary, again at 12 hours of age. As a result,
in order to avoid interference with the primary care of the infant, initial bronchoalveolar
lavage (BAL) was performed at either 12 or 24 hours of age.

The procedure used during this study, estabbby our team, has been widely used in
previous neonatal research. Firstly, the infant is moved to a supine position with the
head to the left side. The ventilator was then briefly disconnected from the endotracheal
tube. Following disconnection, a siBFrnasogastric feeding tube (Intervene,
Chesterfield, UK) was then passed through the endotracheal tube until resistance was
met. 1 ml/kg of sterile 0.9 % sodium chloride (B.Braun Medical Ltd, Sheffield, UK),
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routinely used for injection, was then itistil through the catheter. After a brief pause a
suction pressure of% kPa is applied to the nasogastric tube. Finally, the tube was

slowly withdrawn, and the aspirated material collected in a mucous specimen trap
(Pennine Healthcare, Derby, UK). Followithe first procedure, the infant is given time

to recover, and a second procedure is carried out and the resulting samples pooled. In an
effort to reduce variability, the same clinician performed the procedure on all infants
recruited to the study. Thamplewas then immediately placed on ice and transported

to the laboratory for processing.

2.2.2 Tracheal Aspirate

Tracheal Aspirate (TAF) samples from University Hospital Wales w@tected as part

of routine clinical care by the nursing staff present omtwratal wardthis was in
accordance with local departmental policy. The endotracheal attachment was removed
from the ventilator and 1 ml/kg of sterile 0.9 % sodium chloride (B.Braun Medical Ltd.,
Sheffield, UK) was instilled in to the endotracheal (Eife.A sterile suction catheter

was then inserted to a depth equal to the length of the ET tube and a suction pressure of
5-7 kPa is applied as the catheter is slowly withdrawn. Finally, the infant is reconnected
to the ventilator, after allowing the infatorecover the procedure is repeated, and the
samples pooled. The sample was then immediately placed on ice and transported to the
laboratory for processing.

Similar to Cardiff, samples from North Bristol Trust were collected as part of routine
clinical care However, the local policy utilises antline suction device (Halyard UK,
Surrey, UK) that is changed every 24 hours as part of routine clinical care. Of interest,
this allows the infant to remain attached to the ventilator during the samplingiprece
therefore reducing stress in the infant. Samples collected for the study were only done
immediately after the device had been changed, this greatly reduced the risk of
contamination of samples from previous aspirations. Firstly, 1 ml/kg of saline was
instilled to the ET tube via a port on theline suction device. The catheter was then
advanced to a depth equal to the length of the ET tube. Whilst the catheter is slowly
withdrawn, a suction pressure of7/%&Pa was applied to collect the sample. Chee

infant has been reconnected to the ventilator and recovered from the previous
procedure, it is repeated, and the samples pooled. Samples were immediately frozen at

20 C, prior to transfer to the laboratory.
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2.2.3 Nasopharyngeal Aspirate

At the UniversityHosptal Wales site nasopharyngeal aspirates (NPAs) were collected
alongside the BAL sampleBy Dr David GallacherA size 6 Fr nasogastric feeding

tube (Intervene, Chesterfield, UK) was gently inserted via the nostril to the
nasopharynx. A suction prese d 5-7 kPa was applied as the tube was slowly
withdrawn. Furthermore, each nostril is suctioned to provide and inclusive sample. 2 mi
of sterile sodium chloride (B.Braun Medical Ltd, Sheffield, UK), routinely used for
injection, was then aspirated thigh he nasogastric tube in order to flush any mucous
within the catheter into a mucous specimen trap (Pennine Healthcare, Derby, UK). The
sample was then placed on ice and immediately transported to the laboratory for

processing.

In contrast, NPA sample®llected in Bristol were collected according to the local
departmental guidelines. 2 ml/kg of sterile saline, routinely used for injection (B.Braun
Medical Ltd, Sheffield, UK), was instilled directly through the nostrils. A sterile suction
catheter wadhen sed to aspirate the fluid from the nasopharynx under a suction
pressure of & kPa. Samples were then immediately frozerd&tC, prior to

transportation to the laboratory.
2.2.4 Stool

Stool samples were collected byrsing staff r om wi t hisnapyusimgai nf ant 6
universal container incorporating a sterile spatula (Thermoscientific, Leicestershire,
UK). This was achieved as part of ftthhe infanto

for up to 24 hours prior to transport to the laboratory andgssm.
2.3 Total Samples Collected

As mentioned previously all samples were collected by Dr David Gallacher, Dr Richard
Wach and his team at NBT or the nursing staff at UAMble 4, gives the

demographics for the preterm infants recruited by site. This talsi@reaided by Dr

David Gallacherln addition, Table 5 provides information on the types and number of

samples collected from each preterm infant.
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Table 4. Demographics of recruited preterm infants from two sitesMedians + intergartile ranges are shown
unless otherwise stated. UHMUniversity Hospital Wales, NBT North Bristol Trust. Necrotizing Enterocolitis

Grades were categorizedaccordf t o Bel |l 6s staging criteria and
All infants Infants recruited  Infants recruited p-value
from UHW from NBT (UHW vs NBT
Number of infants 55 20 (36%) 35 (64%) -
Number of samples
Nasopharyngeal 539 145 394 -
aspirates 276 62 214 -
Tracheal aspirate fluid 89 89 0 -
Bronchoalveolar lavage 198 64 134 -
fluid 1102 360 742 -
Stool
Total
Sex (male) 36 (65%) 12 (60%) 24 (69%) 0.73
Gestation (weeks) 26.0 (24.7 26.8 (25.329.4) 25.9(24.7-26.6) 0.07
27.5)
Birth weight (g) 764 (680918) 835(6951082) 746 (677880) 0.16
Antenatal steroids 51/55 (93%) 18/20 (90%) 33/35 (94%) 0.18
Delivery mode (percent 29 (53%) 10 (50%) 19 (54%) 0.98
vaginal delivery)
Multiple births 17 (31%) 6 (30%) 11 (31%) 1
Maternal antibiotic in 14 (25%) 4 (20%) 10 (29%) 0.70
labour
Surfactant 55/55 (100%) 20/20 (100%) 35/35 (100%) 0.27
administration
Chronic lung disease
severity 5 (9%) 4 (20%) 1 (3%) 0.02
None 4 (7%) 3(15%) 1 (3%)
Mild 18 (33%) 3 (15%) 15 (43%)
Moderate 28 (51%) 10 (50%) 18 (51%)
Severe/Died
Survival to discharge 47 (85%) 17 (85%) 30 (86%) 1
Ventilation days 17 (432.5) 25(3.5-37.8) 17 (528.5) 0.55
Non-invasive ventilation 47 (24.564.5) 38(19.853.5) 55(31.566) 0.14
days
Length of hospital stay 93 (69.5130) 104.5 (52.8136.5) 93 (80122) 0.95
(days)
Necrotising enterocolitis
Grade 1 7 (13%) 4 (20%) 3 (9%) 1
Grade 2 1 (2%) 0 (0%) 1 (3%)
Grade 3 6 (11%) 1 (5%) 5 (14%)
Patent ductusarteriosus 40 (73%) 11 (55%) 29 (83%) 0.06
Initial breast milk 55 (100%) 20 (100%) 35 (100%) 1
Discharge breast milk 17 (31%) 6 (35%) 11 (37%) 1
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Table 5. Demographics on the number andype of samples collected from each preterm infant

© —
Qb < 1 ¥ 1 W A ¥ T ® WL T T O T T O T ML AR
(9]
- N~
I |9 © 0o 0o o o o O O O O O O onN 4 o o o o o |}
oM
L N N o ™ m |@
<o ™ J o 4o~~~ o~ = d 3o xwown~ 3 s Jyg
T
N m ™ o o m MmN NN N N m M o on |8
Nl4llll7111111186711115
- —
Sl ©o N ® @ © 2 N O T W O N D O A N o % 0 |8
gl@o®m o ®I ¥ ¥ T ¥ T T¥IT T DLDLL WL 0L|S
©
S b ®m 4 ®m © 4 O ¢ 1 ¢ W W T M W1 <+ ¥ O F W T MO O© MWW A~ 1O A < N o
(9]
= ™
I I~ m ¢ 0 8 4 N o 4 O OO OO O © N O O O O O I~ O O O O O O N W O ™
o
_MA_.0010000609160424429612362285526911
— i — —
T
<
a |83 o v 0o @ v v o~ © @ Y% 0 o0 8 8 o 88 9 99 98 9% x99 4942 0 2 9% « o v ow
=z
IS
O 4 N M < 1D © ~ ® O O A N M < 1 O N~ O O O A N O <
.m1234567891111111111222222222233333

76



2.4 Sample Processing

2.4.1 Cardiff

2.4.1.1 Bronchoalveolar Lavage

This was performed by Dr David GallachBamples were transported on ice
immediately fdowing collection, to the laboratory. On arrival, samples were then
weighed, and the empty sample trapsveghed after transferring samples to a
microcentrifuge tube (Eppendorf, Stevenage, UK). This allderedccurate weight
calculation of the sampl&he volume was taken to be 1 ml is equivalent to 1 g.

The BAL fluid was then centrifuged at 10,000 x g for 10 minutes &, 4his produced

a cell pellet and celree supernatant. The supernatant was asglir@and stored in 2%
aliquots. The cell p&dt and supernatant aliquots were labelled appropriately and then
stored at80 C until further processing. Overall, processing of the raw sample was

completed within 1 hour after collection.
2.4.1.2 Nasopharyngeal Apirate

This was performed by Dr David Gallach8amples were transported on ice to the
laboratory. Upon arrival, the NPA fluid was centrifuged at 10,000 x g for 10 minutes at
4 C, this leaves a cell pellet and a cell free supernatant. The supernataspiwaied

and stored in 251 and 100m aliquots. Both the cell pellet and cell free supernatant

were stored a#80 C until further processing.
2.4.1.3 Tracheal Aspirate

This was performed by Dr David Gallach&he tracheal aspirate samples taken by the
nursirg staff were immediately placed at@ until collection. Furthermore, all samples
were collected form the neonatal unit within 2 hours of sampling. Samples were then
transported to the laboratory on ice and immediately store8CatC until further

proessing.
2.4.1.4 Stool

This was performed by Dr DavidaBacher Stool samples were weighed on arrival to

the laboratory. Once the sample had been processed the empty container was weighed in
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order to calculate the weight of stool obtained. The stool was divitedliquots of
250 mg in sterile microcentrife tubes (Eppendorf UK, Stevenage, UK). The aliquots

were stored ai80 C until further processing.
2.4.2 Bristol

This was performed by the team at NB\l. samples taken in Bristol, including TA,

NPA and stool sapies, were immediately frozendt8 C. At several times during the

study, samples were transferred from Bristol to the laboratory at University Hospital
Wales. The samples remained frozen during the transportation, as they were transported
in a heat restant box containing freezer packs-fn@zento -80 C. The TA and NPA
samples were stored-&0 C upon arrival. However, the stool samples were defrosted

and weighed on arrival to Cardiff, they were then divided into 250 mg aliquots in sterile
microcertrifuge tubes (Eppendorf UK, Stevenage, UKyl atored at80 C until

further processing.
2.4.2.1 NPA and TAF Samples

This was performed by Dr David GallachAt.the point of DNA extraction, NPA and
TAF samples were defrosted, on ice, and the samples weighedamples were then
transferred to sterile miocentrifuge tubes (Eppendorf UK, Stevenage, UK). The
samples were then centrifuged at 10,000 x g for 10 minutesGatatleave a cell pellet
and a celfree supernatant. The empty universal container wasighed to calculate
sample weight and the kone taken as 1 mg is equal to 1 ml. the supernatant was
removed and stored €80 C. the cell pellet was then used immediately used for DNA

extraction.
2.5 Buffer Preparation
2.5.1 Buffers for Storage Assay

Six buffers designed to prolong the activity of exteacproteases were prepared as
shown inTable6, and stored at 4C until used.
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Table 6. The number and composition of the protein storage buffers using during the storage assay.

Buffer 1 xPBS 25 % (v/v) 0.05 % 1mMor5
Glycerol Sodium Azide | mMDTT

1 Yes No Yes No

2 Yes Yes Yes No

3 Yes No Yes 1mM
4 Yes No Yes 5mM
5 Yes Yes Yes 1 mM
6 Yes Yes Yes 5mM

2.5.2 DNA Extraction Buffer (Maxwell DNA Extraction Protocol)

A DNA extraction bufér was prepared, Myr David Gallacheraccording to the
protocol for DNA extraction from soil supplied by Promega. A buffer containing 5 M
guanidine thiocyanate (Fisher Scientific, Leicestershire, UK), 1 %haddaoylsarcosine
(SigmaAldrich, Dorset, UK), 100 mM EDTA (Fisher Scientific, Leicesshire, UK)

and 1 % Polyvinylpyrrolidone K30 (Sigm&drich, Dorset, UK) was made using 150

mM sodium phosphate buffer. The solution was storedi@tuhtil needed.
2.5.3 1 x TAE Buffer

All working solutions of TAE soltions were made from a 50 x stock sajuti

Therefore, to make a 1 x solution the concentrated solution is diluted 50 x in sterile
deionized water. To prepare the 50 x stock solution is as follows. Firstly, 242 g of Tris
base was dissolved in 750 ml ofrdeedeionized water. Next 57.1 ml ofeglial acid and

100 ml of 0.5 M EDTA was added to the Tris base. Finally, the solution was made up to

a final volume of 1 |.
2.5.4 1 x PBS Buffer

All PBS solutions once made were autoclaved for 15 minutes dtC &1 ensire

sterility. The following protocol waused to make a 1 | stock of 1 x PBS. Begin by
dissolving 8 g of NaCl in 800 ml of deionized water. To this solution add 0.2 g of KCl,
1.44g of NaHPQy, and 0.24 g of KEPOQyw. Next adjust the pH to 7.4 using HCI. &lly,

add distilled water to make a finaolume of 1 I.
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2.5.5 IL -6 Wash Buffer

The IL-6 wash buffer was made up asfollp@sc cor di ng t o manufacturero
(R&D Biosystems)A 0.05 % Tween20 solution was made in 1 x PBS, with a pH of 7.2

to 7.4. A 1L solution was made, 5 ml of Tween20 was added to 700 ml of 1 x PBS and

mixed until evenly distributed. The solution was then made up to 1 L. To ensure the
sterility of thesoluw n, i1t was passed through a 0.45 em P
filtration unit (VWR, Pennsylvania, USA). The container was then sealed and only

opened in a Class 2 hood.
2.5.6 IL -6 Reagent Diluent

The 116 reagent diluent was made as follpascording to manufactured s i nstructi ons
(R&D Biosystems)A 1 x PBS was made as per Sect®s.4 and then filtered through

a 0.2 em filter, t o-wdalplaeexpeiment 52 mliofreagept. For a f
diluent would be needed. Therefore, 5.2 ml of the 10% reagent diluent solution,

provided in kit, would be dilied in 46.8 ml of the filtered 1 x PBS. A new reagent

diluent solution was prepared fresh for each experiment.
2.5.7 IL -8 Wash Buffer
The 1I-8 wash buffer was made exactly as per Se@ibrh

2.5.8 IL -8 Reagent Diluent

The IL-8 reagendiluent was prepared as folloyeccordingto manafct ur er 6 s
instructions (R&D BiosystemsA Tris-buffered saline (TBS) solution was prepared at
concentration of 20mM Trizma base and 150mM NacCl. This solution was then filtered
t hrough a (ensdre stenlity.fUsihgtthe TBS 1 ©.01% BSA (prodideKkit)

and 0.05% Tween20 solution waiepared, this is the resulting reagent diluent.

2.6 Faecal Sample Processing

2.6.1 10% Faecal Slurry Preparation

Prior to faecal slurry preparation the faecal samples are defrosted on ice for 1 hour,

furthermore all reagnts were kept on ice during this procédss protocol was carried

out in a Class Il cabinet to prevent contamination by background bacteria. Firstly, an
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empty sterile 2 ml tube (Eppendorf, UK) was weighed. Using a sterile swab 200 mg of
faeces was trafesred to the praveighed 2 ml tube. Nex ml of sterile 1 x PBS

(Gibco, Thermo Fisher Scientific, UK) was added to the faeces. The sample was then
vortexed until a homogenous solution was made, approximately 5 minutes. The
resulting homogenate was thegntrifuged at 2C at 20,000 x g for 3fhinutes. The
supernatant was then aspirated and set aside to S@ttibhe pellet was then taken
forward to DNA extragbn, Sectior2.8.2 To add, if a sample was less than 200 mg in
weight the wlume of 1 x PBS added was adjusted accordingly to produce a 10% faecal
slurry. This mehod was adapted from Morrit al2012

2.6.2 BCA Assay for Total Protein Concentration

The Bicinchononic Acid assay (Pierce, TherRisher, Loughborough, UK) was

performedas per manufacturerds instructions,
Al bumin (BSA) standards were prepared ac:H
where 1 x PBSvas the diluent. The working reagent was prepared at the appropriate
volumes to acammodate the number of samples tested. Due to the high protein
concertation of the samples used, all samples were tested ata 1 in 10 and 1 in 100
dilutions. Negative contts included the working reagent and the 1 x PBS used as the
diluent. Once the proteiconcentration has been determined, the sample is taken

forward for normalisation to the desired concentration.
2.6.3 Normalisation to 1mg/ml Total Extracellular Protein

Thetotal extracellular extract from Secti@6.1was thestarting product for this
protocol. Again, the supernatant and buffer were kept on ice during this protocol
Firstly, the total protein content of the faecal extract was tested according to Section
2.6.2 Once the total proteicontent was confirmed the faecal superriatas

normalised to 1 mg/ml total protein in a protein storage buffer. As shown in Section
2.5.], the buffer containing 1 x PBS, 0.05% Ng[Sodium Azide) and 5mM DIl
(Sigma), was thenost effective at preserving the protease activity in a total protein
extract. All 1 mg/ml aliquots were 1 ml in size and storeid2Q°C until further
processingNormalisation was performed in order to use 1mg/ml of Trypsin as a

stardard for detectingrotease activity
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2.7 DNA Quantification using the QuBit Fluorometer

DNA concentration was quantified using the QuBit fluorometer from Life

Technologies, UK. Firstly, a mastermix was prepared in a 1.5 ml tube (Eppendorf, UK),

asfollows:0 . 5 ¢ | ouf dyg)Bramegaj Widconsin, USA) per reaction with 99.5

e | of 1 x TE buffer (Promega, Wi sconsin, USA)
procedure of the machine, thin walled 0.5 ml micro centrifuge tubes were used. To these
tubes10¢ 1 of 1 x TE buffer was added alongside 9
the unknown sample. This gave a final reacti o
machine to calculate an unknown DNA concentration, standards were also needed.
These were prepareds f ol | ows : 100 ¢l of 1 x TE buffer,
the & DNA solution provided (Progmega, Wiscon
high concentration and a low concentration. Firstly, the machine was calibrated using

the 2 standards, thenknown samples could be tested. For samples that were below the

l imit of detection the protocol could be adju

This was performed as per manufacturerdés 1inst
2.8 DNA Extraction Techniques

A comparison between¢le two kits was performed as part of this thesis to determine
which would be most appropriate for this study. It was determined that the Qiagen kit

gave a greater DNA quantity and was therefore used for the stool samples.
2.8.1 Maxwell DNA Extraction Process fa Faecal Samples

The resulting stool pellet from preparation of total extracellular protein extract, Section
2.6, is the starting material for DNA extraction. The pellet was first resuspended in 500
m DNA extraction buffer, Seémn 2.5.2 the sample was vortexed until the pellet was
fully homogenised within the lysis buffer. The emulsion was then transferred to Lysing
Tubes E (MP Biomedicals, UK). The samples were then honsxgensing the

FastPrep 2 device (MP Biomedicals, UK) for 30 seconds at 5.0 m/s. This was repeated
3 times with an incubation of 5 minutes atGlin between each homogenisation.
Samples were then centrifuged at full speed for 1 minute to displace thetbehe

bottom of theuwbe. The resulting supernatants were aspirated into the Maxwell
cartridges, ready for insertion into the Maxwell 16 automated DNA extraction machine

(Promega UK, Southampton, UK). Furthermore, BDOf supplied elution buffer was
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added to the appropriathamber of the cartridge. The run would then be initiated. The
eluted DNA was then aliquoted into sterile microcentrifuge tubes (Eppendorf UK,
Stevenage, UK) in 5061 volumes and stored &0 C until further useThis was done

according to a method supetl by Dr David Gallacher
2.8.2 Qiagen DNA Extraction Protocol for Faecal Samples

Prior to this protocol the total protein extract will have been removed and set aside,

ready for further processing as detailed in Se@iénFirgly, 2 ml of InhibitEX buffer

(Qiagen, Germany) was added to the faecal pellet from Se&tt@md vortexed

continuously for 1 minute, or until the sample was fully homogenized. 1.5 ml of this
solution was transferred into anMBiomedicals Lysing Matrix tube E (MPBiIo,

Germany). The tubes were then homogenised for 60 secondswats5this process

was repeated 3 times with 5 minute incubations on ice between each homogenisation.

All samples were then heated for 5 minutes &tZth a heat block or water bath. The

heated samples were then vortexed for 15 seconds, before beiifggedtat 20,000 x

g for 1 minute. After centrifugation 200
ml tube ( Eppendor fofProtdikaie K{QageanaGermang).gNext 5 ¢ |
200 ¢l of buffer AL (Qiagen, xe®GferlBnany ) wa:
seconds. The samples were then incubated & 7@ 10 minutes. After incubation,

200 ¢ Ii 100 % et®apol was added to the lysate and mixed by vortexing. Into the
supplied QI Amp ( Qi agen, Germany) desandn c o|
centrifuged at full speed for 1 minute. The column was then placed into a new 2 ml

coll ection tube (Qiagen, Germany) and 50
column was then centrifuged at full speed for 1 minute. The column was once again
placed into a new 2 ml collection tube ai
was added to the column. The column was then centrifuged for 3 minutes at full speed.
Again, the column was placed into a new 2 ml collection tube and centrifuged at full
speed for 3 minutes. Finally, transfer the
of buffer ATE was added and incubated for 1 minute at room temperature before being
centrifuged for 1 minutes to elute the DNA. The eluate was taken as the faecal DNA
extract and stored a0°C i n 50 Thiswaslas pgnamtusf .act ur er 6 s

instructions aftehomogenisation
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2.9 16S rRNA GeneSequencing lllumina MiSeq

Preparation of the extracted DNA and sequencing of the bacteriaRNSgene for

theBAL, TAF, and Stool samples was performed on
team at the Institute of Child Health, in the laboratories of University College London.

Particular thanks to Dr Dagmar Alber and Dr Grace Logan who performed the

amplification andsequencing. The preparation prior to sequencing of the NPA samples

was performed by Dr David Gallacher at the Institute of Child Health within University

College LondonAll preparation and sequencing process followed the same protocol

detailed in tis Section, as performed by Dr Dagmar Alber and Dr Grace Logan. For the

origin of primers used and other methodological techniques plefesd¢o Gallacheet

al 2020

2.9.1 qPCR Inhibition Check

This was performed by Dr Dagmar Alber and colleagiiee gPCR inhibition assay

was peformed on a selection of samples. This was to ensure the DNA in the samples
would amplify and there was no restrictions due to inhibition. A PowerSYBR Green
PCR master mix (ThermoFisher, Leicestershire, Ulaple7, was used with serial
dilutions (neat, 1:10, 1:100, and 1:1000) of the sample DNA. All samples were run in
duplicate. The sequence of the primers used during this assay are as follows: Forward
primer TCCTACGGGAGGCAGCAGT, antthe Reverse primer
GGACTACCAGGGTATCTAATCCTGTT.

Table 7. The reagents and volumes used during a gPCR inhibition assajhe total volume of the
reaction 20 el . Al20aC and kept emide during preparatisritodEaxpedmera. t

Volume | Reagent
1 0 ¢ | Master Mix (ThermoFisher, Leicestershire, UK)

6 ¢ | | Nuclease Free 1 (Bioline, London, UK)

2 ¢ | | SampleDNA

1 ¢ | | Forward Primer (Sigm&ldrich, Dorset, UK)
1 ¢ | | Reverse Primer (Sigmaldrich, Dorset, UK)

Thethermal cycling conditions are as detailed below, and all assays were carried out on
the Biorad T100:

M 10 minutes at 98C
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1 Followed by 45 cycles of:
0 15 seconds at 9%
0 1 minute at 6@C
The resulting Ct values for each dilution were plotted against aodiltgctor. A

straight line demonstrated no inhibition to the PCR reaction.

2.9.2 Amplification of the 16SrRNA Gene Using Barcoded Primers
and Adaptors

Thiswas performed by Dr Dagmar Alber and colleagl®&® 16S ribosomal RNA gene

is amplified using a PCR, prior to the addition of specific primers and sequencing. To
allow for the multiplexing of samples and the binding of amplicons to the flow cells of
the MiSeq device, specific primers are designed, andrporate barcodes and adapters.
The barcodes were a unique sequence of bases used to identify the sample during the
sequencing procedure. The adaptors intro
sequence, th allows for the binding of the target sequettca complementary strand

of DNA on the flow cell of the MiSeq instrument. Also included in these primers are the
primer pad, link sequence and the gene specific sequence. The primer pad allows for
adjustmenof the melting temperature of the primer. Fipalhe gene specific sequence

is the traditional component of a primer and for this protocol is the¥4/8gion of the
bacterial 16S gene. The sequences of therR6E\ gene specific part of the primer are
314F CCTACGGGNGGCWGCAG and 805R: GACTACHVGGGTATCTART.

Originally, these sequences were designed to study marine bacterial communities
(Herlemann et al. 2011However, they have been used extensively in research utilising
next generationexjuencing, and have been found to capture an accurate reflection of the
bacterial communityas they have a broad taxonomic ratigendworth et al.2013)

Figure12 below shows in detail and exemplar primer used during this protocol, a full

list of all the primergan be found i\ppendix 2

AATGATACGGCGACCACCGAGATCTACAC ATCGTACG TATGGTAATT ﬂ CCTACGGGNGGCWGCAG

Adaptor Barcode Primer Pad V3 Forward Primer

5’ - AATGATACGGCGACCACCGAGATCTACACATCGTACGTATGGTAATTGGCCTACGGGNGGCWCGAG — 3/

Figure 12. An exemplar structure of the primers used during the 163RNA Gene Sequencing
lllumina MiSeq sequencing.The full length of the primer is given below the detailed breakdown.
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The PCRusing the primers detailed igurel2 was performed using a Taq PCR Core
Kit (Qiagen, Hilden, Germany), the master mix for the reaction is detailEahiie8.

Table 8. The volume and reagents used during the amplification of the 168NA gene with barcoded primers

and adaptors.Preparation of this master maxd subsequent experiment was carried out in a fume hood to prevent
contamination.

Volume Reagen
0.25m Tag Polymerase (Qiagen, Hilden, Germany)
im MgCl> Solution (25mM) (Qiagen, Hilden, Germany)
im dNTP Mix (10mM of each nucleotid¢Riagen, Hilden, Germany)
10m Q Solution (Qiagen, Hilden, Germany)
5m 10 x Buffer (Qiagen, Hilden, Gemmny)
25.25m Nuclease Free #D (Bioline, London, UK)

Once the master mix had been made as described above} wasaliquoted into the
appropriate wells of a 96 well PCR plate (Elkay, Hampshire, UK). This was followed
by the addition of 1.251 of the relevant primer forward and reverse primer (Sigma
Aldrich, Dorset, UK) at a concentration of 20 pmol was added to each well as shown in
Figurel3. Each sample for a total of two 96 well plates, was given a usieuef

barcoded primers, as 2 sets of reverse primers avaitable. Amplification of samples
were performed in batches of betweer3®samples, in each batch a DNA extraction
control and a negative control were run alongside the samples. Any batd¢hesutiad

in the production of a positive negative contr@re discarded and the experiment
repeated.
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Reverse Primer 1
Reverse Primer 2
Reverse Primer 3
Reverse Primer 4
Reverse Primer 5 ®
Reverse Primer 6
Reverse Primer 7
Reverse Primer 8

Figure 13. A diagrammatic layout of the primers included in each well of the amplification PCR.
Therefore, each well contes a forward primer dictated by the columns in the diagram and a reverse
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primer shown by the rows. For example, the well labelled with a red circle will include forward primer 8
and reverse primer 5.

Once the reaction was set ap detailed earlier, thegie was sealed and run on a

thermal cycler under the conditions detailed @ble9.

Table 9. Thermal cycling conditions used during the amplification of the 16 RNA geneand
addition of barcoded primers.

Step Temperature Time Cycles
Initial Denaturation 95 C 3 minutes 1
Denaturation 95 C 30 seconds
Annealing 54 C 30 seconds x 30
Extension 72 C 1 minute
Final Extension 72 C 10 minutes 1
Hold 12 C o 1

2.9.3 Purification of PCR Products

This was performed by Dr Dagmar Alber and colleagBesification of the PCR

products was achieved using AMPure Beads (Beckman Coulter (UK), High Wycombe,
UK). Before purification could begin the AMPure Beads must be brought to room
temperature and vortexéaol ensure even distribution of the beads, befazeatidition of

PCR products. As the V84 primers for the 16 RNA gene were used during this

study, 351 of the AMPure Beads was added to each well containing PCR products. To
ensure adequate mixing of the sdenand beads pipetting up and down in each well at
least 10 times was performed. The resulting solution was then incubated at room
temperature for 5 minutes, to ensure complete binding of DNA to the beads. The plate
was then placed on a magnetic stan®farinutes until the supernatant was clear and

all beads were clustered at the bottom of the well. Whilst the plate remained on the
stand the supernatant was carefully removed and discardedi @080% ethanol was
added to each well and incubated fors@@onds. The supernatant was then removed,
and theprocess repeated, all ethanol was removed prior to the next step. With the plate
in situon the magnetic stand it was left to air dry for 15 minutes. The plate is then
removed from the magnetic stand.ri®f AE buffer was added to each well and mixed
thoroughly, then left to incubate at room temperature for 2 minutes. The plate was then
placed on the magnetic stand and left for 2 minutes until the supernatant was clear. The
supernatant was then aspiraged stored in a new 96 well PCR plate for up wekk

at-20 C.
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2.9.4 Post PCR Quantification and Sample Pooling

This was performed by Dr Dagmar Alber and colleagiash sample was quantified
using the Qubit HS assay for dsDNA on the Qubit analyser (ThErsher,
Leicestershire, UK), as previously deseddn Sectior?.7. Furthermore, 21 of the
sample DNA to be quantified was used per sample. Only samples with DNA
concentrations greater than 0.5mglere takerforward to & sequenced, as they were
considered to have amplified sufficiently for pooling. However, due to difficulties in
amplifying the BAL samples, the threshold was lowered to 0.4lnig/a sample was
above the threshold it was diluted approphate 0.5 ngi, if sample were 0.5 ngif

they were used neat. Finally, frDof each sample was combined into a single solution
to produce the amplicon library. This was then aliquoted into smaller volumes and

stored at20 C.
2.9.5 Pooled Library Quantificati on and Quality Check

This was performed by Dr Dagmar Alber and colleaglike pooled library was

guality checked and quantified using the TapeStation dsDNA assay (Agilent
Technologies, California, USA). All samples were allowed to equilibrate to room
temperature for 8 minutes before use. To the first well of a 96 well plate (Elkay,
London, UK) 2m of ladder and 2ri of sample buffer was added. To all other welld 2

of sample buffer and &1 of sample was added. The plate was then covered and
vortexed (KA) for 1 minute, each well was then pooled by centrifugation. Samples
were then loaded into the Agilent 42000 TapeStation (Agilent Technologies, California,
USA), and the assay started. The resulting data was quantified and displayed in the
following formats. Firstly an image similar to that of a gel electrophoresis is produced,
Figurel4. The results should show one clean band at the expected size, this was
determined by the ladder run alongside each sample. Finallg oOlpea@a ki $ apr oduced,
which provided the concentration of each peak atipghese results were used during

the dilution of the library.
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Figure 14. An example of the data and results output from the TapeStation. (Af a gel image

produced by the TapeStation. Also shown on the image is an upper marker highlighted in purple and a
lower marker highlighted in gree(B) Is a line graph produced by tfi@apeStation, that shows the same
data as the gel image. This graph also includes ingher and lower markers.

The final step is to quantify the library and to confirm the presence of lllumina primers
on the 163RNA geneamplicons. This was achieved using the Next Library QuantKit
for lllumina (New England Biolabs, Massachusetts, USA). The assayaigPCR

reaction contaimg 4 known standards to accurately quantify the concentration of DNA
containing lllumina primers, within the pooled library. Prior to preparation of the library
dilutions certain components of the QuantKit were prepared accdaling

manuf act utioas The library dlutionsiveere prepared as follows: 1:100,
1:1000, 1: 10,000 and 1:100,000 with 1 x Dilution buffer prepared previously.
Following this, the gPCR assays were prepared and run triplicaté ol he Master

mix, prepared previously, wa®mbined with 41 of each library dilution and & of

the QuantKit standards (supplied in the kit ready for use). In addition, a no template
control using only the dilution buffer was prepared. The assay was then run on the
Biorad T100 machine using ti&AM/SYBR channel, the thermal cycling conditions are

shown inTablel10.

Table 10. Thermal cycler conditions for quantification of pooled DNA library.

Step \ Temperature Time Cycles
Initial Denaturation 95 C 1 minute 1
Denaturation 95 C 15 seconds
. _ x 35 Cycles
Extension 63 C 45 seconds

From the results the DNA concentration of the library was ascertained. The supplied
DNA standards represents the followicgncentréons: 10 pM, 1pM, 0.1 pM, and 0.01
pM. Using the standards and the calculation below, the library concentration can be

adjusted:
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Adjusted Concentration Ealculated Concentration x 399

Library Sze (bp)

2.9.6 Denaturing, Dilution and Loading of the Library into the MiSeq

This was performed by Dr Dagmar Alber and colleagBeguencing was performed on

a MiSeq instrument (lllumina UK, Cambridge, UK). Prior to loading of the samples into
the cartridgethe libray is denatured by diluting with an equal volume of 0.2 N Sodium
Hydroxide and TrigHCL. The library was then further diluted with the hybridization

HT1 buffer (Ilumina UK, Cambridge, UK) to a concentration of 4 pM. Following
denaturation and dition thelibrary was combined with denatured PhiX Control v3

DNA (lllumina UK, Cambridge, UK), this was to act as an internal control alongside
the low diversity amplicon library. The final library was then loaded into the MiSeq
cartridge (lllumina UK, Cebridge,UK) alongside the custom primers. A clean flow

cell (llumina UK, Cambridge, UK) is also required for the reaction, so this was added
before the run was started. The MiSeq run was then initiated. The resulting FASTQ files
were then taken forward @nalyss.

2.10Sequencing Data Processing using Mothur

Mothur v1.39.5vas used to process the I68NA gene sequencing data. Mothur is an
opensource, platformndependent and community supported software for describing
and comparing microbial commurasi(Schloss et al. 2009)n order to process the raw
data in a timely manner, the HIVE multicore processor coar@chobof Bioscience,
Cardiff University, UK). Due to the remote nature of this computer the relevant files
needed to be uploaded using a File Transfer Program (FTP). Due to working on both a
Macintosh and Windows system both Cyber Duck and WinSCpectsgely, were

used to facilitate files transfer. Furthermore, the inbuilt Terminal app on the Macintosh
and the PuTTy program was used on a Windows system. This software facilitated
access to the remote HIVE computer in order to give commands duridgtthe
processing. A full copy of all the commands used in the Mothur package to process the

raw sequencing data can be found\ppendix 3

The aim of this protocol &s to remove erroneous sequences and other unwanted data,
this allowedthe grouping of the remaining sequencing into Operational Taxonomic

Units (OTUSs) prior to data analysis. To begin with, the complementary forward and
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reverse reads, another name forusgging data, are combined to form contigs, or
overlapping reads. Nextequences that are greater than theQ¥egcentile and with

more than 12 ambiguous bases are removed. All unique sequences are then combined to
reduce time during further analysithe resulting sequences are then aligned to the
SILVA, version 132reference database of 168NA gene sequencé®uastet al.

2013) Once the sequences have been aligned toREA gene, sequences that do not
cover the target sequence,-V&, are removed along withgeences that contain a
maximum homopolymer length of 6. The regionsW48were chosen as they provide

the best coverage for bacterial species. The sequences are then trimmed by removing the
overhangs at each end of the target sequence. The unique seqoemtesd was then
re-run, as the alignment and overhang stages wik lgganerated more. Following this,

all sequences with up to 2 base pair differences were combined into the most abundant
group. Here it is assumed that these differences are due tmseguerrors and not
phylogenetic differences. All chimeric sequenceserthen removed. The entire dataset

is then split into rare and abundant sequences, with rare meaning one copy of the
sequence. One of the most crucial steps in assigning each seguaxaeomic
classification. For this command a group of files calleminset 16 was downloaded

from the Ribosomal Database Project (R[XR¢se are the files Mothur uses to

determine the identity of a sequer{G®leet al.2014) Once the origin of the sequences
was known, all organisms of ndracterial origin candremoved, as they are not

relevant to this study. The identity of all the sequences are them grouped into OTUs. A
file was then created detailed the number of tineeh ©TU appeared in each sample,

this is one of the files taken forward to data analysmvever, this is a large amount of
data and it was favourable to create a smaller sub sample of the larger dataset to take
forward for data analysis. Therefore, a@hgples containing less than 1000 reads were
excluded from further analysis. Using thidsampled dataset, the uncorrected pairwise
distances between aligned DNA sequences were calculated, quantifies the relatedness
between sequences and therefore samjplegldition, the alpha diversity indices of the
subsampled dataeredetermined, this adws for analysis into the relatedness of

organisms within each sample.

Outside of the Mothur software, further analysis was performed. Firgityylagenetic
tree using the FastTree software was drémceet al.2009) However, in Mothur the
weighted UniFrac distances can be calmdaising the phylogenetic tree drawn using

FastTree. Secondly, using a file containing a representativersagjof each OTU the
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species identity of each OTU can be determined using the USearch command and the
16SrRNA Gene Sequeing Training Set reference database fromRiP (Edgar

2010) A threshold of 97 % exact sequence match to #t@béhse was needed in order to
assign a species identity to each OTU.

During later analysis it was found treome of the species identified could be wrong, in
other words it did not fit with previously published data in the area. As a result, the
accurag of the species identified was checked by comparing the representative
sequence for the OTU with sequenaeshie RDP for the identified genus. Only samples
where the sequence showed greater than 97 % similarity to only 1 species within the
RDP, were take as correct and remained in the dataset. In cases where more than one
species shared greater than 97% idgmtith the representative sequence, the
sequencing was determined not be of an adequate depth to identify species.

2.11 Data Analysis

2.11.116SrRNA Gene Sequencing Data

The resulting output from the Mothur software was reformatted, in Microsoft Excel
(2013), inorder to be imported into R, a statistical computing and graphics software
(Colinet al.2017) The version of R used for all analysis v@a& 1 (Single Candle). A
core package used for this analysis was Phyloseq, allowing for the graphical
represerdtion of 168 RNA genesequencedhicrobiome dat§McMurdie and Holmes

2013) This package was used in the R environment.

The Motur output was reformatted into an OTU and a taxonomy table. The taxonomy
table contained a list of all theT@s identified by Mothur and the taxonomy for each
OTU. The OTU table contained a list of all the OTUs and the number of times they
appeared in eaicsample. In order to make the analysis more meaningful, in other words
to examine the most predominant ongams, the OTUs containing less than 10 reads

and that constituted less than 5% of the total sample, were removed. These resulting

files were thenmported into R and further analysis performed.

In the R environment, independent of the analysis to be tiene are several key steps.
Firstly, the relevant packages, such as phyloseq, and working directory, i.e. the location
of the files to be importedhio R, have to be set. Furthermore, another step that is
repeated across analysis of sequencing data iartsfarm the sample counts. This step
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converts the number of reads per sample into a percentage in order to display the results
as relative abundaacThen, depending on the analysis to be done the steps are

different.
2.11.1.1Visualising 16SrRNA Gene Sequencing Data Usinghe R Software

The bar charts were produced using the following method. The packages needed for this
analysis are phyloseq and ggplot2. Firstlynggshe OTU and taxonomy files a

Ophyl oseq objectdé can be creat etdnfrom mat r |
both sources. Then using this object, a bar chart is plotted to show the presence of each
organism in each sample. Furthermore, the tawoa levels of the bar chart can be

changed from Phylum to Genus, as appropriate.

In order to determine th@ead of data between groups, a combination of a boxplot and
bee swarm can be used. The boxplot function is inbuilt to the R software, so an
accessry package is not required, however f
is needed. Firstly, the dataimsported into the R environment. Then the boxplot is

drawn first, followed by the bee swarm, which overlays onto the boxplot. This allows

for thevisualization of the spread of data alongside the mean and other statistics.

2.11.1.2Diversity Analysis of 16SrRNA Gene Sequeicing Data

Commonly the next step in microbiome data analysis is to determine the alpha diversity
within samples. The data used during this analy&is generated in SectidriOusing

the Mothur software. In order to visualize thega, it was imported into Excel

(Microsoft Office). Using the Excel software, histograms were drawn to show the

change in alpha diversity ovente.

Beta diversity analysis, using Principal Coordinates Analysis (PCoA), started with the
initial steps isted above and used the R software. PCoA plots are used to determine
relationships between samples in a dataset. Furthermore, meta data orptee sam

be included, which allows for investigations into the causes of potential clustering.
Firstly, the rcessary packages within R were loaded, these were phyloseq, ggplot2 and
vegan. For this analysis three data files were needed, the OTU, taxondmyreeta

data file containing information such as the gender etc. In the same process as before a
phyloseq bject is created from the three data files. Specifically, to the PCoA plots the

data contained within the phyloseq object was ordinated using alyeCBirtis
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dissimilarity index(Beals 1984)The BrayCurtis dissimilarity index is a statistical

method to quantify the compositidrdissimilarity between two different sites, or

samples, which is based on the counts, number of reads of an OTU, at each site. Then
using gglot2t was possible to plot the ordination data{iditensional space on a

PCoA plot. The full script for this atysis can be found iAppendix 4

2.11.Zeneral Data Analysis

2.11.2.1Statistics.

For this project a p value of 0.05 was used. A M#fitney U test, conducted in SPSS
was used to determine significance for this thesis.

2.11.35TAMP

STAMPasdsecr i bed by its creators is fAa software |
met abol i (Parkset a.R014) Eusthermore, the software allows you to choose

the most appropriate statistical test for the data ywae,lihis allows for more accurate

reporting of results. The OTU and Metata files are all that is needed for this software.

For this project, this software was used to determine any significant effects of clinical

data on microbiome profiles. The maisttesed to determine these differences was

extended error bars.

2.12 Determination of Protease Activity

2.12.1Preparation of Casein Fluorescein Isothiocyanate (FITE&asein)

Manuf act ur er 6 sthat Sngymtisuao apprapriate candeitration for
FITC-Casin for storagewith the following adjustments. 5 mg of FITCasein is
dissolved in 1 ml of sterile deionised®l This solution was then aliquoted intord0
volumes in sterile 1.5 ml tubes (Eppendorf UK, Stevenage, UK) and sto@l &
until furtheruse. In addition, all FIT&asein aliquots and working solutions were
stared away from light. Upon use the BDFITC-Casein would be diluted with 980

of sterile deionised #D, to a working concentration of H@/ml.
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2.12.ZPreparation of Standards

Trypsin wa used as the standard for all protease activity assays during this.projec

Each set of standards were prepared for each assay and were never stored or frozen, this
was to ensure 100% activity. The top standard was prepared at 1 mg/ml of Trypsin in 1

x PBS. The standards were then made using a serial dilution to 10 ng/mhdRoassay

100ni of the standard was used.

2.12.FITC -Casein Assay for the Determination of Total Protease

Activity

FITC-Casein aliquots and samples were defrosted on ice for aRlbasefore the

assay was set up. Whilst the samples were defrostingypsif standards were

prepared and stored on ice. All reagents were stored on ice to prevent breakdown of the
products, or premature proteolytic reactions. Once the faskin was efrosted, 980

m of sterile deionised ¥D was added and the mixture thagbly vortexed. In a 96 well

plate (Nunc, Thermd-isher, Loughborough, UK) 5@ of the working stock of FITC

was pipetted into all appropriate wells. Then #00f the sample or stalard to be

tested was pipetted into the necessary wells. All samplestandards were measured

in triplicate. The plate was then sealed and incubated at room temperature in a light free
environment. Numerous samples were tested for protease activitythis method

such as Faecal Total Extracellular Protein Extracts (FTEREgernatants from

bacterial cultures, Faecal Total Protein Extracts (FTPES), for example. Upon completion
of the 1 hour incubation the pate was then unsealed and placed inectdreplate

reader (Tecan, Switzerland). The fluorescence was then measimgdin excitation

and emission filter of 485 nm/538 nm respectively. Furthermore, a blank in triplicate of

the sample diluent was assayed alongside the samples and standards.
2.12.4Analysis of Protease Activity Data

The inclusion of the standards not only provided a positive control to the experiments
but were also used to provide a quantitative measurement of the relative protease
activity of the unknown samples. The final fluorescemeasurement, once the
backgroun fluorescence had been deducted (negative control), for the top Trypsin
standard was taken as 100% protease activity. The majority of samples tested were

normalised to a total protein concentration of 1 mg/ml. Therefoaesaimple showed
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100% proteasec#vity then the 1 mg/ml protein content was purely proteases. Once the
unknown samples had the background reading removed, it was compared to the top
Trypsin standard and a percentage of activity compared to 1 mg/ml oiTwyas

given.
2.13 ProteaseArrest Assay

The samples tested using this assay were the faecal total extracellular protein extracts,
previously normalised to 1 mg/ml total protein. The same pratasger

manuf act ur e rwasfollowedfdr both ¢thedrterial and human

ProteaseArrest (Biosciences, USA Furthermore, all reagents were kept on ice during

this experiment and both the ProteaseArrest and samples were defrosted before use. In a

96 well plate (GBiosciences, USAadd 100 ¢ | @destionioeghes a mp |l e i n

appropriate wells. To each sample 1.5 ¢l of

P

solution(GBi osci ences, USA) was added -to each samp

Casein was added to each well. The plate wasgtkaled and incubated for 1 hour at
room temperature. The fluorescence was then measured on Tecan (Switzerland) to
determine the inhibitor effect of the ProteaseArrébese assays were used because

there were no other suites of protease inhibitors abiail
2.14 ProteSeeker Assay

During this assay all reagents were defrosted and kept on ice. In a 96 well plate (Nunc,

Denmar k) 100 €l of the sample to be test was

100 x protease inhibitor to the appropriate well.dtaktthere was 12 proteasepplied

in the kit that were tested, separ-ately, wupon

Casein was added, the plate sealed and incubated for 1 hour at room temperature. The
fluorescence was then measured on Tecan to deethe level of inhibitia by the 12
inhibitors of the ProteoSeeker kit {@osciences, USA).
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2.15Determination of the Dominant Protease Profile of Preterm Infant

Faecal Samples.

2.15.1Determination of Protease Origin using the GBiosciences

ProteaseArrest Kits

The samples tested usingstlassay were the faecal total extracellular protein extracts,
previously normalised to 1 mg/ml total protein. The same protocol was followed for

both the bacterial and human ProteaseAreest per manuf acftGur er 6s
Biosciences, USA). Furthewore, all reagents were kept on ice during this experiment

and both the ProteaseArrest and samples were defrosted before use. In a 96 well plate
(GBi osciences, USA) add 100 ¢l of the sam
each sampl ¢ ehs® Ag Ir e flOOR B@TA sblutbn (1 o f

Bi osciences, USA) was added -Caseinevasatidecs a mp |
to each well. The plate was then sealed and incubated for 1 hour at room temperature.
The fluoresence was then measuredi@tan (Switzerland) to determine the inhibitor

effect of the ProteaseArregtgain, this was the only kit available on the market.

2.15.2Determination of Protease Families using the @iosciences
ProteSeeker Kit

Protocol was followe@d s p er ma n trdctaors Dwringdahis @ssay allreagents
were defrosted and kept on ice. I n a 96
sample to be test was added, this was f ol
to the appropria well. In total there was J#oteasesupplied in the kit that were
tested, separately, upon t-Baseinsvasaddedthemp | e .
plate sealed and incubated for 1 hour at room temperature. The fluorescence was then
measured on Tan (Switzerland) to determine the &wf inhibition by the 12

inhibitors of the ProteoSeeker kit {@osciences, USA)Again, this was the only kit

available on the market.

2.15.3Fluorescence Assay to Determine the Protease Inhibition of

Preterm Faecal Sampes.

The results of the ProteSeek#rfrom Section2.14 showed that only 2 of 12 inhibitors

were significantly effective on a sample of the total faecal esliidar protein extracts.
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Therefore, for the entire cohort it was decided to only test all the sarfgplthe

presence of these 2 proteases. This protocol was conducted as follows.

The protease inhibitors were made as a concentrated stock solutiootesdignd stored
at-20gC, prior to experiments. Phenylmethylsulfonyl fluoride (PMSF) (Melford,
Suffolk, UK) was made to a stock concentration of 100mM, 0.01742 g of PMSF was

diluted in 1 ml of 98 % et hanol .stofeda s ol uti on

-20&C. The second protease inhibitor was ethylenediaminetetraacetic acid (EDTA).
EDTA (Acros Organics, Fisher Scientific, Loughborough, UK) was made to a
concentration of 10 mg/ml in sterile®. The solution was stored-@0eC i n 100 ¢l

aliquots.

All reagents for the experiments were defrosted on ice for at least 1 hour prior to setting
up,and then kept on ice throughout. Firstly, the PMSF stock solution was diluted 1 in

10to produceawri ng concentration of 10mM. Next 100
in triplicate to the appropriate wells. This
of EDTA to each sample in the appropriate wel

each well, the patsealed and incubated in the dark, at room temperature for 1 hour.

After the 1 hour incubation, the plate was read in the Tecan Infinite M200 Pran(Teca

Switzerland) at an excitation and emission filter of 485 nm and 538 nm.
2.15.4Analysis of the proteasenhibition of preterm faecal samples.

Included in the experiment is each sample without inhibition, in triplicate, the
fluorescence of this sample is takas 100 % activity. The sample containing an
inhibitor are then compared to the 100 % value and treeptage inhibition calculated.
For example, if a sample gave 56 % activity in the presence of an inhibitor, this would
give a 44 % inhibition. This datmalysis was performed using Excel from Microsoft
Office.

Further analysis from this allowed for tetermination of the protease content of the
sample in question. For example, using the previous example, if there was 44%
inhibition by PMSF, but no inhition by EDTA, then | would define this sample as
having a varied protease profile. This is becabsddvel inhibition by a serine protease
does not constitute more than half of the inhibition of that sample, and there is no

inhibition by EDTA. To giveanother example, if there was more than 50% inhibition by
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both PMSF and EDTA, then this sample woudddefined as having a serine and
metalloprotease profile. All of the samples were evaluated in this way to determine the

families of proteases presentaach sample.
2.16 Enzyme-Linked Immunosorbent Assays (ELISAS) Protocol

The concentration of H6 and L-8 in the total faecal extracellular protein extracts was
tested using an enzyrtieked immunosorbent assay or ELISA. The principal of this
assay is tguantify the amount of H6 or IL-8 in a sample by comparing it against the
samples used. The amountatisorbance measured is proportional to the amount of the
IL-6 or IL-8 in a sample. The ELISA utilises a capture antibody to the inflammatory
molecule inquestion, this antibody is bound to the bottom of well in a 96 well plate
(R&D Biosystems, Minnesot&JSA). A biotinylated detection antibody is then
incubated with capture antibody and molecule in question, it then binds to capture
antibodies containinthe molecule in question. All unbound detection antibody is
washed away before the next step. Wherstamptavidine HRP is added to the well it
binds to the detection antibody, a blue colour develops when tetramethylbenzidine
substrate solution is addealthe well. This blue colour is proportional to the amount of
inflammatory molecule bound to the cagt@antibody. Concentrated acid was added to

stop the reaction and a yellow colour develops. The absorbance is then measure.

2.16.11L -6

The DuoSet IE6 ELISAkit (R&D Systems, MN, USA) was used to measure thé IL
concentration in total extracellular faecalpre i n extracts, as per
instructions and as detailed below. All antibodies and reagents were provided in the
ELISA kit. This kit was cheen above others as it contains bott6land IL-8.

Firstly, the 96 well plate (R&D Biosystems, MN, Up#as prepared by diluting the
capture antibody to a concentration of 2
in kit). 1 0 O ntibody solution whseddeddopeach wed, tha plate sealed

and incubated at room temperature, protefitma light overnight.

The next day, the plate was washed with

USA), in each well, this process was repeated 3 times. The plate was then incubated for

1 hour at room temperature with a 1% BSA in reagent diluéntusb i o n , 200 ¢

solution was added to each well. The aim
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from being able to contain any-fi when the same is added, so only the capture

antibody contains the 1B, this gives a more accurate readiRgllowing the

incubationt he pl ate 1 s washed as per above. Fol |l owil
sample or blank (reagent diluent, protein storage buffer) was added to the appropriate

wells. IL-6 standards were prepared as follows: a stock solaficecombinant human

IL-6 (supplied in kit) was prepared into a 1:2 serial dilution form 600 pg/ml to 9.375

pg/ml. The standards were diluted in reagent diluent. The standards, samples and blanks

were incubated for 2 hours at room temperature, protéctedight. The samples were

defrosted and kept on ice before addition to the plate. Once again, the incubation was

foll owed by the wash step. Next, 100c¢l of the
reagent diluent to 50 ng/ml was added to the apprepwneatls and incubated for 2

hours, in the same conditions. The wash step was repeated before the addition of the
streptavidineHRP. The StrepavidinrelRP was diluted 1 in 40 in reagent diluent, and

100 ¢l was added to each awmitemperatdgre,i ncubated f
protected from light. Another wash step was performed. The substrate solution

(supplied in kit) was prepared using equal vo
of this was then added to each well and incubated in the dark fom2@asi Wells

containingl:6 t urned blue. After 20 minutes 50 ¢l of
acid, supplied in kit), this turned the blue to a yellow colour. The absorbance of each

well was then measured using a plate reader (Tecan, Switzerland)rah450

2.16.2IL -8

A DuoSet IL-8 ELISA kit (R&D Systems, MN, USA) was used to measure th& IL
concentration in total extracellular faecal p
instructions. All antibodies and reagents were provided in the ELISAH# kit was

chosen above others as it contains botb knd IL-8.

Firstly, the 96 well plate (R&D Systems, MN, USA) was prepared by diluting the
capture antibody to a concentration of 2 g/ m
i n kit) . dptaréantbbdy solution wagadaed to each well, the platedseal

and incubated at room temperature, protected from light overnight.

The next day, the plate was washed with 200 ¢
USA), in each well, this process was repeated 3 times. The plate was then incubated for

1 houratroomtmper ature with a 1% BSA in reagent dil
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souti on was added to each well. The aim o
from being able to contain any-i when the same is added, so only the capture

antibody containghe IL-6, this gives a more accurate reading. Following the incubation

the plate is washed as per above. After the wash step the standards, samples and blanks
(reagent diluent and protein storage buffer) are added to the appropriate wells and
incubated fo 2 hours at room temperature, protected from light. Th@ $tandards

were prepared were prepared using a stock of recombinant hurBssultplied with

the kit, and reagent diluent prepared as follows: 0.1% BSA irblffered saline and

0.05 % Tween 20A 2:1 serial dilution was prepared from 2000 pg/ml to 31.25 pg/ml in
reagent diluent. The standards, samples and blanks were incubated for 2 hours at room
temperature, protected from light. The samples were defrosted and kept on ice before
addition to tlke plate. Once again, the incubation was followed by the wash step. Next
100l of the biotinylated detection antil
added to the appropriate wells and incubated for 2 hours, in the same conditions. The
wash step as repeated before the addition of the streptavidiRE. The Strepavide-

HRP was diluted 1 in 40 in reagent dil uel
incubated for 20 minutes at room temperature, protected from light. Another wash step
was performed. The substrate solution (supplied in kit) was prepared using equal
volumes of reagent A and reagent B, 100 ¢l
incubated in the dark for 20 minutes. Wells containing lurned blue. After 20

mi nutes 50 ¢l of stop solution (2 N Sul pl
to a yellow colour. The absorbance of each well was then measured using a plate reader

(Tecan, Switzerland) at 450 nm.
2.16.3Analysis of ELISA Results

The value of the blanksassubtracted from the samples and standards, in order to
begin analysis. A staadd curve was drawn using the values obtained from the known
standards, using4parametertogistic curve fit. The concentration of the unknown
samples was then interpolated from the standard curve. The software used to perform
this analysis was GraphPRdism. Shown below is an example of the standard curve

generated from the analysis if an@LELISA.
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2.179PCR for Total Bacterial Load

2.17.1Preparation of Standards

Escherichia col(E. coli) genomic DNA was obtained using the following method. A

pure culture oE. coliwas grown from a freezer stock provided by Prof Julian

Marchesi. The freezer stock was prepared from tryptic soy broth (TSB) and 10 %
DMSO. E. coliwas grown on plates of nutrient agar overnight ad3@nd 5 % C@ A

single colony was then pickesing a sterile loop in aseptic conditions and grown in

TSB overnight with shaking at 3 and 5 % C@ The overnight culture was then
centrifuged at 4000 rpm for 30 minutes &4 The supernatant wasmovedand the

cell pellet taken for DNA extractiousing the method outlined in Secti®®.1

Concentration of the DNA extract was determined using a Qubit fluorometer as detailed

in Section2.7. Thiswasdeer mi ned to be 24.5 gg/ ml

TheE. coligenomecontains 7 copies of the 16BNA gene(Klappenbactet al.2001)
and in total the genome comprises of 4.6 ke pair¢Blattneret al. 1997)
Furthermore, the average molar masa gingle base pair is 650 g/mol/bp. Below is the
calculation to determine the number of copies of therB®A gene in the extracted
DNA from a pureE. coliculture, where the DNA concentration was measured to 24.5

e g/ ml

1. Calalate the weight of 1 mole of the coli genome:

= Size of theE. coligenome x Molar mass per base pair
= 4.6 x 16 base pairs x 650 g/mol/bp
=2.99 x 16 g/mol

2. Calculate the Molarity of thE. coligenome within the solution of extracted
DNA:

= Concentation of DNA in solution / Molar mss ofE. coligenome
=24.5x 16 g/L/ 2.99 x 18 g/mol

=8.194 x 10°M

3. Multiply by Avogadrodés constanB to cal cul
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coli genome in solution:
=8.194 x 13 x 6.022 16°

= 4.934 x 187 copies/L
= 4.934 x 18 copies/ml

4. Multiply by 7 to find the number of copies of the IENA gene within the
extracted DNA:
= 4.934 x 18 copies/ml x 7

= 3.454 x 1&° copies of the 16 8RNA gene per ml

5. It was decided that seven standards would be used, ranging frdif 1o 1 x
10" copies per ml. Térefore, the standards were prepared using the following
calculations:

1 ml (1000 ¢l ) [ 2.5 ¢l (vol ume wused in

=400

6. Therefore, the first standards needs to be 400 times more concentrated in order
for2. 5 €1 t o ’copiesbféhe I6ERNA genel 0
1 x 10 x 400 = 4 x 18 copies per ml

7. Using the G@x V1= Cz x V2 calculation:
4 x 10 copies/ml x 1 ml = 3.454 x 1Bcopies/mix V2

=4x10x1/3.454 x 1&
=0.1158 ml
=115.8¢ | of t heecoleDNA Tr act ed

8. Thereforea ser i al dilution was made wusing

water (Severn Biotdy.
2.17.29gPCR Protocol for Quantification of Bacterial Load

The assay to quantify bacterial load in samples was adapted David Gallacheand
performed by myselffrom the BactQuant protocol published by leiual 2012 (Liu et
al. 2012) All experiments were performeding strips of white Thermdubes in white
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with clear caps (Thermo Scientific, UK) on the Bad machine. Furthermore, the
MxPro sofware package was used to collect and export the data. A master mix was

prepared as pdrablel11.

Table 11. qPCR for bacterial load reaction components and volumeg.he total reaction volume uge
is 10 eI . All r-20aCgardrképson iweedurimg asiyt erperendntsa t

Volume | Reagent

Platinum gPCRSupermixi UDG T with ROX (Thermo Scientific,
Leicestershire, UK)

. 1 2 | Nuclease Free ¥ (Severn Biotech LtdVorcestershire, UK)

.18 |Forward Primer (100 €M) (Ther m
.18 | Reverse Primer ( 10dLeicestgrshife,TUKe r me
. 0 2 7 TagMan ProbeThermo Fisher, Leicestershire, UK)

el

O OO N O

The sequences of therward and reverse primers used during this protocol are as
follows (Liu et al.2012)

1. For war d PCATACSGGDGEOWGCA 3N;j
2. Reverse Primer: iGGACTACHVGGGTMTCTAATC-3N;j

The above primers were obtained in a lyophilised form (Thermo Scientific,
Leice st ershire, UK) and reconstituted to 100 &M

instructions, using nuclease free®l

A TagMan Probe incorporating aFAM (6-Carboxyfluorescein) reporter and a
MolecularGroove Binding NofFluorescence Quencher (MGBNFQ) was ueedhis

assay (ThermoFisher, Leicestershire, UK). The sequence is detdded be
TagMan Probe: (6FAM)SCAGCAGCCGCGGTA3NMGBNFQ)

Prior to each reaction the pipettes used during this assay were irradiated using UV light

for 5 minutes. Furthermore, set up of the reaction is done under a flow hood. This was

done to reduce contan@int i on. For each reactiledin 7.5 €l of
Tablell was added to each tube. I n addition, to

or unknown sample was added. This makes the total reaction vauméte 10 ¢ |

The thermal cycling conditions are listeeldw:
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1 3 minutes at 5@C for UNG treatment
1 10 minutes at 98C for Taq activation
1 Followed by 40 cycles of:
0 15 seconds at 9% for DNA denaturation
o0 1 minute at 6@C for annealing and extension
A standard curve was included in every reaction, this wagwaeld by running the
previously made standards, Sectibh7.] in triplicate. In addition, all samples were

run in triplicate for each experiment. Analysis of the data cdoure in Section
2.17.3

2.17.3Analysis of gPCR Results

gPCR results were analysed using Excel. The standards allowed for the creation of a
standard curve. This standard curve was then used to determine the total bacterial load
in the unknown samples. The total bacterial load was thienndimed per mg of stool

within that stool by dividing the total by the number of mg of stool used during sample
processing.
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Chapter 3

The Development of the Preterm Infant Gut

Microbiome in the First Month of Life
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Chapter 3. The Development of the Preterm Infant Gut

Microbiome in the First Month of Life.

3.1 Introduction

The microbiome is a term used to describe the whole study environment, whigmis o

a particular site on or within the human body. Ofipatar interest in the research
community is the gut microbiome. Therefore, the gut microbiome encompasses all
organisms contained within that environment, the surroundings, such as the gut lumen,
and transient components, such as digested food, anlg fildhe genetic material
contributed by each component of the sys(®harchesi and Ravel 2015} his

symbiotic relationship contributes numerous advantages to th€Gibstt al. 2006;
Momoseet al.2008; Cantarett al.2012; Tremaroli and Backhed 2012)

Colonisation of the gut microbiome begins befoirth andcontinues to develop

throughout the first two years ofdif From birth until 3 months of age, the infant
microbiome is dominately Firmicutes after 3 months the community is dominated by
Actinobacteria This continues until 1 year of age wHacteroidetesndFirmicutes

are the main constituenfKoeniget al.2011b; Azackt al.2013) At two to three years

of life the infant microbiome is beginning to resemble that of an adult. This is a result of
the abundance @lostridiabecoming predominant alongside Ba&cteroidia

(Avershinaet al.2016) Finally, the healthy adult microbionmedominated by the
Bacteroidetesand Firmicutesphyla, and remains relatively stable until old age
(Consortiumet al.2012)

The gut microbiome development of preterm infants deviates significantly from the

route describedbove ands a result ohumerous factors. Current research indicates the
initial colonisation of the preten infant gut begins with Graspositive cocci, such as

the Bacilli family. These initial colonizers are then overtaken by facultative anaerobes,
within the Gammaproteobactex class. This then leads to a final strictly anaerobic state
(Jacquotkt al.2011; Normanret al.2013; Torrazz&t al.2013; Simet al.2015; Zhou

et al.2015) Therefore, the development okthut microbiomeogpr et er m i nf ant

progresses towards a Proteobacteria dominated(btateset al.2013)
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Furthermore, as esult of the reduex diversity and richness seen in preterms, greater
than 90% of all organisms found in the gut of preterm infants predominate the
community. Furthermore, tHeBammaproteobacterielass are proportionally over
represented in preterm infants, often comprigirepter than 50% relative abundance.
This is in contrast with less than 20% seen in full term infrddRoseaet al.2014;
Wardet al.2016)

Furthermore, as a result of the cumulative exposure to antibiotics MICU, overall

species and richness and diversity in preterm infants is significantly rediniced.

addition, the majority of preterm infantds s
resistance genes for more than six classes of antifigitisonet al.2016; Wardet al.

2016) Not only do treatments received in the NICU contettio colonization of the

gut microbiome, the abnormal environment has been found to play a significant role.

As described previousiyn Sectionl.3.1.2 the NICU isa breeding ground for bacteria,
therefore it is not surprising for these environmental bacteria to be seen in the guts of
hospitalized infants. One study found that dominant gut taxa, su#faueylococcus
epidermidis Klebsiella pneumonigdacteroidedragilis, andEscherichia coliwere

also found in over half of the samples taken from the NICU environ{Bembkset al.
2014)

Anomalous to preterm infants is the high iatadividuality seen in this sub population.

In contiast to full term infants and adults, the preterm gut miomlei shares no

common features or characteristic between individ{Mégneet al.2006) Currently

this is no explanation for this phenomenon, but it can be hypothesised to be a result of

the NICU environmet.

Gestation is not the only factor during infancyaftect the gut microbiome
developmental process. The abundand@amfteroidesare demonstrated to be reduced

in infants delivered by caesarean section (CS). Furthermore, the caesarean delivered
infants were shown to have a reduced gut microbiome divé@itinlundet al. 1999;
Jakobssowet al.2014) Furthermore, CS has been found to seed the neonatal
microbiome with opportunistic pathogens including speérom theHaemophilus
EnterobacterVeilonellaandStaphylococcugenergDominguezBello et al. 2010;

Backhedet al.2015) A recent systematic review provided further evidence to a reduced
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diversity in CS deliered infants, and showed that the significant differences observed

in the infants during the first 6 months of life had reduceéer @liis time(Rutayisireet

al. 2016) A vaginal delivery is currently accepted as the more beneficial nfode

delivery, as demonstrated in several studies. Infants delivered vaginally are enriched
with Escherichia/ShigellandBacteoidescompared with infants delivered by CS

(Azadet al.2013) Furthermore,iere is a high level dfactobacilliin vaginally

delivered infantgDominglezBello et al.2010; Aagaaret al.2012; Avershinat al.

2014) However, mode of delivery has been shown to have no impact on the gut
microbiome community in preterm infar(Stewartet al.2017) This is an interesting
finding as the birthing procedure is the same for both full and preterm infants, therefore

similar differences should be found in botlogps of infants.

In addition, the feeding routine infloees the type of bacteria acquired during gut
microbiome development in both full and preterm infg@tsnget al.2017;

Timmermaret al.2017) Morespecif cal | y, preterm infants f
had the highest abundanceGibstridales LactobacillalesandBacillales Whereas

infants fed primarily donor breast milk or formula had a higher abundance of
EnterobacterialesFurthermore, thegutmigrb i ome di ver sity 1 n i ni
mot her s own mil k was hi ghe (CopetalpHF)ed t o

Location and environment dramatically affect the infant gut microbiome. For instance,
the preterm gut mrobiome has been shown to reflect that of the N{Gtberet al.

2014) It is belieed this to be a result of the handling, feeding and treatment regimens
performed in the NICUYBrookset al.2014) However, there is no evidence to show if

this is consistent throughout different NICUs.

Finally, gender has also been shown to be an important driving factor in pretentn inf
gut microbiome development. For example, the abundaniéatefobacterialess

higher in male infants, and numberddbstidalesare increased in femaléSonget

al. 2016)

One of the primary outcomes of preterm birth is the increased incidedszate, such
as NEC, and results in high rates of neonatal mortality and morfiaigoske 1994;
Holmanet al.2006; Fitzgibbongt al.2009; Horbaset al.2012) A recent systematic

review concluded that NEC is preceded by an increaseiretative abundance of
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Proteobacteriaand a decreased relative abundandéimhicutesandBacteradetes

(Pammiet al.2017) This result could translate that tBacteroidetephylum confers a

foomof MAprotectionod against disease such as
ability to confer stability in thgut ecosystem, such that it can utilize host

polysaccharides in the absence of dietary gBéskhedet al.2005) Even though there

are organismal chges occurring as a result of NEC development, no change in

bacterial load has been observed as a result of the d{gdmkédkadiret al.2016b)
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3.2 Aims

It can be concluded that the gut microbi
Proteoba&teriadominated state. However, it is highihdividualistic,and no common
characteristics have been discovered. The development of therpestdiull -termgut
microbiome is affected by several factors such as, gender and feeding. However, in
contrast o full term infants the gut microbiome of preterms remains unaffected by mode

of delivery. Gestation has been shown to be a significant fexctbe development of

the gut microbiome, especially in relation to disease. It has been demonstrated that

pretem infants who do not develop NEC have a greater abundamzctdroidetes

and therefore this phyl um hthesdisdageelakingg ab e | |

previous research into consideration, the aims of this study were:

1. To determine if the cohbof preterm infants recruited to this study, showed similar
results to those previously published. For example, | hypothesise that the gut
microbiome of the preterm infants in this cohort will be affected by most clinical
factorssuch as gender and feeglin

2. In addition, | wanted to investigate the occurrence Pfaeobacteriadominated
state occurred over time and if there were substantial inter individual differences.

3. Finally, I aimed to determine if the reduction in the presesf theBacteroidetes
phylum in infants who develop NEC is significant. This will enable us to
substantiate this finding, which may then encourage the research community to
investigate the mechanisms behind this
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3.3 Materials and Methods

3.3.1 Determination of the Preterm Gut Microbiome using Illlumina

MiSeq Sequencing Techniques on DNA Extracted from Stool.

In order to determine the gut microbiome of preterm infants, stool samples were
collected as previously described in Chapter 2, Seétidd These samples were then
processed and the DNA extracted according to the methods detailed in Chapter 2,
Section2.6and2.8.2 Sequencing of the 168NA gene by lllumina MiSeq
technology waperformed by Dr Dagmar Alber at the Child Health Institute, Great
Ormond Street Hospital, University College London, as refereinc€tiapter 2 Section
2.9. Processing of the raw sequencing data was conducted using the Métiiareso

package, version 1.39.5.
3.3.2 Analysis of the Preterm Gut Microbiome Data.

The raw sequencing reads were processed using the Mothur software, v1.39.5, as
detailed in Sectio2.10 As part of the data processing protocolsaliples containing

less than 1000 reads were removed, as they were deemed to not accurately reflect the
microbial community present in that sample. This was determined by using the
coverage value, calculated during the Mothur pipeline, Se2tidh A coverage value
ranges from 0 to 1, with a score of 1 indicating that the microbial community is 100%
accurately reflected at that sub sampling threshold. riésdt,a vdue O0.99 was used

as the cut off during this study. Using this value, a sample needed to conGHO

reads in order to accurately reflect the microbial community. Therefore, the dataset was
subsampled at 1000 reads to create the Microbiome Cdlmentesulting dataset, the

Microbiome Cohort, was visualised and analysed as detailed in S2ctibn
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3.4 Results

3.4.1 Determination of the Optimum Starting Material and DNA
Extraction Methods for Bacterial DNA from Preterm Infant
Stool

The aim of this investigation was to determine the best DNA extraction method and
weight of stool to use for this project. There were two methods available at the start of
this project, the @gen QlAamp DNA Stool Mini Kit and the Promega Maxwell 16
instrument for automated DNA extraction. Established protocols within the lab used a
bead beating step prior to DNA isolation with said kits, however stool was tested with

and without bead beatirduring this investigation. As defined in the Qiagen protocol,

200 ny of faecal material was used with the Maxwell protocol.

Maxwell Qiagen 1 Qiagen 2

Figure 15. A Comparison of Different DNA Extraction Methods using 16SRNA Gene PCR. Notations are as

follows: L =Ladder (1kb), PC = Positive Control, * = Samples were bead bpetarto DNA extraction. The

samples extracted with the Maxwell instrument are with
duplicate. The samples extracted by a collegiise Giulia Masetti) with the Qiagen kit are within the bracket

label | ed A Qi agen 10. m&heussangpltehse eQdtargaeont ekd thy are withir

From this experimerfigure 15, shows that the Qiagen DNA extraction yielded more
bacterial 16 SRNA than the Maxwll protocol. Furthermore, it also showed that the
bead beating step improved the total bacterialrFB¥A yield. As a result, all DNA
extractions used a bead beating step and the Qiagen QIAamp DNA Stool Mini Kit.

Next the minimum weight of stool requiréal extract the highest yield of 16BNA,
was determined. This was important as many of the samples weiegie 200 mg.
Figurel6, clearly shows that the weight of stool used during DNA extraction did not
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affect the yield of 168RNA, thus showing that the starting weight loé¢ tstool will not
affect the DNA yield. Even a stool weight of 10 mg yielded sufficient DNA. It was

decided that 200 mg of stool would be used as standard.

Figure 16. The Effect of Faecal Weight on the Yield of 168RNA gene DNA. Notationsare as follows: L =

Ladder (1 kb), PC = Positive Control. The numbers 1 to 8 represent a series of DNA extractions on stool ranging
from 200 mg to 10 mg in weight. Note these samples were collected froivterfulinfant. The numbers 9 to 16
represent aeries of DNA extractions on stool ranging in weight from 200 mg to 10 mg. Note these samples were
collected from a preterm infant. The weights of stool used during the extractions was as follows: 1 a@dr@j=20
and 10 =150 mg, 3 and 11 =100 mgnd 42 = 80 mg, 5 and 13 =60 mg, 6 and 14 =40 mg, 7 and 16 = 20 mg, 8
and 16 = 10 mg.

3.4.2 lllumina MiSeq 16SrRNA GeneSequencing to Map the Gut

Microbiome of Preterm Infants

A total of 210 DNA extractions, extracted nge were sent to our collaborators, Dr
Dagmar Alber and colleagues. As detailed in Se@i@nafter PCR amplificatin on
samples with a DNA concentration greater than 0.5Ingére taken forward to
sequencing. This resutten 194 (92%) of samples being returned with sequence data to
be processed in the Mothur pipeline and other downstream packages, as detailed in
Sedion 2.11.1 During the Mothur pipeline a number of samples were removed frem th
dataset, as they contained less than 1000 reads. A threshold of 1000 reads ass used
this was the lowest number possible to achieve a coverage |l&98128. The aim of

this study was to determine as much detail on the colonisation of the preterm gut
microbiome, therefore a high coverage was necessary to ascertain the most detailed
results possible. Thus, 151 (72%) of samples were included in the iardiyise

preterm gut microbiome, the Microbiome Cohort.
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Table 12. Number of Samples Collected by Day of LifeData included in this are the number of sampleswieae
sent for sequencing (Sent); the number of samples that wereeétwith sequencing data (Sequenced); the
percentage of the samples sequenced and included in the Microbiome Cohort.

Samples Day of Life Total
1to5 6to 10 11t015 16t020 21to25 >25
Sent 31 49 37 23 35 35 210
Sequenced 23 45 35 22 35 34 194
Percentage 74% 92% 95% 96% 100% 97% 92%
Analysed 10 35 28 19 30 29 151
Percentage 32% 71% 76% 83% 86% 83% 72%

The quality of the sequencing data produced can be a very informative result, indicating
the overall quality of the techniques and metho@slughis information can be found

in Table13. Observing the controls first, it can be seen that the numbers are vastly
lower than that for the samples, the only exception being the minimum values. Overall,
this shows that the DNAxtracton method was successful and minimal amounts of
contamination was introduced during this process. The organisms present in these
samples was assessed and determined to not affect the results and were removed from
the Microbiome Cohort. The numbefrreadsgenerated in the samples vastly

outnumber those seen in the controls, further validating the results observed to be
biologically relevant. In addition, the high mean and median show that overall the
sequencing was successful and able to produgghantinber of reads. Therefore, this
should be accurate regarding the bacterial content of the preterm infant gut microbiome.
However, due to the low biomass seen in samples from this section of the population, it
is not unexpected to find a minimum numbéreals to be one. Actually, this is more

likely due to reaction failure rather than low biomass or DNA content, as these samples
will have already been removed prior to sequencing, under the threshold mentioned in
Section2.9. The high standard deviation score seen is a result of the low read numbers,
in contrast, it could be due indication of the variety in the microbiome data seen in
Section3.4.6 As will be discussed in Secti@6.2 the variation in read numbers per
sample made it diffictito choose an accurate number of reads in whishlisample

the data.
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Table 13. Simple Statistics for the Number of Reads Generated by lllumina MiSeq B5RNA Gene
SequencingThis table provides a comparison of simple statistics bettteesamples and controls.

Statistic Samples (n=194) Controls (n=5)
Minimum 1 5
Maximum 481757 206

Median 45314 64

Mean 59329 89
Standard Deviation 65829 80

The simple stiastics shown inrable13 are relevant but are limited in presenting the
spread of data in the number of reads generated per sample. Therefore, a box and bee
swarm plot can be seenkigurel?, and clearlyshows the dispersal around the mean.
Without visualising this data, it would be impossible to see the high number of samples
clustered towards the bottom of the graph. Bhisws that a high number of samples

did not sequence very successfully, and inégas to why the mean is low, as these

low numbers are skewing the mean. Importantly, it shows that the controls, coloured in
green, cluster at the bottom of the graph, conihg they are low in number and why

they were not included in downstream anayggnoring the lower values, there is a

good spread of samples, further implying a diversity in microbiome communities

between individuals and samples.
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Number of Sequences Produced by lllumina MiSeq 16S Sequenicng

Sample Type
* High
* Low
@ Control

200000
1

150000
|

Number of Reads
100000
1

ﬂi RMM"”&**W%##«;-.

Samples and Controls

Figure 17. The Number of Reads Generated by the Controls, Study and Micrabme Cohorts.This box and bee
swarm plot includes all positive samples that were included iMiblwbiome Cohort (Red); all samples that were
removed due to containing less than 1000 reads (Green); and the DNA extraction controls (Black). The box plot
underneath the swarm points shows the mean, upper and lower quartiles, and the minimum and walxEsum

To summarize, the number of reads generated by the sequencing was high and will
provide an accurate representation of the bacterial content of teenpiefant gut
microbiome. Furthermore, the lllumina MiSeq process was successful and only

prodwced minor errors.
3.4.3 Comments on the DNA Extraction Controls and SubSampling

DNA extraction controls were used to ensure the process had been carried out in a
manner that introduced little or no bacterial contamination. The organisms present in
Figure18were very similar to those present in Microbiome Cohort, for example

Klebsiellg Escherichia StaphylococcysandEnterococcuswere preent in all samples

and controlsHowever, the number of reads produced during sequencing were
substantially lower than those included in the Microbiome Cohort. Taking into account
the similarities in community structure and the dramatic reduction in msfribe/as

decided that these salapvould be removed from the Microbiome cohort. Due to the
presence of similar organisms present in both the extraction controls and samples, it was

not possible to remove the organisms found in the controls from theesampl
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communities. The predominancetbé organisms, seen in the controls, within the
sample communities demonstrated that these were integral components of the microbial
community, rather than artefacts of the DNA extraction methods. Therefore, the

decisionto acknowledge and report, but reved was chosen.

The Relative Abundance of the Genera Present in DNA Extraction Controls

1007 Genus
.f\cinetobacter . Haemaophilus
.r\ctinomyces . Klebsiella
.Aeromonas . Lactobacillus
787 .Maerococcus . Lactococous
.Nopobium . Morganella
. Bacteroides . Parabacteroides
. Bifidobacterium . Peptoniphilus
207 . Citrobacter . Peptostreptococcus
. Clostridiales . Pseudomonas
. Corynebacterium . Rahnella
. Enterobacteriaceas . Serratia
257 Enterococcus Staphylococcus
Escherichia Streptococcus
Finegoldia Veillonella
. . Fusobacterium

DMNA Extraction Contrals

Percentage Abundance (%)

Loguog
Zloguog
£lo5u02
plosuos
50500

Figure 18. The Relative Abundance of the Genera Present in the DNA Extraction Control3he relative

abundance of each organism within a sample is shown by the y axis witbob@mehdenoting aifferent organism.

The number of reads in each control is as follows: Control 1 = 38, Control 2 = 5, Control 3 = 87, Control 4 = 184, and
Control 5 = 55.
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3.4.4 Patient Recruitment and Sample Demographics

The aim of this analysis was to denine if there wiee any simple differences between
the infants who provided samples that sequenced successfully and those who did not.
Furthermore, it provided details on the infants recruskestribedas a cohortThis

allowed analysis to be conducteddetermine if thee was any bias during the

recruitment processuch as more males than females recruited to the study.

Table14 shows the demographics for the cohort before and sgtprencing. The

complete cohort is referréd as the Study Cohort and the successfully sequenced

cohort are referred to as the Microbiome Cohort. As mentioned in S&8c8idnhas part

of the 16 RNA gene sequencirgdpta processing, a number of samples were removed
due to containing lessdah 1000 reads. This was a result of the coverage level, as any
samples with a 1000 reads or more gave a coverage of more than 0.99. As a result, the
only samples included in the Microbiome Cohort were those conta@l8§0 reads.

As demonstrated in Table 2 all samples collected form infants residing on threataist
ward (PNW) did not generate a coverage vaXie99 and were therefore removed from
the Microbiome Cohort.

Overall, fromTablel4, it can be seen that not all of the samples used during this study
were sequenced adequately in order to be includeaiMitrobiome Cohort, there are
numerous explanations for this detailed in Sectidn(Chapter 7). Indtal there were

nine infants without sequencing data. Howetsgre was only one infant for which alll

of the sample provided, a total of 4, which were not included, this was infant 19.

Not included in the table is data referring to the average gestagigadletween males
and females. When calculated there is vigtie Idifference. The average gestational age

for males is 27 weeks compared to 25 weeks for female preterm infants.
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Table 14. Table Containing the Patient and Samm@ Demographics Abbreviations are as flows: Post Natal Ward (PNW), University Hospital Wales (UHW), North Bristol Trust (NBT), Caesarean
Section (CS), and Necrotising Enterocolitis (NEC). The Study Cohort includes all infants recruited to the sthely assidciated demographics. Howetleg, Microbiome Cohort includes only the
samples that produced more than 1000 reads during sequencing and were taken forward to analysis.

Study Cohort Microbiome Cohort

Preterm Term PNW Total Preterm Term Total
N
Infants 52 (90%) 3 (5%) 3 (5%) 58 (100%) 49 (96%) 2 (4%) 51 (100%)
Samples 199 (95%) 8 (4%) 3 (1%) 210 (100%) 140 (96%) 6 (4%) 146 (100%)
Sex
Male 33 (64%) 2 (67%) 2 (67%) 37 (64%) 29 (62%) 1 (50%) 30 (61%)
Female 19 (37%) 1 (33%) 1 (33M) 21 (36%) 18 (38%) 1 (50%) 19 (39%)
Sample Site
UHW 18 (35%) 3 (100%) 3 (100%) 24 (41%) 15 (32%) 2 (100%) 17 (35%)
NBT 34 (65%) 0 (%) 0 (0%) 34 (59%) 32 (68%) 0 (0%) 32 (65%)
Gestation (Complete Weeks)
Mean + Standard Deviation 26+25 38+2.3 40+ 1 NA 26+25 37+0 NA
Birthweight (grams)
Mean + Standard Deviation 869 +309.8 2783+ 752.2 3640+471.6 NA 873 +324 2350+ 71 NA
Length of Hospital Stay (Days)
Mean + Standard Deviation 102+ 454 23+11.8 210 NA 102+ 4D 28+11 NA
Survival
Yes 46 (89%) 3 (100%) 3 (100%) 52 (90%) 44 (94%) 2 (100%) 46 (94%)
No 6 (11%) 0 (0%) 0 (0%) 6 (10%) 3 (6%) 0 (0%) 3 (6%)
Delivery
Vaginal 29 (56%) 3 (100%) 2 (67%) 24 (50%) 27 (57%) 2 (100%) 29 (59%)
CS 23 (44%) 0 (0%) 1(33%) 24 (50%) 20 (43%) 0 (0%) 20 (41%)
Developed NEC
Yes 13 (25%) 0 (0%) 0 (0%) 13 (22%) 11 (23%) 0 (0%) 11 (22%)
No 39 (75%) 3 (100%) 3 (100%) 45 (78%) 36 (77%) 2 (100%) 38 (78%)
Maternal Age
Mean + Standard Deviation 29+5.7 22+5.0 37+3.1 NA 29+6 20+ 4 NA
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There was no change in average gestation and maternal age between the Study and
Microbiome Cohorts. The birthweight of the preterm infants increases slightly in the
Microbiome Cohort. The length of hospital remaintatis and there was a decrease in

infants from the survival and NEC groups in the Microbiome Cohort.

As a result of the reduction in samples from term infants in the Microbiome Cohort, it
was decided that it would be difficult to make meaningful compasibetween the
microbiome of term and preterm infants. Therefore, the term samples were removed
from the final data set and the focus of this thesis became to report to the development
of the preterm gut microbiome. To confirm the number of samples inciodatdr

analyses using 16RNA genesequencing data was 140, unless otherwise stated.

3.4.5 gPCR for Total Bacterial Load in the Stool of Preterm Infants

In contrast, to the later analysis of the bacterial community in the microbiome, total
bacterial load was deterngd for all samples collected, the Study Cohort. Unless
otherwise stated the results shown iis #ection included all 210 samples that were
collected. The aim of this experiment was to determine the total bacterial load of
preterm infant stool and compates to the bacterial community present in the stool

and clinical factors such as mode of dety and feeds.

Table 15. Simple Statistics for the Total Bacterial Load of Preterm Infant StoolTotal bacterial load was
calculated andiven as copies of the 16BNA gene per mg of stool. Copies of the I&NA gene were determined
usinga standard curve produced during each reaction of a known copy nuniberotifgenomic DNA. This number
was then divided by the mg of stool used during the Xtkaction protocol. 199 samples were included.

Statistic Copies of 16S Gene/mg of Stool
Minimum 0
Maximum 368,800,000
Mean 6,861,649
Standard Deviation 28,689,414
Median 420,000
25" Quartile 12,773
75" Quartile 5,631,100

FromTablel5, there is a large variation in the total bacterial load from preterm infant
stool. However, on average there is a substantial bacterial load contained within the
stool of preterm infants. Asrasult,it was determined that 168NA genelllumina

MiSeq sequencing was a viable option for determination of the bacterial community
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within these samples. Moreover, associations between the total bacterial load and
clinical factors could be investigated.

Firstly, to reflect on the total bacterial load andjgsencing results, it was found that the
mean bacterial load significantly, p < 0.01, affected the positivity of sequencing results.
This can be seen Figure19. A major reason for this difference is detailed in a later
chapter, @apter 5. The main result, in terms of future preterm microbiome research, is
that samples with a total bacterial load of less than 2,000,000squgrieng of stool,

should not be considered for high through put sequencing as they are more than likely to

give a negative result. Therefore, this would save time and money in future research.

The Effect of Total Bacterial Load on the Outcome of 16S lllumina
MiSeq Sequencing
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Figure 19. The Effect of Total Bacterial Load on the Outcome of 16 8RNA gene lllumina MiSeq Sequencing.
Significance was tested using an independamipges ManANhitney U test in SPSS, and significance was shown by
the *. Number of samples included in each group is giyetvé& number at the base of each bar. The error bars are
the standard error of the mean (SEM).

The design of this study allowedrfimvestigations into the development of the preterm

gut microbiome over the first 30 days of life. As a result, the tatetienial load over

this time was determine&jgure20. The lowest total bacterial load was present at the
earliest days of life, with the highest followed very soosradt days 6 to 10 life. The

total bacterial load steadily decreased until 20 days of life, where it peaked again until a
minor decrease after 25 days of life. Therefore, the total bacternadlioéng the first

30 days of life is not stable and peak$ &b 10 days of life.
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Total Bacterial Load of Preterm Infant Stool during the First 30 Days of Life
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Figure 20. Total Bacterial Load of Preterm Infant Stool during the First 30 Days of Life.The error bars
represent the standard error of theameThe number callouts are the number of samples usadttdate the mean
for that day of life grouping.

One of the aims of this research was to determine if there was a difference in gut
microbiome development in infants from separate NICUs. Therenavagynificant
difference between samples collected frivd two NICUs. Howevelkigure21 does
shows that the mean bacterial load for samples taken at UHW is higher than that of
NBT. Furthermore, the range of bacterial lo&dsn UHW varied greater than those
taken from NBT. Therefore, sampling site does not significantly affect bacterial load.

Total Bacterial Load at the Different Sampling Sites
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Figure 21. A Comparison of Total Bacterial Load from Samples Collected at Different NICUsThe error bas
arethe standard error of the mean. The number at the bottom of the bars are the number of samples collected from
each site. Abbreviations are as follows: NBT (North Bristol Trust) and UHW (University Hospital Wales).
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The sampling sites differed by Id@n but also by the administration of probiotics.
During the sampling period only UHW was administering probiotics to the recruitment
population, and then only to infants who met the minimum feeding criteria. As a result,
probiotics and their effect of tal bacterial load was investigatéthere was no

significant differences in mean total bacterial load as a result of gestational age, a
MannWhitney U test was performeds seen ifrigure22. As seen irFigure22, there

is a large variation in total bacterial load in the samples taken in the presence of
probiotics. Therefore, probies does not significantly affect total bacterial load of

preterm infant stool.

Total Bacterial Load as a Result of Probiotic
Administration
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Figure 22. The Effed of Probiotics on Total Bacterial Load of Preterm Infant Stool.For this graph the error bars
are given as the standard error of the mean and the number of samples included in each group are given at the bottom
of each bar.

It was shown thathe trend irtotal bacterial load was increasing over time, therefore the
effect of gestation on bacterial load was also investig&igdre23, showed that there
wereno sgnificantdifferences in mean total bacterial lo@sla result of géstional age

a MannWhitney U test was performebh contrast, there was a decrease in mean total
bacterial load in the samples taken from full term infants. Once again, thdeegs a
range in total bacterial load taken from the extremely preterm giidnip indicates that

full term infants harbour a lower total bacterial load compared to full term infants, but
due to the limited number &dll-terminfants recruited to this studthis remains

inconclusive.
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Total Bacterial Load as a Result of Corrected Gestational Age
10000000 -
9000000 -
8000000

7000000 -

6000000 4 I ]-
5000000 - | J_

4000000 4

3000000 -

2000000 A

1000000 -

92 78 29
0 T T 1

Extreme <28 Very 28-31 Late 32-37
Corrected Gestational Age (Complete Weeks)

Mean Bacterial Load (Copies of 165 Gene/mg of Stool

Figure 23. A Comparison between Corrected Gestational Age and Total Bacterial Load\gain, the error bars
are included to show the standard error of the mean and the numbers at the bottom ofagachdaumber of
samples included in each group.

During sample colleabin if the attending clinician had any concerns for sepsis in the
infant, this was noted as part of the clinical data. It was found that there was no
significant difference in the tat bacterial load of preterm infant stool taken from

infants with and witbut clinical sepsis concerns. However, as showsigare24, there

is a decrease in bacterlahd from the infants with no reported sepsis concerns, and a
large variation in total bacterial load from the infants who were notpdsassbly septic.
Therefore, this indicates at a possible role for specific bacteria in the pathology of sepsis

rather han the overall bacterial load.

As detailed previously feeding type has a dramatic effect on the bacterial community

within both full and preterm infant stool. As a result, this variable was analysed in this
cohort to determine if these findings were pble. As shown ifigure25, there was

a substantial increase in bacterial load in samples taken from infaotaere

exclusively fed a preterm formula diet. Tibacterial load in preterm infant stool taken
from infants fed either motherdés own mil |
comparable. Finally, to be expected, the lowest total bacterial load was sefants

receiving no enteral feeds. These results esgthat the administration of a preterm

infant formula as the primary diet component increases faecal bacterial load in preterm

infants.
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Total Bacterial Load in Samples taken in the Presence and Absence of
Sepsis Concerns as Indicated by Attending Clinician
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Figure 24. A Comparison in Bacterial Load taken from Infants who did and did not Present Spsis Concerns
at the Time of Sampling.Again, the error bars are included to show the standard error of the mean and the numbers
at the bottom of each bar are the number of samples included in eaph grou

The relationship between gender and bacterial \eaglalso investigated as part of this
study. There was a large increase in total bacterial load from male preterm infant stool
compared to femaleEjgure26. However this wasfound to not be significant. Yet the
difference in total bacterial load between the genders is an interesting finding, that is yet

to be explained.
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The Effect of NICUFeeding Routines on the Total Bacterial Load of
Preterm Infant Stool
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Figure 25. A Comparison between the Total Bacterial Loads in Pretermrifant Stool as a Result of DietThe
error bars are included to show the standard error of the mean and the numbers at the bottom of each bar are the
number of samples included in each group. When tested it was not significant.

Total Bacterial Load as a Result of Gender
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Figure 26. A Comparison between Total Bacterial Load in Female and Male InfantsThe error bars included to
show the standard error of the mean and the numbers at the bottom of each bar are the number of samples included in
each group. When tested it wag smnificant.

As detailed in Sectiofi.2.4.3.1 the development of the gut microbiome is influenced

by the mode of delivery. This difference was conformed in thidystThere is a

significant increase, p = 0.045, in total bacterialdan the stool of infants who are
delivered by caesarean section (CS), as showigure27. Futher analysis is needed

to determine if this is the result of the difference in bacterial content encountered via the

different modeof delivery.
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Total Bacterial Load in the Stool of Infants Delivered Vaginally
and by Caesarean Section
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Figure 27. A Comparison of Total Bacterial Load in the Stool of Infants Delivered Vaginally and by Caesarean
Section.The error bars are included to chow the standard error of the mean and the numbers at thé batiotmar
are the number of samples includeaach group.

NEC is one of the primary causes of neonatal mortalitynaoidbidity andhas been

linked to changes in the gut microbiome. Therefore, it was important to determine if
there was a change Iracterial load in infant stool prior to the devaizent of NEC.

There was a substantial increase in total bacterial load in samples taken from infants
who developed NEC, but this was not determined to be significant, as shbwgaiia

28. Furthermore, there was a greater variety in total bacterial load in stool from infants
who did develop NEC compared to those who did. This indicates that unlike bacterial
community structure in the microbiome the total bacterial lsawt linkedo the
development of NEC.
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Total Bacterial Load between Infants who do and do not Develop NEC
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Figure 28. A Comparison between the Total Bacterial Load in Infants who did and did not Develop NEQhe
error bars are included to show the standard error of the mean and the numbers at the battbrgrofip.

The | ength of an i nf anedbytheir betlt,yandismlengtioos p i t
hospital stay has the potential to act as a proxy for health. Therefore, the effect of the
duration of hospital stay on the total bacterial load wasraeted. The bacterial load

was higher in infants whose hospisédy was greater than 3 months, as shoviigare

29. However, this was not significant. This indicates that an increase in faecal bacterial
load during the first math of life may affect the length of hospital stay, and as a result

the possibility of reduced health.
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The Length of Hospital Stay and the Effect on Total Bacterial Load in

Stool
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Figure 29. A Comparison between Length of Hospital Stay and Total Faecal Bacterial Loa@he error bars are
included to showttestandard error of the mean and the numbers at the bottom of each bar are the number of samples
included in each group.

Directly related to an infantds hospital stay
shown inFigure30, there is a clear link between bacterial load and survival. A

significant increase, p = 0.028 in faecal bacterial load is associated with survival to

hospital to discharge. This indicates thatterial colonisation of the gut is essential for

survival inthis population.

Antenatal steroids are often given to women threatened by preterm delivery, as a result
a large portion of the infants recruited to this study were prenatally exposed to these
drugs. Therefore, it was interesting to determine if antestgmids had an effect on

the infant microbiome. As shown Figure30, antenatal steroids had no sigceiint

effect upon the total faecal bacterial load.
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Total Faecal Bacterial load in Infant Survival until Hosptial
Discharge
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Figure 30. A Comparison of Total Faecal Baterial Load in Infants who did and did not survive until Hospital
Discharge.The error bars are included to show the standard error of the mean and the numbers at the bottom of each
bar are the number of samples includeéach group.

In order to deterine if the dominance of the microbiome by a certain organism was
linked to total bacterial load, Figure 15 was constructed. As can be determined from
Figure31, there was no association between a high bacterial load and the doemahan
the gut microbiome by one organism. This indicates that total bacterial load is not
affected or influenced by the dominance of one particular organiset or srganisms.

In other words, the gut microbial community changes in response to the attreas
growth of an organism. Furthermore, this suggests that there have been decreases in
other members of the community in order to accommodate this dominanoe by o
specific organism or set of organisms. Otherwise, there would be an increase in
bacterial I@d as a result of the dominance of the microbial community by a particular

organism.
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Total Bacterial Load and the Dominance of the Gut Microbiome by an Individual

Organism
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Figure 31. Total Bacterial Load and the Daninance of the Gut Microbiome by an Individual Organism.The

error bars represent the standanbr of the mean for the mean bacterial load represented by each bar. The nhumbers
at the bottom of each bar are the number of samples dominated by the pastgatésm. Panel A shows the mean
bacterial load for each group dominated by a cegaitus Panel B shows the mean bacterial load for each group of
samples dominated by a certain genus.
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3.4.6 The Development of the Preterm Gut Microbiome during the
First Mo nth of Life.

The Microbiome Cohort of infants showed an overall trend towaRIst@obacteria
dominated community during the sampling perieigure32. From birth until
approximately 1 week of age, the majority of infants are shown to have a gut
microbiome community dominated by organisms fromRimmicutesphylum. After

this milestone the microbial community in the majority of infants shifts towaenig b
dominated by organisms from tReoteobacterigphylum.Also, of note from Figure 16,

is that theActinobacterigphylum appears at varying levels of dominance during the
first 30 days of life in preterm infants. Furthermore,REhsobacteriunphylum apears

in only 2 samples, in complete dominance in one, during the very first days of life, 1 to
5. Finally, the presence of tiBacteroidetephylum decreases in presence and

dominance during the first 30 days of life in the preterm infant.

These resultganslate into the genus taxonomic level. Hrenicutesdominating the
preterm infant microbiome at the beginning of life &taphylococcuslhe
Proteobacteriadominating tle preterm gut microbiome at the end of the first month of
life areEscherichisandKlebsiella Therefore, the bacterial community of the preterm
infant gut transforms from &taphylococcudominated environment to &scherichia
andKlebsielladominated coonmunity. The varying appearance of thetinobacteria
phylum translates into tHgifidobacteriumgenus and the decreasing presence of the
Bacteoidetesphylum is a gradual decrease in the presen&aoferoidesuring the

first month of life.

In contrasto the overall progression taRaxoteobacteriadominated microbiome,
infants can dmonstrate individual patterns very different to that of the cohort in

general. This is demonstratedrigure33.

133



Gut Microbiome Development in the First 30 Days of Life in Preterm Infants
100

90
80
70
60
50

40

Percentage Abundance (%)

30

20

10

MIT yT§ N MEH M
EProteobacteria @Actinobacteria B Tenericutes [OBacteroidetes B Fusobacteria B Planctomycetes  EFirmicutes

Figure 32. The Development of the Gut Microbiome Community in the First 30 Days of Life in Preterm InfantsThe y axis shows the percentage abundancaabf erganism from the
respected phylum in that sample, where each sample is represented by a bar on Teechatis has been split to show the samples that are included in each day of life category. The sa
have been ordered by both day of lifeldheProteobacterigohylum. This enabled for the visualisation of the trend towaRi®teobacteriadominance over time.



The Development of the Gut Microbiome in 3 Preterm Infants
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Figure 33. The Individualistic Nature of Gut Microbiome Development in Preterm Infants.Graphs A, B and C
represent an individual infant and each bar a sample takiee abted day of life on the x axis. The y axis represents
the percentage abundando a total of 100%. The colours represent the following organisms: Gyasobacteria
Green =Firmicutes Red =Actinobacteria Blue =Proteobacteria

Firstly, infant Aof Figure33, clearly shows the trend towarBlsoteobaceria

dominance over time, however the dominancEiohicutesat the beginning of life

does not occur until dayaf life. Secondly, infant B ofFigure33, never develops a
Proteobacteriadominance at the end of 30 days of lifeefidnis an exchange of
dominance between th@rmicutesandActinobacterigphyla. Lastly, infant C oFigure

33, clearly showshe majority pattern of Rroteobacteriadominated phylum towards

the end of the first month of life. Meover, infant C also demonstrates the highly
changeable nature of the preterm infant gut microbiome. For instance, on day 7 of life
the gut microbiomés dominated by organisms from tRegmicutesphylum. However,

24 hours later this has shifted t®mteobacteriadominance.

Figure34 shows a progression froBtaplylococcusdominated to a moréscherichia
andKlebsielladominated one. Moreover, this figure further demonstrates the dominant
nature of the preterm gut microbiome.

In summary, the gut microbiome of preterm infants is individualistic and subject to
dramaic change within a short amount of time. However, when observed as a group the
development of the gut microbiome community begins with a dominarféenatutes

this then progresses toward$eoteobacteriadominated state during the first 30 days

of life. Other key contributing organisms during developmenfatmobacteriaand
Bacteroidetes
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Development of the Gut Microbiome Community at the Genus Taxonomic Level during the First 30

Days of Life
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Figure 34. The Development of the Gut Microbiome Community at the Genus Taxonomic Levduring the First 30 Daysof Life. The y axis shows the percentage abundance of each
organism from the respected phylum in that sample, where each sample is represented by a bar on the chart. The xapéithashew the samples that are includedach day of life
categoy. The samples have been ordered by both day of life ariflebsiellagenus. This enabled for the visualisation of the trend towakdisbeiellaandEscherichiadominance over time.



3.4.7 The Effect of Development on the Diversity of the Preterm

Infant Gut Mi crobiome.

As a result of the observations in the previous Se@is6, it was hypothesised that the
overal diversity of the preterm infant gut microbiome would be low. This is a result of
the dominance of the microbial comniiyrby an individual organism. Taking these
findings into account, the results of several alpha diversity measures can be found in
Figure35. To note alpha diversity measures the diversity of organisms within samples.

Firstly, chats A, B and C ofigure35 shows different measures of richness within
samples. Measures of richness indicate how many different organisms are observed
within a sample. The three different indices used during this analysis was SOBS
(Species Oserved), chart A, Chaol index, chart B, and the Ace index, chart C. All

three measures of richness show that the number of organisms observed is the highest
during the first week of life. It then gradually decreases until 3 weeks of life wthere
increase®nce more. Therefore, very soon after birth the gut microbiome of preterm
infants contains the highest number individual organisms. Over the next 3 weeks certain
organisms begin to outcompete the others, thereby reducing the number of species
present. Afer 3 weeks of life different organisms begin to thrive, as a result increasing

the richness of the microbial community in the gut.

In comparison, charts D and ERifjure35, show the diversity of samples during the
first month of life. More specifically, chart D shows the Simpson diversity index and
chart E the Shannon diversity index. Measures of diversity take into account both
number of species and the number of argims within a species that are present.
Therefore both D and E oFigure35, show that the diversity of samples remains
consistent until 3 weeks of age. At 3 weeksa@é it increases slightly and then falls
after 25 days of life. Overall, these results show that during therfasth of life there

are no significant changes in the diversity of the preterm gut microbial community.
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A The Average Number of Species Observed in the Gut B
Microbiome of Preterm Infants during the First Month of
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Figure 35. The Development of the Preterm Gut Microbiome Community in Terms of Alpha DiversityFor all charts in the fige, the day of life group is given on the x axis and the measure of
alphadiversity on the y axis. In total 142 samples were used during this analysis, if more than one sample within the sdifieegdaypifng from the same infant was present, the geco@ithese
samples was taken. All error bars in the figure represerstanelard error of the mean.
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In summary, the alpha diversity of the gut microbiome of preterm infants remains
relatively stable throughout the first 30 days of life. There areamatic shifts as a
result of time. The effects of clinical factors sushaatibiotics, feeding etc. will be

discussed in later section in this chapter, Se@idr8

The second measure of diversity for analysis into the i@rcommunty of the gut
microbiome is beta diversity. Beta diversity measures the diversity between samples.
The aim of this analysis was to determine if development had an impact upon the
diversity between samples from early in life to those taken gltine fourthweek of

life. Upon testing the effect of development and numerous other factors, such as gender
or feeding, the beta diversity remained unaffected by any of these factors. Instead it was
discovered that samples clustered only according tortienism thawas dominant in

that sample, sdeéigure36. From this analysis it was determined that the samples
clustered into 5 distinct groups. TEscherichiaandKlebsiellagroyps, ellipses A and

B, cluster separately and awimgm the main group of samples. However, even though
there is a clear progression toward®rateobacteriadominance over time, these results
were not reflected in the beta diversity analysis. In the nrampgof samples, there are

3 clustersStaphylococus Enterococcusand a mixed group. The organisms of
Firmicutesorigin cluster away from thBroteobacterias clear, and provides some
explanation as to the pattern observed, however a clear explarmetiaims to be

determined.

In summary, when thesresults are compared to those in previous sections, it clearly
demonstrates that the dominance of certain organisms within the preterm gut are
unaffected by confounding factors such as age. Therefordpthmance of organisms
within a sample affect theommunity structure and subsequent beta diversity analysis,

to such an extent that clinical factors do not.

139



° Dominant_Genus
Acinetobacter
& " ; A& Atopobium

& Bacteroides

Bifidobacterium
Citrobacter
Enterococcus

Eschericia

» ®» ® »

Fusobacterium

Klebsiella

Axis2 [21.9%]

#& Lactococcus
Rahnella

Serratia

@

Staphylococcus

A Veilonella

[N

0.50 0.25 0.00 0.25

Axis.1 [30.7%]

Figure 36. The Effect of Dominant Organisms on the Clustering of Samples using the Bragurtis Dissimilarity Index. Each sample is represented on the
graph by a coloured dot. The colour and text refer to the dominant genera within that sample. Tharelgrsee telarify the individual clusters. This is a
Principal CeOrdinate Analysis (PCoA) using the Br&urtis dissimilarity index. This method calculates the similarity between samples and then organises
3D space. The plot then allows this matrix b be seen in @imensionsthis is why there is a lot of overlap between samples. ClusteESciserichiadominated,
cluster B iKlebsielladominated, cluster C Staphylococcudominated, cluster D iEnterococcuslominated and cluster Bwtains a mix of dominant organisms
On each axis there is a percentage, 30.7% and 21.9%, this refers to the amount of variability between the sampldaittest ydkfs plot.
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3.4.8 The Effect of Clinical Factors on the Degelopment of the

Preterm Gut Microbiome.

Previously it has been determined that the donuaaf certain organisms remains
unaffected by clinical factors when analysed using beta diversity techniques. However,
when looking at the effects of clinical facsasn the whole cohort, significant

differences were determined. One of the most influefat@iors was the administration

of antibiotics. As a result, the effect of antibiotics on the developing gut microbiome is
detailed in Chapter 5.

Gender is determined at the moment of conception and the results of this study show
that it can have a drarti@impact on the development of the preterm gut microbiome.
The results irFigure37, illustrate the effect of gender of the gut microbial community.
Firstly, panel A ofFigure37, shows that the abundanaieProteobacterias increased

in male infants, whereas the numbefFommicutesis increased in female infants. At the
genus level, panel B ¢figure37, the abundance éfroteobacteriaranslates into
increases oKlebsiellaandEscherichiain the male infants. On the other hand, the
increase irFirmicutesin the female infants translates into an increasstaphylococcus
at the genus level, panel BBigure37. Finally, when analysed using the software
package STAMP the increaseRnoteobacteriaobserved in male infants was found to
be significant, p = 0.029, panel Ckifjure37. Therefore, confirming the effect of

gender on the development of the preterm gut microbiome.

The node of delivery can sometimes be a choice of preference by the mother, however
in preterm @livery it is often a decision made by the attending clinicians in order to

give mother and baby the best outcome. Due to the differences in the skin and vaginal
microbiome, mode of delivery can have a dramatic impact on the developing gut

microbiome. Thesame was seen in this study, as showfigare38.

141



The Effect of Gender on the Gut Microbiome of Preterm Infants

o ]
90 A 90 A -
m Lactococcus
80 A 80 = Rahnella
- .
= 70 4 = 20 4 Serratia
o o M Eschericia
o o .
S 60 4 S 60 Bacteroides
b= Bacteroidetes b=
5 5 M Klebsiella
S 50 ™ Firmicutes S 50
© © m Acinetobacter
= M Proteobacteria a0
£ 40 i <40 W Enterococcus
@ M Fusobacteria <
= I~ = Atopobium
& 30 4 M Actinobacteria & 30 4 i
H Veilonella
50 4 50 4 m Staphylococcus
M Citrobacter
10 A 10 A M Fusobacterium
m Bifidobacterium
0 4 0 4 T
Female Male Female Male
Gender Gender
. 1 Female [ Male 95% confidence intervals
Proteobacteria PVt ' {1l 0.029
Firmicutes FPDVVFF 77— — - ! 0.108 °
Fusobacteria Ho— 0.279 2
Actinobacteria B3 ——— 0.304 >
. o
Tenericutes | [o) 0.322
Bacteroidetes B —C— 0.883
L L L ! L L 1 L L 1
0.0 53.4 -40 —-30 —20 =10 0 10 20 30
Mean proportion (%) Difference in mean proportions (%)

Figure 37. The Effect of Gender on the Gut Microbiome Commaity of Preterm Infants. Panel A shows the effect of gender on the gut microbiome development at the phylum taxonomic level.

Panel B shows the effect of gender on the gut microbiome at the genus taxawahi€he y axis in panels A and B shows the pgeage abundance of each organism, and the x axis shows the

gender. Furthermore, the numbers at the base of each bar on panels A and B, indicate the number of samples includedraithirPdmel C ifite out put of an extended err
test, a significance threshold of 0.05 was used during this analysis.
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At the phylum taxonomic level, as shown in panel Aiglure38. TheBacteroidetes

phylum is only present in samples taken from infants who were deliverataitagi
Furthermore, the numbers Bfoteobacteriaare increased in samples taken from infants
who were delivered by caarean section. These differences are also demonstrated at the
genus level in panel B ¢figure38. There is a geater abundance &lebsiellain the

samples taken fronmfants delivered by caesarean section. Baeteroidegenus is

only present in samples taken from vaginally delivered infants. Moreover, these
differences were shown to be statistically significastshown in panels C and D of
Figure38. In summary, mode of delivery has a significant effect on the development of

the gut microbiome in preterm infants.

Often unreported is the effect of sampling site if multiple certressed during a

study of this kind. Therefore, the aim of this analysis was to determine if samples taken
from infants residing on geographically different NICUs were significantly different.
Ultimately, this analysis was a necessary prerequisite in tydetermine if these

infants could be treated as a collective group.

The effect of sampling site on the preterm gut microbiome can be sEguie39.
Firstly, as Bown in panel A ofFigure39, there is abstantial increase in the
abundance oActinobacteriain the samples taken from infants residing on the NICU at
UHW. In contrat, the infants at NBT have a higher level of beitimicutesand
Proteobacteria Secondly, in panel B dfigure39, the increase dkctinobacteriain the
UHW infantstranslates into an increaseRifidobacterium On the other hand, the
infants from NBT have an increaselischerichisandEnterococcusUpon statistical
analysis, it was found that the inase inActinobacteriain the gut microbiomef
preterm infants from UHW was statistically significant, p < 0.01. Moreover, the
abundance aBifidobacteriumin these infants was also discovered to be statistically
significant, p < 0.01. Whereas at NBT, g@mples taken from infants residing on the
NICU at NBT were found to harbour statistically significant levelEs¢herichiaand

Serratig p < 0.01 and p = 0.02 respectively.
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Figure 38. The Effect of Mode of Deliveryon the Gut Microbiome of Preterm Infants. Panel A shows the effect of delivery mode on the gut microbiome community at the phylum taxonomic level.

Panel B shows the effect of mode of delivery of the gut microbiome community at the genus taxonomibdgvakigin panels A and B shows the percentage abundance of each organism, and x axis

the delivery mode. Furthermore, the numbers at the base of each bar on panels A and B, shows the number of samptegauithifPtrel C is the output of anexethd r r o r
test, a significance threshold of 0.05 was used during this analysis. This was done at the phylum taxonomic level.tPanel Disu t p u t
threshold of 0.05 was usedrihg this analysis. This was done at the genus taxonomic level.
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|E| The Effect of Sampling Site on the Development of the Preterm Gut Microbiome
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Figure 39. The Effect of Sampling Site on the Development of the Preterm Gut Microbiom®anel A shows the effect of sampling site onghemicrobiome community éhe phylum taxonomic

level. Panel B shows the effect of sampling site on the gut microbiome community at the genus taxonomic level. ThpanaldsArand B shows the percentage abundance of each organism, and x

axis the samling site. Furthermore, ¢hnumbers at the base of each bar on panels A and B, shows the number of samples within that group. Panel C is thewoutpuxdf e nded err or bar
t test, a significance threshold of 0.05 was used during this @&alyss was done attheyh um t axonomic | evel. Panel D is the output of an
threshold of 0.05 was used during this analysis. This was done at the genus taxonomic level.
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In order to determine if thevb sample sites could berbined into a single dataset, the
origin of the significantly increased levelsBifidobacteriumn the samples taken from
UHW infants, were investigated. The result of this investigation can be fouglre

39. Firstly, in paml A of Figure39, it can be seen that the use of probiotics results in a
significant increase in the abundancé\ofinobacteria Secondly, in panel B dfigure

39, there is a signifignt increase in theumber ofBifidobacteriumas a result of

probiotic administration. Furthermore, there is a significant increase in the abundance of
EscherichiaandSerratiain the samples taken from infants who did not receive

probiotics. To clarify, he probiotic, Inflora, given to infants contained only 2

organisms &ifidobacteriumand alLactobacillusspecies. Moreover, this probiotic was

only administered to infants at UHW during the sampling period.

When comparing the results leigure38 and Figure 39, they are strikingly similar,
especially in regards to the results af ®TAMP software. Therefore, the differences
observed in samples taken from infants at NBT and UHW is a result of probiotic
administration, and nats a result of any extraneous environmental variable.résut,

it was possible for the UHW and NBT datas® be combined during further analysis,

to determine the development of the preterm gut microbiome during the first month of

life.
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Figure 40. The Effect of Probiotics on the Microbial Content of the Preterm Infant Gut Microbiome Panel A

of this figure is an extended error bar plot using Welchods
analysedat he phyl um taxonomic | evel. Panel B of this figure is
for significance, p = 0.05. This data was analysed at the genus taxonomic level. The 0 or blue colour are the samples

taken in the absence of probas, and the 1 or orange colour are the samples taken in the presence of probiotics.

There were 124 samplesken in the absence of probiotics and 27 in the presence of probiotics, therefore a total of

151 samples were used during this analysis.
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A key facor affecting the gut microbiome is mode of feeding. As part of this study, the
effect of feeding on the devigiment of the preterm gut microbiome was investigated.
The results of this investigation can be foun&igure40. Firstly, panel A ofFigure40,
shows that th&acteroidetephylum is only present in infants who are exclusively
breast fed. The greatest abundancAainobacteriacan be found in the infants who
received exclusively formula feedsnglly, the infants who received exclusively donor
breast milk had the greategiundance dProteobacteria At the genus taxonomic level,
panel B ofFigure40, there are n&lebsiellapresent in the infants receiving no enteral
feeds at the timefosampling. TheEnterococcugenus is only present in the infants who
received exclusively motherds own breast
Lactococcuwrganisms are only found in the infants who received exclusively formula
feedsduring the saming period. The greatest abundancé&tdphylococcusias found

in samples taken from infants receiving donor breast milk. Finally, lev@sadferichia

remain relatively consistent across all feeding types.

In summary, the gut microbionwd preterm infats is significantly affected by several
factors before, during and after birth. Therefore, this indicates that the development of
the preterm gut microbiome to be a multifactorial process, with numerous of influencing

variables.
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Figure 41. The Effect of Feeding Routines on the Development of the Preterm Gut Microbiomeanel A shows the percentage abundance, y axis, of organisms at the phylum taxonomic level as a
result of different feeding routines reged onthe NICU, x axis. Panel B shows the percentage abundance, y axis, of organisms at the genus taxonomic level as fferesilfesfding routines
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3.4.9 . The Gut Microbiome of Preterm Infants who Develop NEC
Significantly Differs from those Who do not.

NEC is a neonatal disease with highidences of mortality and morbigitCurrently

the cause remains unknown, therefore it is of great interest to the scientific community
to determine the risk factors for the development and progression of this disease. The
gut microbiome has been implted in the pathology of this diseageit a specific

organism has yet to be identified. Therefore, the aim of this investigation was to further
investigate the potential links between the gut microbiome and the development of
NEC.

Table16 summarizes the clinical dabf the groups of infants who did and did not
develop NEC. In total there were 11 infants who provided 29 samples recruited to this
study. The average birtfreight and gestation of the infants who developed NEC was
lower than those who did not. Interestingnore male infants developed NEC,

however there were more male infants recruited to the study as a whole. Furthermore,
all infants who received donor betanilk did not develop NEC. Finally, the majority of
infants who developed NEC were delivered wadly, however this could also be a

spurious result of there being more vaginally delivered infants in the study as a whole.

Table 16. A Demographics Table Focusing on the Development of NEThe p&centages in brackets are

comparisons within groups. The NAsarerop p|l i cabl e to that grouping. For an
columnhey devel oped Grade 1 to 3 NEC, according Bellb6s ¢c

Development of NEC Yes No Total

N

Number of Infants 11 36 a7

Number of Samples 29 117 146

Birthweight (mean + standard dation) (grams) 759 £ 154| 989 + 457| NA

Gestation (mean + standard deviation) (complete weelf 25+ 1 27+3 NA

Gender

Male 19 (66%) | 73 (62%) 92

Female 10 (34%) | 44 (38%) 54

Feeding Routine

Mot her 6s Own Mi | k 22 (76%) | 97 (83%) | 119

Formula 2 (7%) 3 (3%) 5

Parenteral 5 (17%) 7 (6%) 12

Donor Breast Milk 0 (0%) 10 (9%) 10

Delivery Mode

Caesarean 12 (41%) | 49 (42%) 61

Vaginal 17 (59%) | 68(58%) 85
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In order to determine the influence of the gutrobiome on the development of NEC,

the infant and the samples they gave were grouped according to the development of

NEC status. All infantswhd evel oped NEC of Grade 1 or higher
criteria, were classed as having developed NECaaaed e i ncl uded in the 6ye
The results of this analysis can be founérigure42. Firstly, panel A ofFigure4?2,

shows that th8acteroidetesindActinobacterigphyla were only present in samples

taken from infants who did not develop NEC. However, these differences were found to

be not significant. Sendly, panel B ofigure42, shows that th&nterococcugenus is

enriched in infants who do develop NEC. This is an esing result as the

Enterococcugenus is knen to produce proteases and has been linked to sepsis. The

abundance dflebsiella Escherichia andStaphylococcuare increased in infants who

do not develop NEC. Finally, panel Ckifyjure42, shows the significant differences

between the 2 groups of infants, wiitrobacterandVeilonellasignificantly increased

in infants who do not develop NEC. Furthermore, the increaSaterococcusn

infants who do develop NES significant,p = 0.021.

3.5 Summary

The results of this Chapter have shown that the preterm gut microbiome progresses
from aFirmicutedominated environment toRroteobacteriaone, during the first 30

days of life. Differences as a result of several clinical factors baen found.

Moreover, the total bacterial load of infants as a result of different conditions have also
been shown. However, the diversity of the preterm dgatahiome did not change over
time or as a result of clinical factors. Finally, significanfeténces between the gut
microbial communities in infants who do and do not develop NEC were fahede

resultswill be discussed further in the following sien.
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Figure 42. The Gut Microbiome of Preterm Infants before theDevelopment of NEC Panel A shows the percentage abundance, y axis, of organisms at the phylum taxonomic level. The samples for
this analpis were grouped according to the development of NEC in the infant the samples were given by, x axis. Paneh8 ph@estage abundance, y axis, of organisms at the genus taxonomic
level. The samples for this analysis were grouped according to telpgment of NEC in the infant the samples were given by, x axis. The numbers at the bottom of each bar in pauiklara tre

number of samples included in the group. These sample number apply to the groupings in panel C. In total 150 sampteduiegethgeanalysis.
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3.6 Discussion

3.6.1 The Optimum Stool Weight and DNA Extraction Method for

Studies into the PretermGut Microbiome.

The aim of this investigation was to confirm the optimum weight of stool necessary to
produce adequate 18BNA gene In addition, multiple DNA extraction kits with
established protocols were being used by colleagues. There have been sevesal stud
investigating the best kits and methods to extractrRdEA genefrom faecal samples.
However only onetsdy has focused specifically on preterm stool samples. Therefore, it
was necessary to determine which one would be optimal during this study.

Research ito the efficacy of different DNA extraction methods has shown that kits
such as the MoBio PowerSoilj&en QiAmp, and MPBIio are highly successful in
yielding 16SrRNA gene DNA(Holland et al.2000; McOristet al.2002; Lietal. 2003;
Nechvatakt al.2008; Mirsepaset al.2014; Wesolowsk#nderseret al.2014)
Furthermore, these kits are often less time consuming than manual protocols such as
phenolchloroform extraction. Further research has investigated the role ohmeah
extraction methods such as bead beating. These studeshmawn that in order to gain
an accurate reflection of a microbiome community, bead beating is a necessélg step
Boeret al.2010; Saloneet al.2010; Yuaret al.2012; Wesolowsk#&nderseret al.

2014) This is to ensure complete breakdown of the thick peptidoglyelamvall in

gram positive organisms. Therefore, the two methods tested during this study tested
including a bead beating step, befthe sample was taken forward to the kit protocol

proper.

A key issue of research using preterm infants as the recrpibimgjation, is the limited
sample size that can be collected. Therefore, it was important for this study to ensure
that any samplegiven below the manufacturer recommended volume would be viable.
As shown by the data in Secti8.1, the volume of starting material did not impact
the yield of 16SRNA gene As a result, all samples were extracted regardless of

weight, however samples more than 200 mg were weighed apn@@himg used.

These results were compared to previous research into the optimisation of DNA
extraction from preterm stool samples by Alg@meret alin 2017. Their research
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concluded that thBNA extraction kit QIAmp Stool Mini by Qiagen yielded

satishctory 16§RNA genefor sequencing. Secondly, they found that a prolonged bead
beating step was necessary for optimal bacterial DNA extraction. Furthermore, they
commented that this was especially orant for infants receiving probiotics, of which

a proportia of the study cohort di(Alcon-Gineret al.2017)

In summary, this investigation and previously published research strongly established
the DNA extraction methodhosen for use during this study. Furthermore, all the
necessary steps and experiments were conducted in order to confidently choose the
optimalmethods. As a result, the data discussed in this thesis accurately reflects the
bacterial community of the perm gut microbiome.

3.6.2 lllumina MiSeq 16SrRNA Gene Sequencing for Mapping the

Preterm Gut Microbiome

Often overlooked but extremely informativetli® number of DNA samples sent for
sequencing, the number of samples returned, and the number of reads dioeggro
during sequencing. In total, 151 (72%) of samples were in included in the Microbiome
Cohort, this was just below three quarters and provadelear and detailed analysis of
the colonisation of the preterm infant gut colonisation. Furthermore, gherhi

percentage demonstrates the efficacy of the DNA extraction, sequencing and analysis
techniques used.

Lest not forget, there were a numbésamples that were not included in the
Microbiome Cohort, this was a result of both low reads numbers bua alsmber of
samples did not amplify sufficiently during Secti®9. There are numerous possible
explanations for this. For instance, infant 19, was administered antibiotics throughout
the entire sampling period, thereby redigcbacterial abundance. To confirm this, the
total bacterial load of each samplesnetermined, Sectidhl17. Infant 19 had a mean
bacterial load of 3342 copies/mg this was substantially lower than the mean for the
Study CohortMoreover, this irdnt was exposed to three different antibiotics at each
time of sampling. As research has shd®ethlefsen and Relman 2011his could

cause a reduction in bacterial richness, therefore innget®e likelihood of a negative
sequencing result. Furthermore, meropenem was used throughout the sampling period in

this infant. Meropenem is a broad spectfotiactam antibotic used to treat serious
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bacterial infectiongKollef 2008) Therefore, the use of theoadspectrumantibiotic,
whichis not often used in this cohort, may explain the limited bacterial numbers. As
discussed in Chapter 5, these results indicated at a tangible link between antibiotics,
bacterial load and sequencing results. Furthermore, infant 19 provided 2 stool samples
of only 10 mg, therefore the lack of starting material could be another pdssitaein

the low bacterial DNA and subsequent sequencing results.

To summarize, there is no clear explanation for the lack of conclusive results for this
infant, there are tw possible explanations for this. Firstly, a failure of the Illumina
MiSeq procss may be the reason, however for it to affect all sample from only one
infant is highly unlikely. Therefore, this indicates a contribution from each of the
reasons discusseldowever, this was not the only individual or sample to produce
unusable resultand upon further examination of the 59 samples removed, there were
several reasons to explain these results. The following cause havad@gmed but

are expanded and addedhere.

Firstly, the lllumina MiSeq reaction may not have executed correatlyea to these
samples being removed, because there was bacterial DNA present, albeit in low
numbers. The reaction disruption could be due to a number of reasons for esample,
lack of correct primer adhesion would lead to little or no amplification. i@gothe

mean weight of the stool collected for the missing samples was 628 mg, compared to
640 mg for the Microbiome Cohort. This shows that the weight of the stool is a
contibuting factor but not a definitive cause. Thirdly, as mentioned previously the
effect of antibiotics on the positivity of sequencing results can be seen in the entire
group of samples that were removed. Ashiuared test between antibiotic use and
sequacing results gave a p valge).01. This clearly shows a significant effect of
antibiotics on the production of positive sequencing results. Another contributing factor
could be early day of life, as shown in Table 1. These samples are the most likely to

contain the lowest levels of bacteria and it reflected in the 32% sequencitig.res

There are some factors worth mentioning that do not affect the likelihood of a positive
sequencing result. For instance, both the Study and Microbiome Cohorts haaa¢he s
mean gestational age, therefore the degree of bacterial colonisationiépantent

upon gestation. Also, the rates of feeds given to these two groups is not different,

demonstrating that if an enteral feed is given, this makes no impact on tinatpasgit
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sequencing result. The effect of feeds and the microbiome will Bberegpn later
sections of this thesis.

The final reasons for decreasing positivity are as follows. As previously mentioned, the
number of individuals not included in the Mibiome Cohort were infants that only
produced a single sample for this study.sThwould be an indication that the infant is
struggling to pass stool and who may be clinically unwell. As a result, the samples they
were able to give were low in bacterialess as a result of illness, or the illness

caused a decrease in bacterial IGEtte cause and effect cannot be established. Lastly,
results not shown, there is a slight decrease in the number of samples taken during the
administration of probiotics. Thiould lead to a reduction in the organisms present in

the gut of the infants whwere not included in the Microbiome Cohort.

In summary, a substantial number of the samples taken during this study were of
sufficient quality in order to be used for anady® determine the microbiome
development in preterm infants. This is a positigsult as often these samples are
difficult to obtain, process and analyse due to the prematurity of these infants. These
individuals have high and changeable care needsnm#kem a difficult section of the
population to study. This is further demaased by the numerous factors contributing
to the exclusion of so samples from the Microbiome Cohort.

3.6.3 DNA Extraction Controls and Sub Sampling

Negative controls are a necegspart of every experiment in order to control for any
extraneous variables. Tlagm of the controls included in this investigation were to
detect any possible contaminants in the DNA extraction kits used, and contaminants
included as a result of extraationethodology. A control was included for each DNA
extraction kit used, totall;n5. Recent research has shown that kit contamination is
ubiquitous among the most widely kits availa{@alteret al.2014) Therefore, it was

not an unexpected result for the controls included this study to produce a positive

sequencing result.

The results detailed in Secti@m.3shows that the organismdgtected were common to
the organisms of interest within the samples. There are recommended metlesdologi

used during microbiome analysis to control for the organisms detected in negative
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controls(Salteret al.2014) For instance, removing the organisms detected in the
controls from the samples of interest. However, due to the concerddorganisms

detected in the controls and samples of interest this was not appropriate. Thdrefore, t
number of reads produced by the control samples was analysed. It was determined the
average number of reads produced by these samples was sigwyificaet! than that
produced by samples of interest. As a result, it was concluded that even thowgghehe s
organisms were detected, they were present in sufficiently low numbers to be negligible.
Ultimately, the controls were considered negative. Thergfoeeresults were

considered an accurate reflection of the preterm gut microbiome composition.

Anothe key step in producing a final dataset during microbiome analysis is the decision
to subsample. The process of subsampling takes a random numberresaiage to
produce a smaller, but accurate, representation of the organisms in the larger dataset.
The aim of subsampling is to produce a dataset that is representative of the original
dataset, which is much smaller in order to allow for faster anailysiswnstream

analysis. The accurateness of this subsample is given by the coverage score, produced
during data processing using the Mothur software. For this study, coverage scores of
0.99 or greater were taken as the threshold. A score of 0.99 or giteates that a

minimum of 99% of the organisms detected in the original sample are represented in the
stbsampled dataset. Even though this method provides accurate results it can be
considered inappropriate for highly diverse samples as it can simplifyréneof

organisms detected, possibly resulting in the loss of relevanf{Mekdurdie and

Holmes 2Q4). However, due to the minimal diversity and predominance of organisms
seen in samples from this rag@ment cohort, as a whole and in this study, subsampling

during this study was deemed appropriate, and performed to a depth of 1000 reads.

In summarythe use of subsampling as part of the methodology employed during this
study was appropriate and woudd considered favourable for future research in this
area. The only caveat is that the recruitment group would remain the preterm-and full
term infant ppulation in order to reduce data negligence, as the gut microbiome
becomes more densely populated divérse with age. Furthermore, DNA extraction
controls are a necessity in microbiome studies with potentially low biomass samples,

such as the preterm gonicrobiome.
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3.6.4 Patient Recruitment and Sample Demographics

One of the aims in collating denmaghic data for a study is to be able to identify any

bias that may have occurred during the recruitment. From the data shown in Table 2, the
average geation at birth of the preterm infants was 26 weeks. Therefore, all the
participants of this study wentassified as extremely preterm. This was a result of the
recruitment criteria for the study, such that infants were only recruited if given
ventilationduring the first 24 hours of life. It is known that respiratory distress

syndrome (RDS) is directly laged to prematurityUsheret al. 1971) Therefore, if the

criteria recruitment necessitated the need to ventilation 24 hours after birth, due to RDS,
thenthis would explain the extremely low average gestational age in this cohort.
However, the aim of thawsdy was to determine the development of both the lung and

gut microbiome in ventilated preterm infants. As a result, it was expected that the
average getation would be very low, as ventilation was a key variable during this study.

Therefore, the study byesign was biased towards extremely preterm infants.

3.6.5 gPCR Results for Total Bacterial Load in the Stool of Preterm

Infants.

The aim of this experimentas to determine the total bacterial load of preterm infant
stool. These results were then comparetbtamunity structure and clinical factors to
provide a more wdepth analysis of the preterm infant gut microbiome. Total bacterial
load in preterm infargtool has been assessed previously and found to increase with
gestational agé&orpelaet al.2018) However, links with clinical factors such as
feeding and disease remain ambigsi@Abdulkadiret al.2016b)

An interesting finding of this experiment was the possible use of a copyenumb
threshold for the inclusion of a sample in high through put sequencing. This has the
potential to redue time and monetary costs associated with future microbiome studies.
The results of this experiment suggest that samples containing less than taro mill
copies of the 168RNA gene should not be considered for high throughput sequencing
studies. However, witthe economic cost of high throughput sequencing reducing, this

may not be a worthwhile prerequis(iean Dijk et al.2014) Taking this into account,

157



for studies with limited financial resources or time, thi®eshold could be useful tool in

future research.

A significant finding of this investigation was thatcberial load in preterm infant stool
peaks at 6 to 10 days of life. This change in bacterial load as a result of day of life has
not been reported bate, therefore it is currently impossible to determine if this is a
normal occurrence in preterm infantéoreover, it makes the cause of this decrease
difficult to determine, however possible suggestions can be made. The most likely
explanation is that ugn admission to the neonatal ward antibiotics are administered as
part of routine care. Subsequently hétinfant is doing well and there are no clinical
indications of infection, such as high CRP or white blood cell count, the antibiotics are
stopped. Bmarily this occurs at approx. one week of life. Therefore, the increase in
bacterial load detected atydab to 10 of life in preterm infant stool could be a result of
antibiotic withdrawal, resulting in a bacterial bloom. Secondly, at days 6 to 1@ tidi
infant will more than likely be in a stable condition upon the NICU and clinically
considered readfpr enteral feeds. As a result, the influx of macro molecules into the
intestinal tract provides a substantial resource for the residing bacteoia ttup

addition of excessive resources bacteria will multiply rapidly in order to utilize the
resource, tarefore resulting in a spike of bacterial load in the stool. Lastly, the length of
time the infant has been residing on the NICU could explain tdidesurise in total

stool bacterial load. However, this is the least likely explanation as there is asdeate
two weeks of life, which would not be expected if stool bacterial load was a result of the
environmental bacterial load. As will be demonsutlateChapter 4, antibiotics are the

most likely cause for these changes in bacterial load.

In contrast,® the peak at 6 to 10 days of life, the total stool bacterial load decreases
until the third week of life. Again, the most likely explanation for thithat after the
withdrawal of antibiotics at days 6 to 10 of life, the infant is vulnerable to infectio
Therefore, upon clinical signs of infection the attending clinician prescribes further
antibiotics, thereby reducing bacterial load. Furtherméaa) infection is acquired it is
most likely nosocomial and will be more resistant to antibiotic treatmesulting in a,
longer course of broad spectrum antibiotics causing the continual decline, 8et8 in
until 3 weeks of age. Furthermore, as a result of infection the infant may become too

unwell to receive enteral feedbgeteby further confounding the total stool bacterial load
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decrease. In summary, theseai distinct change in total stool bacterial load in preterm
infants, of which antibiotic use is the most likely explanation.

As a result of the recruitment procesgairis were included in the study from two

different sites, UHW and NBT. Analysis intoe total bacterial load of preterm stool

found a norsignificant difference between the two sites, but a difference nonetheless,
Figure2l. The® results were repeatedhen comparing the bacterial load between
samples taken from infants who received probiotics and those that dielgusg22.

As indicated in Sectioth.2.4.3.2 the definitive dfference between the two sampling

sites was the administration of probiotics. Therefore, providing a reasonable explanation
for the difference in stool loterial between infants from the different NICUs.

As discovered in a previous study the total baakévad of preterm infant stool

increases as a result of gestational (gepelaet al. 2018) These results were
somewhat repeated in this study with the marginal increase aribatdad as a result

of corrected gestational age, Figure 6. In addition, this study showed tHatfull

infants had a reduced total bacterial loathiir stool. A notable finding from this study
is the massive variation in total stool bacterial loaextremely preterm infants. This
result has not previously been published, thereby making explanations difficult to
confirm. A possible explanation ise known link between intrauterine infections and
the incidence of preterm birth. This also leads mrie of the major limitations with this
study, the lack of maternal information. Therefore, it cannot be confirmed if the high
levels of bacterial load sa in the extremely preterm infants is a result of an intrauterine
infection, such as chorioamniomitiSecondly, as mentioned previously, antibiotics are
administered to infants upon admission to the NICU. The majority of infants requiring
the specialistare of the NICU are those born extremely premature. Therefore, it is
plausible that the low leveld stool bacterial load detected in the stool of extremely
premature infants is a result of antibiotic exposure. Thirdly, the infants with the lowest
corret¢ed gestational age are the youngest, by day of life, in the cohort. Previous
research has shown tbtmcterial load to increase by day of life. As a result the
extremely preterm group are the most likely to have the lowest total bacterial load in
their dools(Sharmeet al.2012)

A potential biomarker for detecting neonatal sepsis is the total bacterial in stool. Data

shown inFigure25, indicate that the total bacterial load in stool givgnrifants who
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displayed clinical sign of sepsis on the day of sampling, is on average gheat¢hose

who did not. However, this difference was not significant due to the extremely high

|l evel s of wvariation seen i nwithtcineal gr oupés sampl
symptoms of sepsis. On the other hand, it indicates at a potential bionuartter f

detection of sepsis. DNA extraction and gPCR for total bacterial load can be performed

in 24 hours, much faster than cultdrased methods, ultimately leagdito a faster

diagnosis and treatment. Further research is needed to determine if thisecauld

potential biomarker.

As mentioned previously bacterial load is likely to increase as a result of feeding, and
this can be seen in Figure 8, as infants recgiexclusively parenteral nutrition have

the lowest average stool total bacterial loaceredtingly, formula fed infants have the
highest average stool bacterial load, shown in previous studizé S u ethli2@18) n

The resulbf this increase in bacterial load has yet to be confirmed but could be a result
of several factors. The most likely explanation is that the formula feeds are made in an
industrial setting and then prepared by hospital staff. This procesevwsko intraluce
bacterial contaminatiofAnvarianet al.2016) Therefog, it is thisproduction process

that is the most likely culprit for the additional bacterial load seen in the samples taken
from exclusively formula fed infants. Formula feeding has been linked to a higher
incidence of neonatal disease such as N#E&Guire and Anthony 2003However, a
greater bacterial load in the stool of infants who develop NEC has not been found
(Abdulkadiret al 2016b) Therefore, it is difficult to associate this increase in bacterial
load with, as a rest of formula feeding, adverse outcomes such as NEC.

Previous research has shown gender to have a significant effect on the microbial
community of the gut nerobiome in both adults and preterm infaf@snget al.2016;

Haroet al.2016) As yet there has been no confirmation on the effect of gender on the

total stool bacterial load. Therefore, the results presdfigure26, demonstrate the

dramatic effect gender has on bacterial load, albeit not significant. This study has shown
that the average stool bacterial load of preterm infants is higher in mgdan&ions

for this gender are lined and highly speculative. The most apparent differences

between the genders are hormones and genetics, and these differences have been used to
explain microbiome differencd&omezet d. 2015) However, due to the infancy of

preterm infants, these factors are unlikely to be the main causative factor. Other
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research into explanations in the gut microbiome differences between the sexes were
carried ougexclusively in animal models, théne providing possible explanations but

by no means revealing definitive mechanisms. For instance, studies into rodent models
found that males and females responded differently to dietary components and specific
microorganisms, both probiotic and pathogerftawrthermore, the inflammatory

responses, such as cytokine levels, significantly differed between the two sexes
(Karunasenat al.2014; Shastret al.2015) Therefore, sex differences are a key part of

gut micrdbiomedevelopment.

Several studies have reported on the gut microbiome community differences as a result
of mode of delivery{Gronlundet al. 1999; DomingueBello et al.2010; Azadet al.

2013) However, currentasearch suggests that mode of delivery does not sigmtifyc

impact the gut microbiome of preterm infa(@ewartet al.2017) As a result, the data
presented from this study provides new evidence towards a significant effect of mode of
delivery on the development of the preterm gut microbiome. This study demonstrates a
significant increase in totdlacterial load from infants delivered by caesareanasect

The reason for this difference remains to be determined, but further investigations into

the bacterial community and clinical factors provides some explanation.

Investigations into the relationg between total stool bacterial load and NEC, were
corducted as part of this study. It was determined that the bacterial load in stool taken
from infants who developed NEC was not significantly different from this who did not.
This is a key finding as ghows that community structure and the species of mmgan
present in the gut are the risk factors or biomarkers rather than the total bacterial load
present in the gut. More simply, it is the organisms present rather than the amount of
these organismsatributing to the development and progression of NE@rdfore,

more research needs to be conducted to conclusively determine if an individual,
Klebsiellg or the combination of several organisms are a key factor in the development
of NEC.

The length oftay in hospital is directly related to health, themeiength of hospital

stay can act as a proxy for health when analysing clinical data. This study found an
increase in bacterial load in the stool of infants who remained in hospital for more than
3 months. This indicates that a higher bacterial load duthe first month of hospital

stay may lead to a greater amount of time spent in hospital, therefore suggesting worse
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outcomes for preterm infants. However, these results could be biased. For irtbance
longer an infant remains on the NICU they willd=umulating gut microbiome
inhabitants in the same way they would outside of hospital. Thereby, resulting in an
increase in bacterial load. However, all the samples analysed were taken durirg the fir
month of life. As a result, this study shows thatremeased bacterial load at less than 1
month of age, increases the likelihood of a hospital stay greateBtmonths. These
results were not significant, so further research with a larger cohmméded to

determine if bacterial load could act as madicator of hospital stay and therefore health.

In contrast to the results of the previous paragraph, where increased bacterial load
indicates worse outcomes, this study found that an increase aribbictad

significantly affected survival to hospitalsdharge. Moreover, an increased bacterial
load resulted in survival to hospital discharge. This and the previous findings contradict
one another, which casts doubt upon the validity of the resudtgever, there are
possible explanations as to why theteaial load was significantly decreased in infants
who did not survive. Firstly, as mentioned previously, the total bacterial of preterm
infant stool increases with day of life. In addition, whoraare seriously ill are

removed from enteral feeds. Thiene, the samples included from the infants who did
not survive may have been from early days of life. As once they became ill and were
removed from enteral feeds, they would be less likely to paskastd therefore

provide further samples for the studynfortunately, this is not the case as the average
day of life for the samples given by infants who did not survive to hospital discharge
was 18 compared to 15, from infants who did survive. Secpti#ysignificant

decrease in bacterial load, as mergapreviously, is likely to be a result of antibiotic
use. As infants who did survive are more likely to have been the most seriously ill and
will have therefore received a greater amount of antdsofihis is true as 65% of
samples taken from infants whlid not survive were taken in the presence of
antibiotics, whereas only 45% of samples taken from infants who survived to hospital
discharge were taken in the presence of antibiotics. Overallpdbe tonflict of results
the total stool bacterial load not a reliable variable for measuring the effect of the
preterm gut microbiome on survival and length of hospital stay.

To further investigate the possible link between the preterm gut bacEmahunity

and total stool bacterial load, the total lesic load in samples dominated by particular
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organism was analysed. The result&igiure31, show that the bacterial load in samples
dominated by different organisndig vary but not significantly. The samples

dominated by th&acteroidetephylum have the highest average bacterial load and the
sample dominated Wyusobacteriuntontains the lowest bacterial load. However,

overall there is not a lot of difference, tefare he predominance of a certain phylum is

not linked to an overgrowth of bacteria. The same results can be seen at the genus level.
This suggests the gut preterm gut microbial community changes in response to the
increased growth of a specific organidvioreover, it suggests that there have been
decreases in other members of the community in order to accommodate this dominance
by one specific organism or set of organisms. Otherwise, there would be an increase in
bacterial load as a result of the domiceuf he microbial community by a particular

organism.

3.6.6 The Development of the Preterm Gut Microbiome during the
First Month of Life.

The aim of this investigation was to confirm the results of previous findings and
confirm the validity of the study by agparingthe results with that of previously
published research. Not only, does it confirm the results but also showed that the
methodology employed during this study for sample collection, DNA extraction, and
sequencing were correct and provide suffickeaticuate data to validate the study.

In line with numerous previously published research, the gut microbiome of preterm

i nfant so66 t rRmicuiesdominated erfviromnmant toRroteobacteria

dominated community over the first 30 days of liléth the addition of the findings

from this study, it can with high degree of confidence, that this is the normal
development of the preterm gut microbiome during the first 30 days life. Furthermore,
the infants were exposed to numerous to numerous diffesancare, such as antibiotic
and probiotic exposure, but as a cohort still produced this trend. Therefore, making this

a firm outcome.

A further validation of previous and current findings is the individualistic nature of
preterm infant gut microbiomgevelgpment. This is more than likely a result of the
tailored clinical <care in the NICU to eat

unique feature of the plasticity seen in the preterm infant gut microbiome, is that it has
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the potential to beasilymanipulated. Therefore, the potential of future therapies to
change the preterm gut microbiome are an exciting area of research, because they have
the potential to dramatically impact the development of the preterm gut microbiome.

Ultimately, reduang theincidence of neonatal disease such as NEC.

Included as part of this investigation was the development of the preterm gut
microbiome, ordered by day of life and predominant gefigsire34. This analysis

was useful to determinedhransition from &taphylococcudominated microbiome to
either aKlebsiellaor Escherichiadominated gut microbiome, occurred during the first

30 days of life. However, due to the nuenlof genera included it makes any further
deduction hard to interprelherefore, analysis into the change of individual genera

over time, in future, should be conducted on an individual basis and displayed as such.

This will improve presentation and impgetation of future data.

In summary, the results of previous ahd study presented in this thesis have been
further validated by the data presented in this thesis. As a result, the gut microbiome of
preterm infants can be confidently stated as aitrangrom aFirmicutesto a
Proteobacteriadominated state. Even thigh at an individual level the development of

the microbial community varies significantly. This variability will improve efficacy of
future therapies.

3.6.7 The Effect of Development on the versity of the Preterm
Infant Gut.

Previous research has shown ftipait microbiome diversity increases with age
(Yatsuneko et al.2012) Therefore, the aim of this investigation was to determine if

this process also occurred in preterm infants, as the NICU provides limited exposure to
potential gut colonizers. To the best of knowledge there has been no previous

repots on the change in gut microbiome diversity over time in preterm infants. The
results of this study show that there is no significant increase in alpha diversity during
the first 30 days of life in preterm infem In more detail, the diversity only inaises
marginally until 3 weeks of life, where it falls drops. In contrast, measures of richness
were discovered to peak at the beginning of life and steadily decrease till 3 weeks of.
These results were the sanoecss all three measures of evenness usedgiiinis

study. There are numerous possible causes for these abnormal results. Firstly, during the
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third trimester of pregnancy the foetus begins swallowing the amniotic fluid, thereby
seeding the gut with orgems present in the amniotic fluid. As auk®f premature

birth this process does not get to occur, and the infant is delivered with a reduced
number of bacteria present in the gut. However, this does not explain the high levels of
richness seen at tlbeginning of life inFigure35. As mentioned previously, this cannot

be confirmed, but is likely a result of intrauterine infection, thereby increasing the
presence of pathogenic bacteria. Secondly, and the ikelgtdause, is th near sterile
environment the infants are exposed to in the NICU. If there is a low diversity of
organisms present in the surrounding environment, then the gut is likely to be low in
diversity also. Moreover, due to their extended perioidstay in the NCU the gut
microbiome diversity is unlikely to increase significantly as a standard level of
cleanliness is always achieved on the unit. Furthermore, the combination of a reduced
environmental contribution, exposure to antibiotics, apdtantial lack oenteral

feeding all contributes to the low levels of diversity seen in preterm infant samples. In
addition, the lack of a significant change during the first 30 days of life. For future
studies into preterm gut microbiome diversity,adlthe measures oichness and

diversity seen irrigure35, do not need to be used, they were used here in order to
demonstrate the lack of significant changes. Howeve f r om t hi s study

diversity index and the SOBs give the most aatimformation.

A key part of diversity analysis are the measures of beta diversity, which compare the
differences in diversity between samples, often these samples are taken from different
groups. The aim of this analysis was to determine if developn@smran impact \gn

the diversity between samples from early in life to those taken during the fourth week of
life. This analysis showed that the dominance of organisms within samples remained
unaffected by day of life and other clinical factors that vieséed. This waan

interesting finding as similar results have not been published, which also made
explanations for this difficult to determine. One of the main explanations is entwined
with the results itself. The fact that age, nor any other clingzabf, affected th
predominance of certain organisms within the preterm infant gut, shows that there is no
one specific driving force behind the development of the preterm gut microbiome
community. Rather it is a multifactorial process, resulting in, siomes significantput

subtle changes in the bacterial community, rather than individual drastic changes.

Ultimately, this demonstrates that the key driving force behind the pattern of dominance
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seen in the preterm gut microbiome is a result of prematédyhis is the oly

common denominator between all the infants included in this analysis.

In summary, the results of this investigation are highly significant for this area of
research. The knowledge that dominance in the preterm gut microbiomeutt afres
prematurity as opposed to any clinical factor, allows for more focused research into the
nuances of preterm gut microbiome development. Furthermore, it provides a new
avenue of research to determine what factor of prematurity allows for the domiofan

the preterngut microbiome by organisms such&taphylococcy€scherichiaand

Klebsiella

3.6.8 The Effect of Clinical Factors on the Development of the

Preterm Gut Microbiome.

The aim of this analysis was to determine if the dominance of organisnis thighgut
microbiome of preterm infants was the result of an individual clinical treatment. The
results of this investigation had the potential to influence future clinical treatment if it
was found to significantly affect the health of the infant. Howethe results ofhis

study showed that no individual factor could account for the differences observed in the
dominance of organisms within the gut of preterm infants. Therefore, the development

of the gut microbiome of preterm infants is affected bytiple! factors.

Even though an individual factor could not be used to explain the differences in
dominant organisms in the gut of preterm infants, significant differences in microbial
community can be explained by several factors. The first of which degelh was
demonsrated that the abundanceRxioteobacteriavas significantly increased in male
infants. Microbiome differences because of gender have previously been reported. More
specifically, a 2016 study found that males had a greater abundadPceenfbacteria
compared to females and the overall microbial community composition was different
between the two gendegfGonget al.2016) The results of this study are very similar to
the findings of this project and in combination form the basis of our current knowledge
on the impact of gnder on the preterm infant microbial community. In addition, gender
differences have been found to continue into adultl{blado et al.2016) Various

studies have speculated upon the origin of microbial community differences as a result

of gender. Firstly, it has been suggested that horamoneinemicrobe interactionsral
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genetic traits are a likely caug@omezetal. 2015) Specifcally, ina d u hutosntune
disorders are more prevalent in females, when the gut microbiome is a contributing
factor. Furthermore, sex specific hormones may shape the gut microbiome, as shown in
dietary and autoimmune disease stu@i@sgkovetskiyet al.2013; Christineet al.

2015) However, this does not explain the differences seen in theuiescent cohort

of preterm infants, therefore there must be other mechanisms to explain gender
differences beyond hormaosie-or example, studies in mice have found that males and
females respond differently to diet, pathologic and probiotic orgar(iSersinasenat

al. 2014; Shastret al.2015) Moreover, the raitive abundance of microbial species in
the female Gtract were different compared to those in m@&srunasenat al.2014)
Furthermore, cytokine production was significantly different between the two genders
in the colon, cecum and liver under basal conditions. This eysesated during
experimental conditions. Thereforesrdonstrating that gender is a key factor in the
response to dietary and microbial chan@ésrunasenat al.2014; Shastret al.2015)
These differences wereund to extend to structural differences in the colon tissue of
males and females, such as males had an increase of short chain fatty acids (butyrate
and acetate) and females contained a greaterentration of @ohosphocholine or
histidine(Karunasenat al.2014)

In summay, sex specific metabolic and immune activities have been found to influence
the gut microbial communities in adults and animal models. However, this research
does not provide an explanation tbe differences observed so early in life. Therefore,
furtherresearch is needed to determine how immune functions and metabolic
environment at the beginning of life affect the differences in microbial communities

between the sexes.

Another key influenceon early life microbial community is mode of delivery. There

has been a high volume of research into this area that has shown significant differences
(Gronlundet al. 1999; DomingueBello et al.2010; Aagaaret al.2012; Azacet al.

2013) However, mode of delivery hasgwously been found to have different impacts

on the gut microbial community of preterm infa(éewartet al.2017) This is an

interesting finding as the birthing procedure is the same for htdtard preterm

infants, therefore similar differences should be found in both groups of infants. In line

with the research on futerm infants there were significant differences observed in the
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microbial communities of male and female infants. Blaeteoidetesphylum was only

found in infants delivered vaginally and infants delivered by CS had a higher abundance
of ProteobacteriaTherefore, the results of this study contrast with those previously
published in preterm infants. As a result, further ingesions are needed to determine

if mode of a delivery is a significant influence on the gut microbiome development in

preterm inénts.

Analysis into the effect of sample site on the development of the preterm gut
microbiome provided an interesting resuiitwas determined that the difference in
microbial communities between the sampling sites was a direct result of the
administraion of probiotics. The findings of these results are twofold. Firstly, that the
administration of probiotics to preterm infamesults in a significant increase in the
abundance of the probiotic bactefidobacterium This bacterium was one of the two
species included in the probiotic administered in the NICU, during the time of sampling.
Therefore, probiotic bacteria candeene constituent members of the microbial
community of the preterm infant gut. Current reseamtinthe efficacy of probiotics is
very mixed, with not one study able to conclusively state the effectiveness, or lack
thereof, of probiotic§Al-Hosniet al.2012; Janvieet al.2014; Acetiet al. 2015;
Abdulkadiret al.2016a) As a result, a large scale, longitudinal study is required to

conclusively determine the efficacy of probiotics in preterfants.

In addition to probiotics, preterm infants are exposed to numerous feeding types

dependant on several factors. Currently,

mot h

standardo for bot h f (Cadtanyavlufibzepat.2016r m i nf ant f e

However, i f mot her 6s own mil k i s n oet avail abl

the next optionsThese feeding routines have been shown to influence the type of
bacteria acquired during gut microbiome development in both full and preterm infants
(Conget al.2017; Timmermaret al.2017) Furthermore, the gutiorobiome diversity
ininfant s fed their motherés own mil Kk was
(Conget al.2017) The results of thisrpject show that diet hasdramatic impact the

mi crobi al community of preterm infants.
presence oBacteroidetesand formula feeds increased the abundance of
Actinobacteria The difference in microbial commuyias a result of feedin@utine is

a result of the availability of different metabolites. For instanceB#ueroidetes
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phylum is known to metabolise fibre into short chain fatty acids more readily than other
speciegAurélienet al.2014) Therefore, dietary changes have the potential to

manipulate the gut microbiome of preterm infants.

3.6.9 The Gut Microbiome of Preterm Infants who Develop NEC

Significantly Differs from those who do not.

The aimof this analysis wato further investigate the potential links between the gut
microbiome and development of NEC. A recent systematic review summarized the

current evidence between the gut microbiome and the development of NEC. They
concluded that thBaderoidetegphylumis A pr ot ecti veoOo agai nst t
NEC i.e. the abundance Bhcteroidetesvas increased in infants who did not develop

the diseas@Pammiet al.2017) The results of this project confirm the conclusions of

the Pammet al study, with theBacteroidetephylum only present in samples taken

from infants who did not develop NEC. Th
Bacteroidetetias been demonsteal, however, the mechanism of this protective effect

has yet to b investigated.

An interesting finding of this research was thatBlaeteroideggenus was increased in
infants who were breastfed but were decreased in infants who developed NEC.
Thereforeadding further evidence suggesting that breastfeeding is pvetagainst
NEC.

Furthermore, similarly to previously published research, the infants in this study who
developed NEC had a decreased gestation and birthweight. These are well established
risk factors for the development of NEIGu et al.2017; Duciet al.2018)

In contrast to previous studies, an increas€lebsiellaor Clostridiumwas not

associated with the development of N&l@ la Cochetieret al.2004; Simet al.2015)
Therefore, the cohort of infants recruited during this study wagianas the
Enterococcugenus was significantly associated with the development of NEC.
Previous research has shown tBaterococcuspecies can produce proteases in the gut
envionment(Stecket al.2013) Moreove, increased protease activity has been linked
to the progression of the @altlgastrointestinal disease, such as I@arroll and

Maharshak 2013)This process may be occurring in the gut of preterm infants during
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the development of NEC. As a result, the increase in protease activity could be causing
a breakdown ofhe tight junctions and necrosis of the gut epithelium. Howeughdr
research is needed to confirm the protease activity of preterm infant stool and the

possible mechanism of action.

3.7 Conclusion

The development of the preterm gut microbiome is a higtalividualistic and

fluctuating process. However, as shown in #tigly and previous research, there is an
overall progression towardsPaoteobacteriadominated microbial community during

the first 30 days of life. There are numerous factors affectinghguwobiome
development in these infants such as gender and ofaligivery, but the effects are
seen on a subtler scale as the dominance of organisms remains unaffected by these
factors. In conclusion, this study provides further evidence towardstdigigisment of
the gut microbiome community in the preterm infantl how exposure to early life

factors affects the developmental process.
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Chapter 4

The Protease andnflammatory Content of

Preterm Infant Stool.
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Chapter 4. The Protease and Inflammatory Content of

Preterm Infant Stool.

4.1 Introduction

Research into proteolytic enzymes began over 80 years ago as a result of increasing
necessity to impede their action during the isofaind study of protein chemistry

(Hans 1999)Since then, proteases have been shown to be essential regulatory
components of numerousysiological functions such as mitochondrial mairdnce,
migration of neural crest cells during development, remodelling of skeletal muscles,
blood coagulation and many md@hakraborti and Dhalla 201 7pevelopments, such

as those previously describédyve led to the identification of proteases as potential

targets for therapeutics.

Proteases are themselves polypeptides that contain a catalytic site, used for the
degradation of proteins. The active siteeach protease is specialised to target certain
peptide bonds within the target protein. It is this specificity and highly regulated control
mechanisms that make proteases highly effective components of cellular biology
(Neurath 1989)The differences in mode of action has allowed proteases to be
subdivided into several families as follows: threonine, aspartate, serine, cysteine and
metalloproeasegPuenteet al.2005) As the name suggestss specific amino acids

that are the targefer proteases. The only exception are metalloproteadestarget

metal ions on the inactive peptide.

More specifically, proteases are often part of complex pathways that involve the
activation of severahactive precursor peptides, or zymogens. Thig@protein is
released upon cleavage of the target peptide bonds, this cleavage can also result in
structural changes in order to render the target a@@olgsr 1989) Furthermore, the
cleavage of a peptide bond by a protease caaselen inhibitory peptide thereby
activating thearget peptidéGuaschet al. 1992) A typical example of a protease

cascade is during nutrient digestion, such as pancreatic trypsinogen.

In summary, proteases are ubiquitous across the hundgrabd critical for

homeostasis. More specificalithe highest concentration of protease can be found in

the gastrointestinal (Gl) tract, this is not surprising as proteases are essential for the
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breakdown of peptide bonds during food diges{intalis et al.2007) Therefore,
research into the content and function of proteases in the Gl system is extensive and has

provided interesting results.
4.1.1 The Role of Proteases in the Gastrointestinal System.

Proteases are present along the entire Gl systeraxample they are luminal,

circulating, secreted, intracellular, intramembrane and pericellular. Once again, the
plethora of locations for these molecules demonstrates their numerous functions in the
human body. For example, pericellular proteolysiswss as a result of the continual
exposure of both apical and basolateral surface of intestinal epithelial cells (IECs) to
circulating or secreted proteagdedina and Radomski 2006jurthermore, IECs
themselves secrete proteases that remodel the extracellular matrix (MéMha and
Radomski 2006)

The prevalence of proteases throughout the Gl systenatediat the array of functions
these molecules kia in said system. For example, proteases are key components of
signalling, with substrates such as growth factors and interle(®&sthwindet al.

2001; Ohtsiet al.2006) Moreover, a number of Gl process aratcolled by PARS,

who are activated by proteasssme of these processes include the function of smooth
muscle in the colon and small intestifvergnolle 2005) A further role for secreted
proteases is in the maintenance of the intestinalasal barrie(Cenacet al.2002)
Furthermore, the epithelial layer underneath the mucosal barrier is also maintained by
proteases. Matriptase increases the prtduo of claudin2 a tight junction protein

(Buzzaet al.2010)

In order to maintain homeostasis, the activity of proteases leutightly controlled.

This can occur by the activation of zymogens, compartmeatan of active

molecules, and the suppression or termination of activity by inhil{derslis and

Lawrence 2004; Jacadi al.2005) In parallel to the gut microbial community, health is
dictated by a balancd the types and numbers of proteases. Gastrointestinal disease has
been linked to disruption of these vital regulatory mechanigisstoset al. 1998;

Dunlopet al.2006; Cenaet al.2007; Rokaet al.2007b; Geaset al.2008; Shulmaret

al. 2008)
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Combining knowledge of the microbial content of the gut microbial content and the
significant role proteases have in the gastrointestinal system, research has shown
bacteria also contribute the total proteolytic atyiaf the intestines. For example,

serine, cysteine and matrix metalloproteases of bacterial origin have been found in th
gut (Macfarlaneet al. 1988; Gibsoret al. 1989; Rokeet al.2007b) Akin to host
proteasesprotease of bacterial origin exists in many forms. For example, they can be
excretedoy the bacterium, remain attached to the cell surface or embedded in the
membrane. Furthermore, bacterial proteases are components of numerous biological

processegl askowskaet al. 1996; Gottesmaat al. 1997)

Specific to this thesis is the role of proteases in the gut of preterm infants. The primary
source of proteases for preterm infants is breast milk. Several proteasesd&a¥eund

to be present in human breast milk, such as trypsin. Mergthese proteasbave

been implicated in several physiological processes. However, little is known about the
effect of several factors such as mode of delivery, may play in thenpeeard types of

proteases present in the guts of preterm infants.

In summary, proteases in the Gl tract are necessary to maintain homeostasis and there
are complex mechanisms in place to regulate their activity. Furthermore, the
dysregulation of thesmolecules has been found to contribute to the pathology of
disease. Imddition, like the microbiome, there are bacterial constituents to the total
proteolytic activity of the gut. However, this thesis focuses on the preterm infant

population.

4.1.2 The Role ofIL -6 and IL-8 in the Gastrointestinal System of

Preterm Infants

IL-6 is expressed by enterocytes in response to infection under the contrebobNF
(Shimizuet al.1990; Hunteet al.2008b) The levels of IL6 have been found to be
elevated in the plasma of infants with NEC, furthermore, in concordance with severity
of diseas€Harriset al. 1994; Morecrofiet al. 1994; Duffyet al. 1997) This indicates

at a systemic r@ense rather than a localised one, inflammatory levels would need to be
found in the stool to indicate at a localised response. In a studyneé®orn infants

with suspected sepsis or NEC;6Llevels were five to ten fold higher in infants with

bacteral sepsis plus NEC at the onset of disease than in infants with bacterial sepsis
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alone(Harriset al. 1994). This is not unsurprising as# is one of the products
released a result of PAR activation. Furtherepan a study of 60 preterm infants there

was a trend to higher levels of-B.with a greater degree of NEDuffy et al. 1997)

IL-8 is generally regarded as a proinflammatory chengland potent

chemoattractant, predominantly produced by macrophages and endothelial cells.
Importantly, exposure to amniotic fluid containithg8 has been indicated to be

important for promoting intestinal healtllaheshwaret al.2002) Not only are

proteases present in breastk, IL-8 is also present in significant concentrations.
Furthermore, when human foetal and adult intestiali$ are treated with rhiB in

vitro, it stimulates cell migration, proliferation and differentiat{Maheshwaret al.

2002) IL-8 isalso a potent chemoattractant for neutrophils and an angiogenic factor. As
with several other proinflammatory cytokines, elevate® levels hae been associated
with human NEC and with an animal model of intestinal ischesparfusionEdelson

et al.1999; Cheret al.2002; Benkoet al.2012) Furthermore, high H8 levels may
correlate with human NEC severitigdelsonet al. 1999) One recent stydreports that

IL-8 appears to be a promising biomarker for the extent of intestinal ne(@Besisoeet

al. 2012) Cellular maturity may affect the response to bacterial challenge. Moreover,
when ompared to mature enterocytes, immature foetal intestinal cells have been shown
to produce more H8 in response to LPS and flagel(Manthakumaet al. 2000) These

developmental differences may predispose the premature intestine to inflammation.
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4.2 Aims and Objectives

There is a significant lack of data on the role of proteimstt®e development of the

preterm infant gut microbiome. Therefore, the aim of $higly was to test the total

faecal protease of preterm infant stool, in order to determine the significance of the role
they play. Secondly, in order to potentially discusles for these proteases the types of
proteases should be tested. Thirdly, pre¢saare integral members of the inflammatory
response therefore it would be beneficial to investigate links between protease activity
and inflammatory response of pretemfant stool. This will enable associations

between protease activity and inflammatto be ascertained, in order to identify links

with disease. Finally, all the previous data has the potential to be compared to the
microbial content of the preterm infagiit. As a result, links between the microbial

community and potential disease padtigy could be made.
The above aims will be achieved by the following objectives:

1. Determine the total faecal protease content of the preterm infant stool.

2. Use a suite gbrotease inhibitors to investigate the protease content of preterm
infant stool

3. Implement an ELISA assay to ascertain the levels & i&nd IL-8 in the stool
of preterm infants.

4. Analyse the above findings, to compare the protease activity and inflangmator
response of preterm infant stool. In addition, add data of the bacterial
community b determine links between the microbial community, protease

activity and inflammatory content.
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4.3 Materials and Methods

All of the following assays were conducted on 1086 faecal slurry produced during
Section2.6.1 To detemine total protease activity, assays were performed as detailed in
Section2.12.3 The results of these assays were then analysed according to Section
2.12.4 in order to determie the percentage pfotease activity. One of the main aims

of this study was to investigate the origin of the proteases present in the stool of preterm
infants. Therefore, the following experiments were conducted. Firstly, assays using the
ProteaseArredtit from G-Bioscien@s were performed according to Sectoh5.1

When these experiments proved unsuccessful, it was decided that experiments into the
families ofprotease present would yield better results, and these were conducted in
Section2.15.2and2.15.3 The results of these experiments were analysed according to
Section2.15.4 and showed the dominaniopeases present in each sample.

In order to investig® the inflammatory response of the preterm infant gut ELISA
assays were performed to determine the levels-6fdind IL-8 as detailed in Section

2.16 Analysis of these results was conducted as briefed in S&cli6r8
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4.4 Results

4.4.1 Total Protease Activity of Preterm Infant Stool.

Firstly, it was important to determine if there was a change in total protease activity of
preterm infant stool over timé&igure43 below stows the average protease activity for

the first 30 days of life. From this data it can be derived that there are no significant
changes in total protease activity over time. However, when compared to the changes in
bacterial load over the sarperiod, a snilar pattern can be seen. These data does not
conclusively show that protease activity and bacterial load are linked, but that there is a
similar peak at days 6 to 10 of life. To clarify the percentage protease activity has been
derived fromlmg/ml of pue trypsin. Therefore, 1mg/ml of protein in the sample

produces a percentage of the amount of activity in the same concentration of trypsin.

Comparison Between Mean Protease Activity and Mean Bacterial
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Figure 43. A Comparison between Mean Protease Activity and Mean Bacterial laa over time.The
total number of samples included in this analysis was 199, 11 samples were excluded as they were
collected from full term infants.

Once the collective protease activity was analysed it was imperative to investigate the
change in proteasctivity on an individual infant basisigure44, shows that the total
protease activity differs between individuals. Furthermore, it shows that the patterns in
different can be similar, infants 17 and 2 show #mae increase. However, infant 6
shows a very different pattern of a sharp increaselanogease occurring at different

times during the first month of life. Moreover, this infant shows the lowest amount of
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activity at the end of the 30 days, whereas inahas the highest activity at the start of

the first month of life.

The Protease Activity of Indiviudal Preterm Infants during
The First 30 Days of Life
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Figure 44. The Protease Activity of Individual Preterm Infants during the First 30 days of Life.The
number of samples included during this analysis was &@.dDlife is given on the x axis as a continuous
scale.

4.4.2 The Effect of Clinical Factors on the Total Protease Activity of

Preterm Infant Stool

In a similar fashion to Chapter 3, the total protease activity of preterm infant stool was
analysed in respeab several clinical factors. The first comparison investigated the role
of proteases ithe development of NEEigure45, shows the mean protease activity

for samples taken from infants who did and did not develé@ Nn addition, the

samples taken from infants who did develop NEC have been grouped accoitieg to
severity of the disease. There are no significant differences here, but there is a definite
decrease in protease activity detected in stool samplesftakeimfants who

developed Grade 2 NEC. Overall, these results show that protease activitpdoes n

appear to influence the development or progression of NEC.

As discussed in detail in Chapter 4, antibiotics have a significant effect on the
development bthe preterm gut microbiome. Therefore, it was necessary to determine

of there was a similar effeéupon the protease activity of the stool. Interestingly, there
was no difference in the mean protease activity between samples taken in the presence
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of antbiotics compared to samples taken in the absence of antibiotics. The average total
protease actity of the two groups was 9% compared to 1mg/ml of trypsin.

Total Faecal Protease Activity in Comparison to NEC
Development and Grade
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NEC Presence and Grade

Total Faecal Protease Activity

Figure 45. Total Faecal Protease Activity in Comparison to NEC Devepment and Grade.A total

of 198 samples were included in this analysis, 12 were excluded ag bhaen collected from full term

infants. Each bar represents the mean protease activity for all samples included in their respective group.

The numbers in eadbar are the number of samples included in each group. The error bars for each bar

arethestandad error of the mean. NEC grades were defined acc

Figure46 shows the effect of feling routines on the total proteasgivity of preterm

infant stool. There are no significant differences between the different feeding regimes,

however there are some interesting changes. For example, the infants receiving no feeds

show the lowest protsa activity and the infants receig formula feeds have the

hi ghest protease content. Moreover, donor and

same total faecal protease activity.

It was important to investigate the gender differences in total faedabgmactivity, as
there were significant differences in the microbial community. Moreover, the
hypothesis is that bacterial proteases are contributing significantly to the toésigero
activity of the preterm infant gut. Therefore, it was necessarwastigate if these
microbial differences translated into protease activity. The results of this analysis
actually found no differences in faecal protease activity. The mean pratgasty was

9% in both females and males.
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Mean Protease Activity vs Feeds Given on Day of

Sampling
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Figure 46. The Effect of Different Feeding Routines in the NICU on the Total Faecal Protease
Activity. A total of 199 samples were included in this analysis, 11 were excluded as having been
collected from full term infants. Each bar represents the meaegsegctity. The error bars show the
standard error of the mean.
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Figure 47. The Effect of Delivery Mode on the Total Faecal Protease Activity of the Preterm Infant

Gut. The mean protease activity is shown by the bars. The lears r@resent the standard error of the

mean. The numbers at the base of the bar are the number of samples included in each group. In total 199
samples were used during this analysis.

Figure47 shows the effeatf delivery mode on the total faecal protease activity of the
preterm infant gut. There are no significant differences as a result of delivery mode,

however there is a sligivicrease in faecal protease activity from infants born vaginally.
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4.4.3 The Familiesof Proteases Present in the Stool of Preterm Infants

In order to determine the families of proteases present in the stool of preterm infants,
some initial optimization experents were necessary. At first the ProteSeeker kit from
G-Biosciences was used determine the most dominant types of proteases present.
Figure48 shows the effect of 11 different protease inhibitors on the total faecal protease
activity. To note this analysis was repeated on 5 more sampléseasdme results

were obtained. FrorRigure48it can be determined that the inhibitors that produced the
greatest inhibition were-@-aminoethyl)benzenesulfonyl fluoride hydrochloride
(AEBSF), EDTA and AntipainAEBSF is an irreversible serine inhibitor, EDT#\a
metalloprotease inhibitor and Antipain is also a serine protease inhibitor. The results of
this study showed that the dominant proteases present in thefgtoeterm infants are
serine and metallopreases. Therefore, it was decided that furthevareh into the

types of proteases present in the stool would focus on the different proportions of serine

and metalloproteases in the samples.

The Effect of Protease Inhihibitors on the Protease Activity of Different Samples

120

mSample 1(21F12A)

Protease Activity

m Sample 2 (06F2A)
u Sample 3 (02F14C)
m Sample 4 (12F3A)
m Sample 5 (06F28F)

Type of Inhibitor

Figure 48. Investigation to Determine the Dominant Families of ProteaseBresent in the Stool of
Preterm Infants. 5 samples were used during this analysis and 11 types of protease inhibitor were used
to probe the samples. On the left the protease activity in the absence of an inhilbim.is g

Initial analysis found that ptease profiles could be assigned to each sample based on
the dominant family of protease present in that sample. Analysis of all the samples

found that 35% of the samples were dominated by serine proteases, anothezrg5%
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unaffected by the AEBSF and EDTad therefore contained other proteases and were
assigned a varied protease profile. In addition, 29% of the samples were equally
inhibited by EDTA and AEBSF and therefore have a serine and metalloprotease
dominated pofile. Finally, only 3% of samples we solely dominated by

metalloproteases.

4.4.4 Links between the Total Protease Activity and Types of
Proteases Present in Preterm Infant Stool and the Microbial

Community

Next it was important to investigate the links beén protease activity, profile and
microbial community Figure49, shows the results of the first of these investigations, to
compare protease profile with protease activity over time. Fnenfigure it can be

found that there was no increase of a particular type of protease that coincided with the
peak in protease activity between days 6 to 10 of life. The types of proteases present
remainrelatively stable during the first 30 days of Jifowever there is an irgase in

the serine and metallo protease profile at days 16 to 20 of life. Furthermore, the
metalloprotease profile was only present at days 1 to 10 and 16 to 20 of life. Finally, the
varied protease profile peaks at greater tfadd&ys of life.

The Total Protease Activity and Content of Preterm Infant Stool
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Figure 49. The Relationship between Total Faecal Protease Activity and the Protease Profile of the

Preterm Infant Stool. The bars show the percentage abundance of each protease profile for samples
during the deviepment of the infant. Tdnumbers at the bottom of each bar are the number of samples
included in each days of life grouping. The line graph shows the mean percentage activity over time.

183



The Dominant Phyla Associated with the Protease Profiles
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Figure 50. The Association between the Gut Microbial Community athe Phylum Level and the
Protease Profile of the Preterm Infant Gut.The number of samples included in each protease profile
group are shown at the bottom of each bar. Samples with an unknown paylanause the sequencing
was unsuccessful for these gaes.

Figure50, shows the relationship between the gut microbial community and the types of
proteases present in the preterm infant gut. As shown, there are no significant
differences in the protease profile betwelee gut microbial communities. However, the
Bacteroidetephylum is not associated with a varied protease profile. Furthermore, the
highest level of serine proteases are seen in infants dominaotepbacteria

The Association between Microbial Community at the Genus Level and the
Protease Profile of Preterm Infant Stool m Citrobacter
100 -
90 1

m Fusobacterium
mRahnella

Lactococcus

80 A
70

= Unknown

m Serratia
60 A

Bacteroides

I m Veilonella
T T

50 1
40 4 m Eschericia

30 A
20 -

Acinetobacter

Percentage Abundance (%)

® Enterococcus

10 o m Atopobium

m Staphylococcus
Serine Serine and Metallo Varied Metallo = Klebsiella

Protease Profile m Bifidobacterium

Figure 51. The Association between the Dominant Genus present and the Protease Profile of
Preterm Infant Stool. The number of samples included in each protease profile group are shown at the

bottom of each bar. Samples with an unknown phylum is because the saguesciinsuccessful for
these samples.

Figure51, provides more detail on possible associations between the microbial

communities in the preterm infantigwith the families of proteases present in the same
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samples. © note there are no significant associations present and there are a large
number of samples that were unable to provide sequencing. However, it is again worth
mentioning that th&acteroideggenus was not present in samples that gave a varied
protease prile. Furthermore, the greatest abundanc8taphylococcuwas present

alongside a varied protease profile.

In order to fully investigate the preterm infant microbiome, it was necessary to
determine if an inflammatory response was present and couldipdiiebe linked to
the types of organisms and or proteases present. Furthermore, if protease activity could

be linked to the inflammatory disease NEC.
4.4.5 The Inflammatory Response of Preterm hfant Stool

In order to investigate the presence of pro inflatamyacytokines in the stool of

preterm infants a number of optimization experiments were conducted. This was to
confirm that IL-6 and IL-8 could be detected in the stool of preterm infanthase is no
previous research on using ELISAs with preterm in&ool. The results of these
experiments showed that-B and IL.-6 can be detected stool of preterm infants.
However, when the ELISA was performed on 40 of the samples, there was no
detectab# presence of either 46 or IL-8. Therefore, the stool of prete infants does

not contain pro inflammatory cytokines, and as a result there is no detectable local
inflammatory response in the gut of preterm infants. Finally, there was no difference in

protease activity and inflammation between infants who did andatidevelop NEC.

In addition, there was no association between protease activity and CRP and or WCC
levels, taken as part of routine clinical care. Therefore, this provides further evidence
that the protease activity or inflammation of the preterm trdahis not resulting in

significant systemic effects.

185



4.5 Discussion

4.5.1 The Total Protease Activity of Preterm Infant Stool

Oveall, the results of this study show that there isigmificant protease activity in the
gut of preterm infants. This is not whaas hypothesised as previous suggested that
inflammatory driven gut diseases such as IBD, have a link with excessive protease
activity. Therefore, the results of this study swgidbat the preterm disease NEC does
not have a contributory effect from peasses. Moreover, this is the first study to show
this. There are several possible reasons for why the total protease activity of preterm
infant stool is so low. Firstly, the totahcterial load of the preterm infant gut is
significantly lower than that afdults. The average adult bacterial load is &6lls in

the colon per ml, whereas the average found in this study of preterm infants®was 10
cells per mg of stodiSenderet al.2016) This almost half of the levels seen in adults,
therefore indicating that the gutspieterm infants are relatively sterile compared to

that of adults. However, this is natexpected as the gut microbiome is colonised
throughout life and these infants are at the very beginning of their lives. Therefore, a
significant reduction in the nureb of bacteria in the gut can explain a significant
reduction in the total protease adiyv Moreover, this only concerns the proteases
produced by the bacteria themselves. The determination of the origin of the proteases
has been a difficulty throughotltis project. Therefore, it is more probable that the
reduction in bacterial numbers acods for the reduction in protease activity. There are
other explanations for the low total protease activity, and these will be discussed later in

this section.

Taking this into consideration, when comparing the pattern of activity alongside total
bacteral load, even though it is not significant, bacterial load and protease activity peak
the same time. Therefore, suggesting that total protease activity of the prégsringut

is from the host.

Finally, the total protease activity of preterm infant s&fwws individualistic patterns
which is mirrored in the individualistic nature of the development of the microbial
community. This is an interesting similarity invddopment pattern and adds further
evidence to the individualistic nature of preterm mudrobiome development,
previously noted. This individualism is a result of the differing treatments, feeding
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routines, gestation, gender etc., and it is interestirsgé this having a similar effect on

the protease activity of the preterm infant gut.

In summary, there is not a significant amount of protease activity in the gut of preterm
infants. Moreover, this activity is not linked to bacterial load, which indgcttat the

primary origin of these proteases is host. Finally, the development ofateape

activity in the gut is unique to each infant, a pattern that is also seen in the development

of the gut microbial community.

4.5.2 The Effect of Clinical Factors onthe Total Protease Activity of

Preterm Infant Stool.

One hypothesis of this project wémat the development of NEC in preterm infants is
linked to protease activity in the stool. As there is no research in protease activity of
preterm infant stool, the ppthesis was based upon research in adults. Gut diseases in
adults, such as IBD, have leknked to excessive protease activity found in the stool,
therefore, it was important to investigate if the same links could be drawn. However, the
results of this periment showed that there were no statistically significant associations
between stogbrotease activity and the development and progression of NEC. However,
this was not the main focus of the PhD project and therefore the recruitment of infants
was notcentred on infants who developed NEC. As a result, the number of infants
recruited who deeloped NEC was low. So even though no associations were found in
this study, a focused investigation needs to be conducted to convincingly say that NEC

is not associad with protease activity.

Antibiotics and their effect of the gut microbial communitgts discussed, at length, in
Chapter 5. However, it was important to investigate the effect antibiotics could be
having on the gut protease activity. Furthermore oitilgy also assist in determining the
origin of the proteases. The results showed thabiatits had no effect on the total
protease activity of the preterm stool. This is in stark contrast to the significant effect
that was seen on the microbial communitizerefore, this adds further evidence
towards the host origin of the proteases asdta activity remains unaffected by

changes in the bacterial community.
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Similar to antibiotics, differences in gender resulted in significant changes to the
microbialcommunity, however, this did not translate to total protease activity. There
was no chage in total protease activity in the stool of male and female infants. This is
another incidence indicating to the host origin of the proteases, because significant
changes in microbial community did not result significant changes in total stool

protease etivity.

Although not significant feeding routines did cause a small change in protease activity.
Previous research has shown that one of the key functions of poteas the

breakdown of luminal contents, in other words digested food. Moreoverribdge

been shown to assist in the breakdown of luminal contents to release molecules
inaccessible by normal digestive processes. Therefore, this shows thapdéterm

infants has the potential to affect the total protease activity of preterm sdaht

However, the number of samples taken from infants receiving formula feeds was
minimal and a larger study would need to be conducted to see if these resslitdra

into significant differences.

Delivery mode also resulted in a minor change otgase activity, where on average a
vaginal delivery resulted in a higher total protease activity. Due to the absence of
research into this area it is hard to comn@enthe reasons why this difference might
have occurred. Even though previously througtioist Chapter, results have been
presented to show that the infant produces the proteases detected in the stool, the

differences in delivery mode could be a resultfzdnges in microbial communities.

In summary, several clinical factors did not havegai§icant effect on the total
protease activity of preterm infant stool. This could be a result of the overall limited
detectable activity. However, the evidence iathks that total protease activity of the
preterm infant stool has a limited involvemamthe development of the gut

microbiome.
4.5.3 The Types of Proteases of the Preterm Infant Gut Microbiome.

The aim of these experiments was to determine the familie®tagses present in the
stool of preterm infants. Initially, it was necessary to determicertain families of

proteases dominated over others in the stool of preterm infants. The predominant
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proteases were found to be serine and metallo proteasesagaicedue to the lack of
research in this area, the role of these proteases can spgtdated upon. Serine and
metalloprotease have been found to play significant roles in the permeability of the
intestinal barrier and intestinal barrier inflammatidhe preterm infant gut is known to
be susceptible to excessive intestinal inflammadiioc permeability. Therefore, it is not
unsurprising to see these types of proteases present in greater numbers than others.

Once it was found that serine and metaidpases dominated the proteases present in

the stool of preterm infants. All samples wden tested to determine the protease

profile based on the percentage inhibition by a serine and metalloprotease inhibitor. The
results found that the stool of preteinfants was very rarely dominated by

metalloproteases alone. This indicates that sgrinteases are necessary in the

recruitment of metalloproteases, as previous research has shown proteases are often part

of a complex activation and inhibition pathyva

Preliminary experiments showed that serine and metalloproteases were predominant in
the stool of preterm infants. However, after testing all samples with only AEBSF and
EDTA, a significant proportion of the samples showed a varied protease profde. Thi
meant that serine or metalloproteases did not dominate that sample. This is interesting
as it showed that the protease profile of the preterm infant gut was not as simple as
initially thought. Ultimately, this showed that a more diverse suite of innggioould

be used in future experiments in the determination of the types of proteasest jom

the stool of preterm infants.

In summary, the protease content of preterm infant stool appears to be more complex
than the total activity. This indicates tha a proportion of the infants a variety of
proteases are present even though the bamtavity detected is low. This could be a
result of the sample tested, stool. Therefore, the stool could only reflect the protease
activity and types present in thelon. Whereas there may be more activity further up
the Gl tract. This suggest that gheteases in the gut of preterm infants participate in a

variety of functions, contributing to the development of the infant.
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4.5.4 The Links between Protease Type, Activit and Gut Microbial

Community.

This analysis was used to determine the interactionseleataeveral components of the
preterm gut microbiome. However, the results were inconclusive, and no significant

observations could be concluded.

There was no relatiahip observed between total protease activity and the organisms
present in the gut micradime. This shows that there is not a significant contribution to
total protease activity by a specific organism. This once again adds further evidence to
the absencefdacterial proteases in the stool of preterm infants, as certain bacteria
cannot be iderfied as contributing an amount of protease activity. Furthermore, there
were no significant associations between the organisms present and the types of
proteases peent in the stool of preterm infants. This shows that one organism does not
significantly contribute a single protease type to the total content of the stool. Overall,
this suggests that disease processes occurring in the gut of preterm infants sHmoeild not
contributed to one specific organism, as they do not contribute a significant arhount o

protease activity or a specific type of protease.

455 The Role of Inflammation in the Gut Microbiome of Preterm

Infants.

The aim of these experiments was to investijaepro inflammatory levels of #6 and
IL-8 in the stool of preterm infants. There Ibagn little evidence of the presence of
these proteins in the stool of preterm infaiM®erchet al. 2008; Lusyatiet al.2013)

and they were tested using high throughput sensitive methods. Therefore, an ELISA
method was uset try and detect levels of 16 and IL-8 at concentrations indicative of

localised infammation.

After several optimisation experiments it was determined thé&tdhd IL-8 could be
detected in the stool of preterm infants using an ELISA. However,teotdble I1-6 or
IL-8 could be found. This indicates that the excessive inflammatorgrmes@ssociated
with diseases such as NEC is a systemic response rather than a localised effect.
Furthermore, the absence of an association between the microbial oiynimthe gut

and an inflammatory response it suggests that a specific bacteriunassootated with
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the development of NEC. | was confident about the method used as levels ahtL

IL-8 could be detected in other samples collected from the s&amésin

On the other hand, the 48 and I-6 could have not been detected because thety ha
degraded before the ELISA could be conducted. For instance, the faecal sample was
extracted and processed in order to preserve the activity of the proteases present. This
could have led to a breakdown of the cytokines. Furthermore, in order to noraiklise
samples to 1mg/ml total protein, the samples were diluted. This could have resulted in
diluting the IL-6 and IL-8 to undetectable levels by ELISA. Future studies in tiga a

should aliquot samples separately for protease and cytokine investigations.

4.6 Conclusion

In summary, the role of proteases in the development of the preterm infant gut
microbiome does not appear to be significant. Including infants with and without NEC.
The total protease activity of preterm infant stool is minimal and not assbuidlte

bacterial load or clinical factors such as antibiotics use. This substantially indicates at a
host origin for these proteases. However, with the methods implemeniegl this

PhD, a definitive conclusion cannot be drawn. Moreover, the predontympeast of

proteases present were serine and metalloproteases. However, a proportion of the
samples tested produced a varied protease profile where serine and metalloproteases d
not predominate in the sample. Therefore, the protease content of the méatrgut

can be complex even in absence of a high degree of activity. When protease type and
activity was compared to the microbial community no significant observatioms wer
recorded, again providing further evidence towards the host origin of thesaga®

Finally, no detectable levels of 4& and IL-8 could be found in the stool of preterm

infants. Overall, this indicates at a very minimal role of proteases in theogewaht of

the gut microbiome.
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Chapter 5

The Effect of Antibiotics on the Developing

Preterm Gut Microbiome.
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Chapter 5. The Effect of Antibiotics on the Developing

Preterm Neonatal Gut Microbiome.
5.1 Introduction

Themicrobiome, is a unique ecological niche, shared between the human host and the
variety of organisms that call it homeok&over, it comprises of all metabolites, from
inhabitants and host, and their interactions. There are numerous microbiomes present on
the human body, each very different from one another. The gut microbiome is one of

the most complex environments and ss become a developing area of research over

that past decad@larchesi2011)

In the UK, compared to the rest of Europe, approximately 15 defined daily doses
(DDD) of antibiotics per 100thhabitants were consumé@doossenst al. 2005)
Thereforediscovering the effect of these drugs on the gut microbiome is of particular
interest. Furthermore, an example of the widespread ws#ibfotics is that the most
commonly prescribed medication in the NICU was antibiqtitsiehet al.2014) this
indicates that preten and vulnerable infants are the most susceptible to the effects of
antibiotics.

In 2009, the effects of antibiotics on the develgpimicrobiome was fist noted. It was
found that and increase Enterococcusand a decrease Bifidobacteriumduring the

first week of life, as a result of antibiotic consumption. Furthermore, they found an
increase in th&nterobacteriaceatamily to persst 1 month after treatmefifanakaet

al. 2009) A further study in 2011, fouhthe abundance &ifidobacteriumto be

reduced in infants who had received parenteral antibiotics compared to naive infants
(Husseyet al.2011) A more recent longitudinal study observed the effects of
antibiotics to remain during the first 3 years of life. They also founduhenicrobiome

to be less diverse and treated infantsenaore likely to display compositional change

in consecutive samplé¢¥assouret al.2016)

This microbiome change has been associated with long term outcomes. A study in
Finnish children showed that antibiotic use between the ageamd 7 years, resulted

in a decrease d&ctinobacteriaalongside an increase RroteobacterisandFirmicutes
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Furthermore, the macrolide type of antibiotic resulted in an increase in asthma and
weight gain in treated infan{&orpelaet al.2016) A population based study
comprising of over 10,@healthy children, median age of 24 months, concluded that
antibiotic exposure in the first 6 months of life, or repeated exposure during infancy,
significantly increased body mag3aariet al.2015) A further study foundhat

antibiotic exposure was associated with obesityyetats of age, with more than 3
courses of antibiotics resulting in an increased risk at 2 years ¢5eagtet al. 2016)

Therefore, the effects of antibiotics can persist well past the time of administration.

Current research h&gen unable to determine a solid link between the pneget
microbiome and diseag@bdulkadiret al.2016b) However, an emerging link between
antibiotic therapies in preterm infants, a disrupted microlg@pamd an increased risk of
disease development is becoming established. Furthermore, the most prolific drug used
in NICUs is currently antibiotic€Clark et al.2006) Therefore, investigations into the

effect of this most common drug on the preterm neonatal population is of great

importance.

The effects of parental antibiotic administration were examined in preterfarnts.
Both short and longterm treatment caused a significant reduction in the number of
Bifidobacteriumfor the first 3 weeks of life. Furthermore, thaterococcugenus was
significantly increasd for up to 12 weeks after antibiotic treatment wasp&dp
(Zwittink et al.2018)

Several studies, over the past decade, have shown antibiotics to increase the incidence
of common preterm disease, such as NEC and sepsis. More specifically, the empirical
use of antibiotics has been demonstrated to increasatdseof NEC, LOS, mortality

and hospital stagCottenet al.2009; Alexandeet al.2011; Kuppalat al.2011; Afjeh

et al.2016) Moreover, empiric antilotic use significantly increased the abundance of
Enterobacteralongside NEC, sepsis and or de@heenwoodet al.2014) In addition,
antibiotic use in preterm infants with no evidence of infection lead tocaaased in

NEC diagnosis and or degthlexanderet al.2011; Esaiassest al.2017) The research
shows that empiric antibiotic use is more destructive than constructive in the NICU. To
add, it has been shown trehpirical antibiotic use accounts for 39% of inappropriate

antibiotic use compared to only 4% as a result of antibiotic initi§Batelet al.2009)
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A key preventative in the care of netes is the use of pasdtal antibiotics in women
with the potential for preterm birth or with confirmed GrouteptococcuéGBS)
infection. Several studies have shown a significant increase Entieeobacteriaceae
family in infants born to mothers wireceived antibioticg:urthermore, these effects
have been shown to persist months after lfAtholeyaet al.2015; Arboleyeaet al.

2016; Azackt al.2016; Mazzolat al.2016) Interestingly, recent research has shown
that this antiiotic exposure before birth to be protective against neonatal disease. A
very recent study showed a significant decrease in tideimee of NEC in preterm
infants born to mothers who received antibiotics up to 72 hours beforéRatidet al.
2018) Furthermore, prophylactic use of antibiotics for suspected GBS colonization did
delaythe colonization byifidobacterium but this was normalized by 12 weeks of life
(Stearnset al.2017) In a recent study the effects of both prenatal and postnatal
antibiotics were determined. The abundancBaafteroidetesvas significantly reduced
in infants exposed tantibiotics before birth. Whereas, the abundance of
Bifidobacteriumwas significantlyreduced in infants exposed to a high level of
antibiotics after birti{Zou et al.2018)

In theSCOUT observational study there was no impact to outcomes such as NEC or
survival béween empirical and limited antibiotic ug@anteyet al.2016) An earlier

report published by the same group also showed that only 5% of antibiotic use was
accountable by culture proveepsigCanteyet al.2015) This and research from
numerous NICUs around the world show that the use of antibiotics in the NICU is open
to considerable variation, and, as discussed earlier, results in detrimental ouibemes
Keukeleireet al.2016) In Australia and New Zealand it wasufad that empirical
antibiotic use is minimglCarret al.2017) In contrast, a study in the Netherlands found
that antibiotic consumption varied from 130 to 360 DDD per 100 admissions. This is
consideably higher than the doses given in the UK. Furthermore, 24 different
antibiotics were used across the Dutch NIGQLIem et al.2010) A further study

included 127 NICUs across California and over 50,000 infants. They discovered a 40
fold variation in antibiotic use across the centres, ranging from Z%oof days
sampled where antibiotics were prescrii@dhulmaret al.2015) Finally, in Canada it
was reported that antibiotic use in infants with no proven infection wasassbwith

higher rates of adverse outcomes, such as NH@ et al. 2016)
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As mentioned previously, the gut microbiome coisgs the entire contents of the
ecosystem including metabolites. In order to futfis definition, we investigated the
activity of luminal proteases. More specifically, the effect of antibiotics of these
microbiome components. Proteases have been assevith the development and
progression of gastrointestinal disorders, such as #80D therefore should be
investigated in a preterm coh@Bustoset al. 1998; Dunlopet al.2006; Cenaet al.
2007; Rékaet al.2007b; Gecset al.2008; Shulmart al.2008) Furthermore, using
antibiotics to determine an effect on protease activity may pravsiights into the

origin of these molecules, bacterial or host.

As a result, there is little consensus on the apprepuise of antibiotics in the NICU,

and more research needs to be done in order to elucidate the full effect these drugs are
having on sui a vulnerable populatiofshah and Sm2012) In addition, to advise

future clinical practice on the use or misuse of these highly accessible drug$orEhere

the aim of this investigation was to determine the effect of antibiotic administration on

the gut microbiome of preterm neonates.
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5.2 Aims

It can be concluded that the definitive effect of antibiotics on the preterm gut
microbiome has yet to be decidétbwever, the use of these drugs without clinical

proof of infection or sepsis can lead to common preterm disease such as NEC and or
sepsis. Morever, the effect antibiotics are having on the microbial community of the
gut microbiome has yet to be invegtied. There is a strong probability that antibiotics
are causing a change in community structure within the gut microbiome, which is then
leadingto the increased incidence of preterm disease. In addition, ass mentioned
previously, the protease activity the preterm infant has yet to be investigated.
Therefore, the effect of antibiotics on these proteins will provide insight into their role

within the gut microbiome. Taking this into consideration, the aims of this study were:

1. To determine the effect aitibiotic administration on the preterm gut
microbiome bacterial community.

2. To investigate the effect of antibiotics on the protease activity of the preterm
gut. This will provide information on total protease activity, fansiloé

proteases present aatyanisms of origin.
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5.3 Materials and Methods

Samples were collected as detailed in Se@i@nand only samples from gierm

infants were included in this study. These samples were then processed accdlaing to
methods detailed in Secti@6. The resulting faecal slurry was usedi&iermine the

total protease activity using the protocol detailed in Se@ibR.3 and subsequently
analysed as detailed Section2.12.4

DNA was extracted on the resulting pellet from the methodology used in SR@Gi@s
per Sectio 2.8.2 Preparation of the extracted DNA and the seging of the 16S
rRNA gene was performed as listed in Secdh The resulting sequencing data was
analysed according to the methods detailed in Se2tioh Furthermore, data on total
bacterial load s performed by qPCR, according to Sec#idt¥, on the extracted
DNA.
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5.4 Results.

5.4.1 Patient Recruitment and Sample Demographics

Please refer tdablel14 as itshows the patient demographics for both thel$Cohort

and Microbiome Cohort, the Microbiome Cohort contains samples taken from infants

that produced more than 1000 reads during sexjugnAll samples collected from

infants admitted to the pesatal ward (PNW) did not sequence sufficiently, andewe
removed from the final data set, the Microbiome Cohort. There was no change in the
average gestation and average maternal age betwewvothehorts. However, the

birthweight of the preterms increases slightly in the Microbiome Cohort. The length of
hospital stay remains consistent between the two cohorts. Lastly, there was a decrease in
positive sequencing results from the survival andCNfEoups.

It was found that antibiotics had a significant effect on the positivity of sequencing
results, p < 0.0Q1Therefore, antibiotics have a significant effect on the success of
sequencing during microbiome research in preterm infants. This effactilbiotics on
the success of sequencing can be explained due to a decrease in bacteFgjuoad.
52, demonstrates a significant reduction in total bacterial dosichg antibiotic
administration. This is reinforced using a pmarametric ManfwWhitney U independent
samples test, p value < 0.001. Therefore, antibiotics significantly dedreatotal

bacterial load and subsequently the success of gut microbiomensegu

5.4.2 The Preterm Gut Microbiome as a Result of Antibiotic

Administration

Figure53 A, shows an inrease irProteobacterian the samples taken in tlabsence of
antibiotics, compared to an increaséirmicutesin the samples taken during a course
of antibiotics. Furthermore, the abundancédtinobacterias greatly increased in the

absence of antibiotics. In contrast, the abundan8&aoferoidets.
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The Effect of Antibiotics Given on Day of Sampling on the Total Bacterial Load of the Preterm Infant Gut
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Figure 52. The Effect of Antibiotics on the Bacterial Load of the Preterm Infant Gut.Significance testing, neparametric ManitWhitney U independent samples test, gave a p value < 0.001,
between the bacterial load of samplesiny a course of antibiotics, and #etaken when antibiotics were not prescribed. A total of 4 samples were removed in order to construct this graph. Any
sample that was takendays after a sample taken during antibiotics was removed. Each dot sapghdsga sample taken during an aiotils present or free condition. The range is given by the
whiskers either side of the box plot. The outer sides of the box show the upper and lower quartiles, with the mean tshdwid jack line in the middle the box plot.

200



The Effect of Antibiotics on the Microbiome Community
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Figure 53. Changes in the Gut Microbiome of Preterm Infants as a Result of Antibiotic AdministrationPanel A shows the relative abundance of the phyla present in the samples taken during
antibiotic administratiomnd those that were not. Panel B shdhe relative abundance of the genera present in the samples taken during antibiotic administration and those th@nyereatetd

and B the y axis refers to the percentage abundance of each organism inufhaingrthe x axis shows is the samplese taken on and off antibiotics. The numbers on the x axis shows the number of
samples in each group. P a-+estlusing€theiSTAMP Boftware argd sHowsghe phylonneved diffédfenceedmetins anttbiotic present and absgnoups. The confidence
intervals are shown with the black lines and the bottom axis. The bars on the left of panel C shows the percentageddiuatiimga within each group.
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predominant in samples taken i thresence of &biotics. Moreover, in Panel C this
Bacteroidetesncrease is significant, p < 0.03, therefore the presence of antibiotics
allows theBacteroidetephylum to flourish. Overall, there are clear changes in the
microbiome as a result of anibitic use, howeer the full extent of these changes cannot
be demonstrated at the phylum level. Panel Big@ire53, shows the relative

abundance of the genera present in the samgtes turing antibiotic administration
and thos that were not. Firstly, there is a minimal difference in the common gut
commensaEscherichiabetween the two groups. On the other hand, there is an
observable difference in the abundanc&t@iphylococcyKlebsiellg Enterococcus
BacteroidesandBifidobacterium The StaphylococcuandBacteroidegyenera appear to

be able to survive antibiotic administration compared to other genera.

In Figure54, the gut microbiome communities of samples taken from infants who were
continuallyexposed to antibiotics and those who were antibiotic naive are shown. This
figure reinforces the differencegen inFigure53, and provides further evidence

towards the effect of antibiotics on the gut microbiome community iefpneinfants.
Firstly, theBacteroidetephylumis only present in the samples taken from infants
consistently exposed to antibiotics. Similayctinobacteriaare only present in

samples taken from infants who never received antibioticsPTdteobactera and
Firmicutesphylum are present in bothayps, but in varying proportions. At the genus
level, the first difference is the increasebscherichiain the antibiotic naive group, this

is mirrored by a similar increase $taphylococcus the empiricdl exposed group.
Furthermore, th8ifidobacteium, VeillonellaandEnterococcusre only seen in the
negative antibiotic group. In the same manner, &adfinella Bacteroidesand

Citrobacterare present in the individuals receiving multiple courses dbiatits.

Once differences in the microbiadrmmunity was determined, the changes in diversity
were also investigated. The alpha diversity was measured using several different indices

and no significant differences in alpha diversity was found betweeplsstaken in the
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The Changes in the Gut Microbiota of Preterm Infants as a Results of Antibiotic Administration
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Figure 54. The Microbiome Community in Antibiotic Naive and Empirically Exposed Infants.This figure was constructed using only data from infants who had multiple samples taken whilst all

samples were eithentibiotic positive or negative. The total number of samples used during the analysis was 44. Panel A shows the taxemomés dietween the groups at the phylum level. Panel
B shows the taxonomic differences between the groups at the genus level.
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presence or absence of antibiotiEgyure55. Furthermore, the samples did not cluster
according to principal cordinate analysis (PCoAlrigure56. As a result, the preterm
gut microbiome diversity remasrunaffected by antibiotics, therefore the antibiotics
cause a shift in predominance rather than an increase or decrease imtenebdwf

certain organisms.

Finally, the protease activity was measured in preterm infant stool taken in the presence
and alsence of antibiotics. There was no difference in protease activity as a result of
antibiotic exposure. Furthermore, there was range in the families of proteases

present due to antibiotic exposure.

5.4.3 The Effect of Antibiotics on the Gut Microbiome of Sanples

taken from Recruitment Sites

With the data showing a decrease in the presengetifobacteriaandBifidobacterium

in the presence of antibiotics, it was interesting to determine if this was a centre specific
event. This is because only UHW administkthe probiotic, Infloran, during the

sampling periodFigure57, clearly shows this dramatic effect antibiotics have on the

gut microbiome community containing probiotics. Panels B and D show a substantial
difference inActinobacteria andBifidobacterium respectively, in the presenaed

absence of antibiotics.

The results of this analysis are twofold. It is important to find that the probiotics
administered are becoming a stable member of the gut microbiome community in these
infants. However, the administration of antibiotics isuadg the, if any, beneficial

effects of these probiotics. This raises the question of whether probiotics should be

given during a course of antibiotics.
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The Effect of Antibiotics on the Number of Species The Effect of Antibictics on the Chao Index: A The Effect of Antibiotics on the Ace Index: A
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Figure 55. The Effect of Antibiotics on Several Alfha Diversity Indices. This analysis was conducted on 148 samples, including samples that sequenced successfully with samplest#@moved if
days of a sample taken whilst on antibiotics.
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Figure 56. The Effect of Antibiotics on the Beta Diversity of the Preterm Infant Microbiome.This analysis was completed using 148 samples, including samples that sequenced successfully with
samples removed on the basis of beirydays of a sample takentime presence antibiotics. This is a Principal Gardinate Analysis (PCoA) using the Br&urtis dissimilarity index to ordinate the
samples based on their dissimilarity to one another, in relation to taxonomic community. In other words, the satigrled firthesapart on the graph are the most dissimilar to one another. In total

the axis accounts for 53.8% of the difference between samples.
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The Effect of Antibiotics and Sample Site on the Gut Microbiome Community
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Figure 57. The Effect of Antibiotics on the Microbiome at Different Sampling SitesPanel A and C shows the gut microbiome communities at the phylum and genus leve
North Bristol Trust (NBT). Panels B and D show the gut microbiome communities at the phylgerars levels from University HospiitWales (UHW). The y and x axis on all

graphs show the percentage abundance of each organism and the presence of antibiotics, respectively. The numbergfereéachdaumber of samples contributing to this
community.
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5.4.4 The Effect of Antibiotics on the Development of the Gut

Microbiome in Preterm Infants

The most strikingeature ofFigure58 are the large error bars. Thésa result of the

large variation in samples within the group. Firstly, there is a substantial peak in
bacterial load at days 6 to 10 of life for samples taken in the abseanglobtics. This
peak does not occur in the samples taken in the preskanglbotics. However, this
group does peak, but it is much later at days 21 to 25 of life. Irrespective of antibiotic
administration, both groups decrease in bacterial loadyat 16 to 20 of life, and again
rise at days 21 to 25. In addition, both gyetart at a very low bacterial load. Finally,
bacterial load is maintained after 25 days in the samples taken in the absence of
antibiotics, where in the presence of antibiotits bacterial load sharply decreases after
25 days of life.

Figure59 shows the relative abundanceRybteobacterias increased in the sample
taken in the absence of antibiotics, compared to an incre&senicutesin the

anibiotic exposedsamples. There are moketinobacterigpresent in samples taken
during a course of antibiotics. Furthermore, there are Bacteroidetepresent in the
sample taken in the presence of antibiotics, more specifically during the first 2afeeks
life. In contrast, there is only a minor appearance oBaeteroidetesn the samples

taken in the absence of antibiotics occur at greater than 25 days of life.

FromFigure60it can be clearly seen that there is a grediendance oKlebsiellain

the samples without antibiotics, whereas the presengtaphylococcuand

Escherichias much higher in the samples on antibiotics. In Panel Rignire60, a

steady decline dEnterococcu®vertime carbe observed whereas this is much more
sporadic in the presence of antibiotics. Baeteroidesare present from days 1 to @b

life in the presence of antibiotics, whereas in the absence of antibiotics they only appear
in small numbers between days 22&of life, this coincides with the highest bacterial
load.
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The Effect of Antibiotic Treatment Given on the Day of Sampling on the Bacterial Load Over the First 30 Days of
Life in Preterm Infants

40000000 -

35000000
3
=]
e
wy
S 30000000 A
[=T+]
E
f -
Q
o
=< 25000000
[+
f -
(%2}
s
S 20000000 - 24
'GEJ. === Off Antibiotics
o]
=2 ====C0n Antibiotics
T 15000000 -
[«]
—
K
X
< 10000000 - 13
= |
=
: " iz

5000000 1 2

0 20 0
|, . : : : . s
1t05 61010 11to 15 1610 20 21t0 25 =25

Day of Life

Figure 58. The Effect of Antibiotics at the Time of Sampling on the Development of the Gut Microbiom@ total of 200 samples were used during this analysis, as 10r@reced from the

Study cohort for being from full term infants and the following reasons.dfrgpke was taken 3 days of another sample, this sample was removed. Secondly, if more than one sample from the same
infant was given within the same day délgrouping e.g. days 6 to 10, if one of those samples was on antibiotics and the othersamhtlesvas taken and the other removed. However, if the 2
samples were either on or off antibiotics the mean bacterial load of the 2 samples was takesulfdtsin a final total of 188 samples used during this analysis. The number of sampleginwgach

is given by the box next to the data, the box is outlined the same colour as the data series it represents. The santiecappbedars which reggent the standard error of the mean. Each plot for

both data series represents the mean baldieaic from all the samples within that age group.
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The Effect of Antibiotics on the Microbiota Present in the Gastrointestinal Tract of Preterm Infants
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Figure 59. The Effect of Antibiotics on the Development of the Preterm Gut Micrbiome. In total 146 samples were used during this analysis. This is a result of sequenciny effitthe
removal of samples taken3 days of a sample taken when on antibiotics. The numbers included at the top of each bar are the number of saeglesaachuday of life. Panel A shows the samples
taken in the absence of antibiotics and P&nsthows the samples taken in the presence of antibiotics. Both of the graphs shows the microbiome community at thegployhicnesel.
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The Effect of Antibiotics on the Microbiota Present in the Gastrointestinal Tract of Preterm Infants
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Figure 60. The Effect of Antibiotics on the Development of PreternGut Microbiome. In total 146 samples were used during this analysis. This is a result of the sequencing efficacy and the removal
of samples taken 3 days of a sample taken whenantibiotics. The numbers included in the bottom of each bar on the gnaptie number of samples included in each day of life grouping. Panel A
shows the genera present in samples taken over time in the absence of antibiotics. Panel B showsphesgahargaamples taken over time in the presence of antibiotics.
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Finally, the effect of antibiotics on the protease activity of preterm infant stool over the
first 30 days of life is shown iRigure61. The protease activity ovéme in both

conditions follow a similar pattern until days 16 to 20 of life. After this time, the
samples taken in the presence of antibiotics increase, compared to a further decrease
during the same time in the absence of antibiotics. The reverseprktheus siation
occurs between days 21 to 25 of life, then both groups decrease after 25 days of life.

In summary, new to the field of preterm research, antibiotics were found to have a
significant effect on the positivity of sequencing resattd baterial load. This change

in bacterial load was reflected in significant community changes in the microbiome,
more so when the data is split by sampling site. Both the bacterial load and microbiome
community developed differently over the first 3@yd oflife in the presence of

antibiotics. Finally, antibiotics had no impact on protease activity.
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Figure 61. The Effects of Antibiotics on the Development of Protease Activity of Preterm Infant Stodf a sample was taken whilst on a course of antibiotics and a
sample was takef 3 days either side, the sample was removed. In total 10 sampksaneve to leave a total of 200 samples. Secondly, if more than one sample fc
same infant was given within the same day of life grouping e.g. days 6 to 10 of life, if one sample was on antibiogastlaerdrtbt, this sample was taken and therot
removed. However, if the 2 were on or off antibiotics the mean of the protease activity of the 2 samples was taken. This eeo#ketbtal of 188 samples used during
analysis. The number of samples are included next to the mean proteasefac the day of life grouping and are outlined in the corresponding data series colour.

Furthermore, the error bars are colour matched with the data series and are the standard error of the mean. Therdzdatpdatafseries is the mean pretezctivty for
each day of life group.
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5.5 Discussion

In this investigation, it has been shown that antibiotics have a significant effect on the
positivity of sequencing results during microbioresearch in preterm infants.
Furthermore, the administration of gmbtics clearly changes the development of the
gut microbiome in these infants. However, the protease activity in preterm infant stool
remained unaffected overall and over time by theagsd Therefore, we propose the

protease activity present to be pairty of host origin.

5.5.1 Patient Recruitment and Sample Demographics

Antibiotics were found to have a significant effect on the positivity of sequencing.

Again this is not unexpected, asiarttics have been shown to decrease the abundance

of bacteria in te gut(PérezCobaset al.2012) This factor needs to be considered

during future reseal; as the administration of antibiotics clearly reduces the efficacy

of microbiome research in this field. Furthermore, it poses the question as to whether

these drugs are skewing what would be considered normal microbiome development in

preterm infants. @ the other hand, antibiotics are critical in the routine careeskth

infants, that perhaps the antibiotic affected

gut microbiome development in preterm infants.

As discussed previously, this was not the omiyl@nation for the loss of samples

during sequencing. There was a slight decrease in amount of stool provided by the
negative samples compared to the positive samples, therefore a reduction in starting
materal is a plausible explanation for the reductioisequencing positivity.

Furthermore, the sample may have failed to amplify sufficiently during the Illlumina
sequencing process, resulting in data of insufficient quality. Finally, the majority of the
sample that failed to sequence successfully were filoarfirst week of life and will

have a low biomass and a higher risk of sequence failure.

Factors that did not affect the positivity of sequencing results were, as follows. There
was no change in averagesg#ion between the two groups. This result shthvat
development is not a significant influence on gut microbiome colonisation.
Furthermore, there was no change in the average maternal age. However, the
birthweight of the infants who were positive fogeencing was slightly more than
those negativeot sequencing. This is in line with previously published research
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showing that low birth weight infants harbour a less diverse, and therefore lower
abundance of bacteria, microbiome compared to larger inflasmisiga et al.2011;
Costelloet al.2013) Positivity of sequencing was unaffected by length of hospital stay,
this indicates at a reducedest of environmentally acquired organisms. However,
hospital stay could be a proxy for age, as the longer an infemhgspital, the older

they become and gut microbiome colonisation increases. Finally, positive sequencing
results was reduced in thdants who did not survive and who developed NEC. This
could be explained twiold. The more unwell infants, especialhpose with NEC,

would find it difficult to pass stool, and therefore provide less samples. Secondly, it
could have indicated that a thinedd level of gut microbiome colonisation is required

for normal or healthy development. This has been shown in gotitobiice

(Desbonnett al.2014)

In summary, the positivity of sequencing is influenced by numerous factors before and
after birth. However, it can be concluded that the only significant factor teeivde the

success of sequencing is the use of antibiotics during the sampling period.

5.5.2 The Preterm Gut Microbiome as a Result of Antibiotic

Administration

In this investigation it has been demonstrated that changes occur in the gut microbiome
of infants eposed to antibiotics and those who do not. For instance, the numbers of
Bacteroidesareenriched in samples taken in the presence of antibiotics. This is an
interesting finding as thBacteroideggenus is thought to contain beneficial organisms,

as they wee found in infants who did not develop NEF€ammiet al. 2017) This was

also seen in previously published data. These findings suggest that antibiotics are a
good preventative measure against the developmerEGf Rurther research is needed

to determine the method in which these organisms are protected ftibrotars, such

as antibiotic resistance or the replacement of other organisms targeted by the antibiotics.

It was discovered during this study that aitiles had no significant effect on the

diversity of the gut microbiome in preterm infants, as seewiqusly(Yassouret al.

2016) Firstly, this shows that antibiotics are not affecting the predominance of

organisms within this community. More specifically, they are either having nd effec

are causing a shift from one dominant organism to another. Neither of which are

beneficial to tle health of the infant. As a result, the administration of antibiotics does
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not promote a healthy diverse gut microbiome. The outcomes of which need furthe

study.

However, antibiotics have been shown to have no effect on the microbiome. A very
recent stug concluded that the differences in the preterm microbiome between
individuals was not as a result of antibiotic expog&hl et al.2018) This siggests

that it is not antibiotics alone causing changes in the gut microbiome. Furthermore, it
was oncluded that weight gain was not significantly different between infants exposed
to antibiotics during the first 6 months of life and those who diq@etberet al.

2016) This demonstrates that antibiotics do not impact infant health. Previously it was
shown that empirical antibiotic @sncreases the risk of neonatal morbidity. However, it
was found that the inpmentation of an Automatic Stop Order (ASO) on the empirical
use of antibiotics, resulted in no change on observed outcomes, such as mortality and
morbidity (Tolia et al.2017) This conflict of results shows that the effect of antibiotic

on the gut microbiome needs further investigation in order to fully elucidatffduts

of these commonplace drugs.

Finally, there was no difference in prage activity observed between the antibiotic
present or absent groups. This is an interesting finding as it indicates at the origin of the
protease activity demonstrated. Therefaf antibiotics have a significant effect on

bacterial load but not on pemsse activity, this leads to the conclusion that the origin of

these proteases to be host rather than bacterial.

5.5.3 The Effect of Antibiotics on the Gut Microbiome of Samples

taken from Recruitment Sites

The results of this study provide a unique findinghie effect of antibiotics on the
probiotic supplemented gut microbiome of preterm infants. It was clearly shown in
Figure 6 that antibiotic administration dramatically reducedehels of
Bifidobacterium a known component of the probiotic given during sampling period.
This was also demonstrated in previous rese@ahakaet al.2009)

There is currently no consensus as to the efficacy of probiotics in preterm infant care
(Costeloeet al.2016; Hayset al.2016; Olseret al.2016) Therefore, the results of this
investigation demonstrate that organisms ingested as part of a probiotic do become
integral members of the microbiome community. Moreover, they are affegtibe b
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administration of antibiotics. However, fbgr research is needed to determine if this is
detrimental to the health of these infants. Furthermore, further evidence is needed to

determine if probiotics are a viable therapeutic during antibiotiontreyatt

5.5.4 The Effect of Antibiotics on the Developmenof the Gut

Microbiome in Preterm Infants

In addition to the overall effects of antibiotics on the gut microbiome of preterm infants,
these drugs can have a dramatic effect over time. At days 6 to 1®tbklipresence of
antibiotics dramatically decrses the total bacterial load in the gut of preterm infants. It
is currently unknown as to the effects of this difference. However, this peak in bacterial
load has been linked to infective process withinltimg of preterm infants

(Unpublished researthTherefore, the same process could be according in the gut, but

needs a lot more research.

There is little evidence investigating the effects of antibiotic administration over time in
the preterm infant popation (Tanakaet al.2009; Fouhyet al.2012) Therefore, it

makes interpreting the results of this study very difficult. In contrast to previously
published research, this investigation found a decreaRmtddacteriain the samples
taken in the presence of antibiotics. Moreover, the preserR®tobacteriaas part of

the community remained more stable in the absence of antibiotics. Furthermore, it was
interesting to see that tlBacteroidetephyla wasonly present in the community of

infants exposed to antibiotics until 2 weeks of age. Therefore, the presence of antibiotics
does reduce the numbersB#Hcteroidetesbut it is a long process. These results add
further evidence that the empirical use diilaintics can be detrimental to the health of
preterm infants. In summary, the development of the microbiome in the presence of
antibiotics is distinctly different from the development in the absence of antibiotics.
However, more research needs to be cotedlin order to determine the acute and

long-term health outcomes.

Finally, the effect of antibiotics on the protease activity of the preterm infant gut was
examined and determined that not significant differences in protease activity over time
occur asa result of antibiotics. Neither data set follows the same pattern in the protease
activity and bacterial load graphs. This adds further evidence to the conclusions

discussed above.



5.6 Conclusion

This study has provided several interesting findings to e dpreterm gut

microbiome research. Firstly, antibiotics during the first 20 days of life has a significant
and dramatic effect on the developing gut microbiome. Secondly, there is a significant
effect of antibiotics on the positivity of sequencing tessluom preterm infants. This
information will need to be considered when conducting further investigations into
preterm infants. Furthermore, antibiotics have a significant effect on the bacterial load
from the preterm infant gut. Also, there are notideahanges in the gut microbiome
community as a result of antibiotic use. However, antibiotic use does not have a
significant effect on clinical parameters or protease activity. In respect to the
development of the gut microbiome there are dramatic ceangeacterial load over

the first 30 days of life, this coincides with community changes.
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Chapter 6

The Gut Lung Axis of Preterm Infants.
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Chapter 6. The Gut Lung Axis of Preterm Infants.

6.1 Introduction

The concept of the gdting axis was first proposed by Pugin arfte@olet in 1991.
Their original description was based upon the pathology of sepsis, whereby the
translocation of bacteriand their endotoxins into the bloodstream would lead to a
increase in the secretion of cytokines such as,-UNE-1b and IL-6. Thiswould then
result in adult respiratory distress syndrome and multiple system f@#ugen and
Chevrolet §91) Later this definition was added to include the role of the immune
system, and this is the definition is more appropriateegranslocation of bacteria
between the gut and the lungs has yet to proven. &hain 2011showed that when
the micobial community of the gut became depleted, the lung infection in the mice

infected withE. colibecame wors@Chenet al.2011a)

As previously described the gut lungsgontains the following components: the lung

and gut environment, the bacterial community of these organs, the immune system and
transient componen{8uddenet al.2017) Moreover, the intactions between these
components haselen linked to diseag®ousso®t al.2003; Keelyet al.2012; Rutten

et al.2014) In contrast, a study by Scugt alin 2017 has shown the gut microbial
community to protective against lung disease, more spaityf pneumococcal
pneunonia(Schuijtet al.2016) Therefore, the role of the glitng axis in development

has yet to be invagiated.More specifically the gut lung axis of preterm infants has not
been investigated or detailed in previous research. Therefore, it is important to
investigate the links in preterm infants.

The lung microbiome of preterm infants is less understoaadl tte gut but has been

shown to be pivotal in the development of disease. It has previously been shown that the
presence of predominant bacteria is associated with the development of chronic lung
disease of prematurity (CLD), also called bronchopulmodgsplasia (BPD}§Beeton

et al.2011) In addition, the progression of CLiBthought to occur asrasult of

inflammation as a result of an increased bacterial load or pathogenic bé2tetieset

al. 2010; Beetoret al.2011) The inflammatory system, both pulmonary and
gastrointestial, has been shown as the crucial link betweergtti and the lungs

(Marslandet d. 2015)
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Currently the data from this projeand previous research reports that the gut
microbiome of preterm infants progresses froRirenicute dominated environment to a
Proteobacterisone. However, the research into the colonisation of the loweays in
preterm infants is less clear. A recegstematic review examines the results of several
studies and reveals that colonisation of the lower airways can mirror that of the gut,
from aFirmicuteto Proteobacteriadominated. However, it can also the reverse
(Pammiet al.2019) The data fronthe lower and upper airways used in this study,
provided by Dr David Gallacher, shows that the lungs of preterm infants progresses

from aFirmicutedominated community to Rroteobacterisone.

Proteases arthought to contribute to the pathology of dssewia the breakdown of

tight junctions in the gut epithelium. The breakdown in the tight junctions allows for the
gut bacteria to pass from the intestinal lumen into the bloodstream, leading to the
transloation of the bacteria to the lungs. The result€loapter 4 showed that the

overall protease activity of preterm infant stool was low, however the effect of the
proteases on the gut epithelium was not te#ted:a inconclusiwe is the translocation

of bacteria from one organ to another. This is because research into-hinegoartis

focuses more on the effect of the gut microbial community on the development of lung
disease, via immune system crosstalk, rather ginysical tanslocation of bacteria

from one organ to anoth@@ang and Marsland 2019)herefore, as part of this project

it was important to provide more evidence to support or disprove the current hypothesis
in research that there is no significant movement of bacteria form one location to the

other.
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6.2 Aims and Hypothesis

The overall an of this chapter was to investigate the possible relationships of bacteria
from different organs of the body. The two sites investigated were the lung, specifically
NPAs for the upper airway, and TAF and BAL fluid to sampleldesr airways.

Secondly, he gut was sampled using stool. In order to study this hypothesis, the

following aims were aims were developed:

1. To examine the change in bacterial load over the first 30 days of life from NPA,
TAF, BAL and stool samples. This is tletermine itolonisation of the
different sites occurs at the same time and potentially to the same degree.

2. To investigate the microbial communities at the four sites to determine if similar
organisms were colonising both sites. Moreover, communityesitres at the
four sites potentially indicates at the translocation of bacteria from one site to
another.

3. Lastly, to determine if inflammatory programming is occurring comparisons

between gut protease activity and lung inflammation will be analysed.
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6.3 Materials and Methods

6.3.1 Data Acquisition

Microbiome data on nasopharyngeal aspirates (NPA), tracheal aspirate fluids (TAF) and
bronchoalveolar lavages (BAL) from the same cohort of infants recruited to this project
were obtained, with permission, from Dr DdGallacher. [@dta was provided in the

form of .txt files. Meta data for all samples including bacterial load was also provided.
6.3.2 Data Analysis

Bacterial load was compared in Excel. Lung bacterial load was determined in copies per
ml, whereas stool bactefi@aad was exm@ssed in copies per mg of stool. Phylum and
genus taxonomic analysis was also executed in EMogkMetric Multidimensional

Scaling (NMDS) was conducted in R.

The same method was used here as before where only reads greater than 1000 were
used during tls analysis,
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6.4 Results

6.4.1 A Comparison of Total Bacterial Load from the Gut and Lung

of Preterm Infants.

The aim of this analysis was to determine if the gut and lungs of preterm infants were
being colonised by bacteria at a similar rate. Was achieved bgomparing the
average bacterial load at several time points during the first 30 days 6fdifiee 62

below shows the results of this analysis.
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Figure 62. The Total Bacterial Load in the Gut and Lungs of Preterm Infants The error
bars are the standard error of the mean. The number of samples included in this anal
as follows: BAL (36), NPA (124), Stoql151), and TAF (47). All lung samples, TAF, NP/
and BAL, are shown on the primary Y axis, and the stool samples are presented on tt
secondary Y axis.

Firstly, it must be noted that themes of the 16 8RNA gene in the stool are a factor of

10 greatethan that of the lungs, so even though the TAF samples show the highest
peak, this amount is lower than that of the highest stool samples. There is a clear pattern
in bacterial load at theifferent sites. Firstly, the bacterial loads from NPA and stool
samples peak at the sample time point, days 4 to 7 of life. Secondly, BAL and TAF
samples peak at the same time, at days 8 to 14 of life. Furthermore, samples from all

sites substantially deease at the time point after the peak.

6.4.2 A Comparison of the Microbial Communities from the Gut and

Lung of Preterm Infants.

The aim of this analysis was to compare the microbial communities at the four sites
from the lung and gut to determine if there wamng similarities. Moreover, the

communities were compared dugithe first 30 days of life, this allowed for
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comparisons in the development of the microbial community. The results of this
analysis at the phylum level are showrFigure63. From observing the graphs in

Figure63, the microbial communities of NPA and stool samples most closely resemble
one anotherbut are distinctly differentFor instance, over time the alolamce of
Proteobacteria increased during the first 30 days of life. Furthermore, Actinobacteria are
only present in these samples. The abundance of Tenericutes is the least in the NPA

samples andot present in the stool samples.

In order to analyse themparisons between the microbial communities at the four sites
sampled from preterm infants, an NMDS was conducted. The results of this analysis can
be found inFigure64. Firstly, it can be seen that the TAFdABAL samples cluster the

most closely together. Moreover, the NPA samples did cluster closely to the TAF and
NPA samples but not as closely. Furthermore, the stool samples clustered separately
from the lung samples but clustered to encompass all of tigesiamples. Another

interesting finding from this analysis was that the samples from each site did cluster

together, showing that samples from each site are most similar to one another.
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Figure 63. A Comparison of the Microbial Communities at the Gut and Lungs of Preterm InfantsThe number of samples used in each day of life grouping is given at the
bottom of each bar. The bars are the average perceattagdance of eagphylum for that days of life grouping.
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Figure 64. A Comparison of the Microbial Communities from Four Sites from the Gut and Lungs

of Preterm Infants. This is a NMDS plot using the BraQurtis dissiilarity index b determine the
relationships in bacterial communities between the samples. Samples are coloured according to site of
origin. The ellipses were also calculated in R. The percentages on the X and Y axis when totalled, 38%,
totals the amourtdf dissimilarityaccounted for in this figure.

6.4.3 The Association between Stool Protease Activity and Lung

Inflammation.

The aim of this analysis was to determine if the hypothesis of previous research, that the
exposure to bacteria in the gut programmesiimune systerto respond appropriately

to bacterial colonisation in other organs of the body such as the lungs, was possible. In
order to achieve this the levels of the cytokines$ land IL-8 from the lungs were

compared, over time, to the percentagprotease actity in the stool. The results of

this analysis found that there was no association between protease activity in the stool

and levels of IL6 and IL-8 in BAL and TAF samples.
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6.5 Discussion

6.5.1 The Comparison between the Bacterial Loads Sampled fro the

Gut and the Lungs of Preterm Infants.

The results of this analysis showed tbeg¢rall,the bacterial load in the lungs is much
lower than in the gut. In this population of infants, the predominant explanation for this
is that all infants recruited this study wereentilated as shown by previous research
(Armaforteet al.2010; Kellyet al.2016) The process of being ventilated means that
the area is kept sterile and inhibits the growth of bacteria and therefore thieaton

In contrast, the gut is still @ to the outside environment and therefore has the
potential to be colonized by bacteria. There are potentially other contributing factors
such as the gut being a more hospitable environment, such as the inaxealsdility

of food. In addition, duringhe ingestion of food, this introduces a substantial number
of bacteria into the digestive system.

Another finding from this analysis is that the bacterial load pattern during the first 30
days of life is very siihar in the TAF/BAL samples and the NPAdsl samples. This is

a really interesting finding as it shows that the development of the lower airways is
different to that of the upper airways. Moreover, it indicates that the colonisation of the
upper airwayssoccurring at a similar rate to tigeit. The TAF and BAL samples

peaked at days 8 to 14 of life whereas the stool and NPA samples peaked at days 4 to 7
of life. This is the key result that separates them and potentially indicates at separate

developmentaprocess.

The lower bacterial load in éhlungs and the similarity in bacterial load between the
lower airways and the upper airways/gut indicates at a consequence of ventilation. In
other words, the ventilation is potentially isolating the lower airwidngsirachea and
bronchus, from the out® environment. Whereas, the upper airways, the nose, and the
gut are exposed to the environment either directly or indirectly. Therefore, it was

important to investigate similarities in the bacterial community.
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6.5.2 Comments on the Bacterial Communities of tke Gut and Lungs

in Preterm Infants, and their Similarities.

The aim of this analysis was to determine if the bacterial communities at the gut and
lungs of preterm infants were similar or dissimilar. This was actibyecomparing the
communities at the phylum taxonomic level and performing an NMDS. The results
showed the NPA and BAL sites to one another and were very different from the NPA
and stool samples. These results were confirmed by the NMDS as the TAF and BAL
samples clustered closely together, with the NPA samples separate but close by. Then
the stool sampis also clustered separately but encompassed the samples taken from the

lungs.

There are several possibilities that could explain the separation ofctiesidga

community from the NPA samples from the rest of the airways. However, there is one
explanatio that is most likely. The infants recruited to this study were ventilated due to
respiratory distress after birth. As a result, they were intubated withegpassing from

the mouth into the lungs to deliver oxygen. This separated the lungs from tide outs
environment. In contrast, the nasopharynx was exposed to the outside environment and
the gut received transient components from the outside environfugtitermore, the
intubation tube would be kept sterile and changed periodically, therefore further
isolating the community there. As a result, the NPA and stool communities have
developed with more similarities to one another rather than the NPA samples
developing more closely to the rest of the airwdi®wvever, they ultimately remain

very distinct fran one another.

The translocation of bacteria from the gut to the lungs via the breakdown of the
epithelial barrier by proteases or excessive inflammalias been shown to not occur.
Firstly, due to the lack of concordance in the microbial communigegden the lower
airways and the gut. Secondly, due to the lack of protease activity in the guts or preterm
infants. Therefore, theinor similarities betveen the NPAs and stool samples is not a

result of bacterial translocation.

However, the Actinobact&a phylum is only present in the NPA and stool samples and
not the lower airways, but the translocation of bacteria is not happening in these infants

from the results of this project. Therefore, the origin of these bacteria in the NPA
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samples is unknowfT.he origin of the Actinobacteria in the gut is believed to be a

result of the administration of probiotics, but this reasoning does not explain their
presace in the NPA samples. However, it has been discussed that the NPA samples are
different from the TA- and BAL samples because of the exposure of the area to the
outside environment. Therefore, using this hypothesis the presence of Actinobacteria in
the NFA samples is from the outside environment. Unfortunately, samples of the NICU
were not taken as paof this study, therefore this theory cannot be proven. Moreover,
this is something to consider for future studies, in order to determine the origin of the
bacteria colonising preterm infants. There have been studies showing the correlation
between bacteripresent in the NICU and the microbial communities of preterm infants,
and there is some correlation between these commuftiteegtt et al. 2013)

Therefore, it is possible that the Actinobacteria @nésn the NPA samples is from the
NICU environment. Furthermore, it is unknown how much of an effessible NICU
Actinobacteria are present in the guts of these infants.

Similar to Actinobacteria only being present in the NPA and stool samples, the
Terericutes phylum is only present in the TAF and BAL samples. résigdt,however,

is easier to explaidue to the isolation of the lower airways. Moreover, it further
solidifies the lack of bacterial translocation due to the compromise of epithelial barrie

integrity.

The NMDS produced an interesting result in showing that the samples from the
airways, TAF, NPA and BAL, did not cluster together, and the stool samples clustered
away from this group. Furthermore, the TAF and BAL samples clustered the closest
together with the NPA samples close by but definitely separate. For reasons discussed
previously theTAF and BAL samples cluster so closely together due to their isolation
as a result of intubation. However, it is interesting to see that even due ifietfendes
between the NPA and TAF, BAL samples that when analysing using a dissimilarity
index the ommunities are similar and indicate at a shared origin. In addition, the stool
samples appear to encompass or be shared with the lung samples ratheinthan b
completely separate. This is an unusual result. Firstly, it could demonstrate the low
diversity present in the NICU due to the sterile conditions, therefore there is not a

plethora of bacteria present to colonise the infant. Secondly, these infanftear
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unable to feed enterally and therefore would not be ingesting bacteria from food,

resulting h the communities being less diverse.

6.5.3 The Association between Stool Protease Activity and

Inflammation.

The results of this study showed that due to élok bf inflammation and protease

activity in the stool, no associations between the inflammationisebka lung could be
made. Previous research has suggested that colonisation of the gut prepares or matures
the inflammatory system to respond approplyatie microbial colonisation in other

areas of the body, such as the lungs. Therefore, it is redsaoddypothesise that the

high levels of inflammation seen in the lungs is a result of the lack of inflammatory
programming in the gut, due to the low f@ase activity and undetectable6land IL-8

in the stool. However, more research is needed in toddtermine if this is the case.

In future research, it would be interesting to expose cultured gut epithelial cells, such as
HT-29 cells, to the faecaater to investigate if the stool has the potential to illicit an
inflammatory response. Moreoverpbb samples could also be tested to determine if

the inflammatory response is systemic.

Another key limitation of the study was the lack of samples flmarsime day from

both the gut and the lungs. As a result, it was not possible to investigate ags®ciat
between the gut microbial community and lung inflammation. Therefore, the current
research community hypothesis on the gut lung axis could not perfudistigated as
part of this study. However, as part of the study the lack of bacterial transtoaais
could be conclusively investigated.

6.6 Conclusion

In summary, the results of this study have shown that the gut and lungs of preterm
infantsdo nothave a similar microbial colonisation and that differences in this
colonisation processould bea result of external influences, such as intubation.
Furthermore, no association between stool protease activity and lung inflammation was
found,this was a interesting result as it shows that gut inflammatory responses are not
indicative of lung inflammatory responses. Conversely, the lack of immune response in

the gut could lead to an excessive inflammatory response in the lungs, as the gut lung
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axishypohes s suggests that gut microbi al col
other sites to respond appropriately to bacterial colonis@@oddenet al.2017; Dang

and Marsland 2019)Itimately, a lot more researdl needed to fully eludate the
concordance in development of the microbial communities in preterm infants.
Moreover, investigations into the role of these communities in the development of
disease is needed also. This preliminary study points towaits eole for the

devebpment of multiple microbial communities in the preterm infAstthis is the first

study into the role of the gut lung axis in the development of preterm infaats is no
recent literature in which to comment on and placedfudy, regarding preterinfants.
However, in conclusion the results of this study confirm the findings of previous studies
in that there is no evidence of the translocation of bacteria from the gut and the lungs. In
addition, due to the lack of concordaamples of the gut migbiome, it is unfortunate

that comments on the influence of the gut microbiome on lung inflammation cannot be

investigated.
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Chapter 7

General Discussions and Conclusion
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Chapter 7. General Discussion and Conclusions

A compehensive studgf the preterm gut microbiome and the protease potential of this
bacterial community was undertakéwerall,this research has further identified the
developmental process of the preterm gut microbiome and, for the first time, examined
theactivity and tys of proteases present in the guts of these infdotgover, it has
investigated the preterm gluing axis for the first time and provided interesting
findings.As a result, it has validated the presence of proteases in the gut ahpreter

infants, thusopening a door to further research within this area.

In this chapter, the central discussion points and conclusions of each chapter will be
reiterated and how the aims of this project, Chapter 1, were met. Moreover, the
implications of thé study to the wler scientific community and future gut microbiome
research in preterm infants will be discussed. In addition, the key areas for further
research will be highlighted and the potential this has for the health of the preterm
population.
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7.1 The Gut Microbiome of the Preterm Infant

Previous research has shown the gut microbiome of preterni gmdresdfrom a
Firmicutedominated community to Rroteobacterisone, and is affected by numerous
factors after birth, such as feeding. As a resiit,overall ainof this chapter was to
provide further evidence on the developmental process of the gut bacterial community
in this cohort. Moreover, clinical data collected at the time of sampling provided the
opportunity to investigate the effect of genénd other faors, not previously reported
upon. In addition, the data provided by this study allowed for the analysis of the

microbiome in relation to the development of NEC.

The results of this study showed that this cohort of preterm infants isoatkiat of
othercommunities studied, as they progressed frdfirraicute dominated gut

community to @roteobacteriasone. When these results are taken into consideration

with the results of previous research it solidifies the hypothesis that the gut microbiome
progressetowards aProteobacteriadominated community from Brmicute one

during the first month of life ipreterm infants. As a result, it can be said, with
confidence, the development of the preterm gut microbiome differs significantly from
that of fulkterm infants. Moreover, the individualistic nature of the preterm gut
microbiome was further validated ini$ study. Therefore, the confirmation of these
findings enables the next steps in this research to take place, such as the investigations
into the manipwtion of gut bacterial community. For example, maintaining the
Firmicutesdominance and preventingettakeover byroteobacteriaperhaps this

could be achieved by probiotics, as later research has shown. Moreover, this is a
possibility as the individualature of the preterm gut microbiome indicates at a
community that is easy to manipulate. In addititve manipulation of the gut

microbiome could lead to an increase in diversity, as this has been shown to be
healthier, and the results of this study fduhe diversity of the preterm gut to be low

and unchanging over the first 30 days of life.

The results of the analysis into the effect of clinical factors on the development of the
preterm bacterial gut community showed that the community as a wholetvas
affected by the specific factors. However, significant shifts in the bacterial community

occurred were shown to occur as a result of certain conditions. Firstly, gender caused a
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significant increase iRroteobacterian male infants. Reasons for thigme discussed

in Chapter 3, but a conclusion could not be drawn. Therefore, this is arf eesaarch

that needs further investigation as it implies that males are more at risk of developing a
Proteobacteriadominated microbiome and therefore future cboapions. The effect of
mode of delivery on the development of the bacterial communityeigukbof preterm

infants is another area of research that needs to be expanded upon, as the results from

this study contracted the findings of previous studies.

The finding that the significant difference between the sampling sites used in this study
wasa result of probiotics, were twiold. Firstly, that probiotics have a significant effect
on the gut bacterial community. This is an important finding for futesearch as it

shows that the gut microbiome of preterm infants can be manipulated. Sedondly,
shows that largscale studies recruiting from several NICU sites are a possibility as the

data can be pooled and interpreted as a collective cohort.

Finally, in relation to future studies into the therapeutic manipulation of the preterm gut
microbiome the results of this study showed that diet could be another method.
However, the results of this study in relation to the effect of diet on the bacterial
communty were limited. This was a result of the lack of infants receiving only formula
feeds or doar breast milk. There needs to be conducted with a larger cohort and an

equal number of infants receiving the variety of feeding methods.

Similar to the effect omode of delivery, the results of this study contracted that of

previous finding. The bacterKlebsiellaandClostridiumwere not associated with the

development of NEC in this study cohort, whereas they have been shown to be present

in the development dhis disease. This is an interesting result, but should be taken with

a pinch of salt, as ¢éhstudy was not designed around recruiting a high number of infants

who developed this disease. Therefore, this could be why the results of this study

contradict hat of previous research. On the other hand, this study did find the presence

of Bacteroidets was significantly increased in infants who did not develop NEC. These
results are similar to previous findings. The
the Bacteroidetegenus needs to be investigated further as it has the potential to save

lives.
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In summary, the results of this study demonstrate the need further research in this area.
The data has shown that the gut microbiome is a key part duringnpiatant

development and can be manipulated by a number of factors. Therefore, the results of
this study have been important in laying the foundation for future studies into the
potential for therapeutic manipulation of the preterm gut microbiome. Moreibese

have been unique findings. For example, two cohorts of infants from separate NICUs
could be combined into a single dataset and that the only significant difference was as a

result of probiotics.
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7.2 The Effect of Antibiotics on the Development othe Preterm Gut

Microbiome.

The aim of this research was to determine the effect of amtilsidininistration on the
development of the preterm gut microbiome. Furthermore, this included investigations
into the effect of antibiotics on the protease atiof the preterm infant gut. Previous
research showed that antibiotic administration in@éaates of sepsis and NEC but did
not detail the effect it was having on the gut bacterial community. Moreover, the role of

proteases in the preterm infant gus lyat to be commented on at all.

Firstly, antibiotics were found to have a significant dff@c the positivity of

sequencing. Antibiotics are made to target bacteria and eliminate them. However, for
them to have such a significant effect on the bacteoi@munity in the gut, is

interesting. This was the first indication that the findings o¥ipres studies, the

increase in sepsis and NEC, could be related to the gut bacterial community.

The only organisms to change as a result of antibiotic admimnsiraere the

Bacteroideteswhose presence increased in samples taken on antibiotics. Traking

information into consideration with the findings from the previous chapter, that

Bacteroidetesre more present in infants who do not develop NEC, it indi¢chtd

antibiotics could promote the growth BécteroidetesHowever, this contradicts

previous findings where antibiotics increase the development of NEC and sepsis. It

seems odd that antibiotics would promote the growth of a bacteria that could be
Apeotived against NEC. As a result, further
potentiali pr ot e c t Bacterdidetesarld & thesefare specific types of antibiotics

or dosage that is linked to the development of NEC and sepsis. This arezaothes

could lead to a significant reduction in these preterm diseases.

One of the unique fisings of this research was that there was no reduction in protease
activity as a result of antibiotic use. Due to the limited previous research and
methodology usegduring this study, the reasons for this can only be commented and

not concluded upon. Thiesult suggests that the proteases detected are of host origin.

In order to fully determine the origin of these proteases, different methodologies need to

be appled. For example, qPCR for transcription of human and bacterial proteases could
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be employed. Bwever, further studies into determining the exact types of proteases
present would be needed first, in order to identify the genes of interest. This could be
achieved by fractioning stool samples to contain proteases of different weight and then
sending hem for mass spectrometry to identify the molecular structure, this then leads

to precise identification.

Another unique finding was the effect of antibioticstiba samples taken from infants
at the different neonatal units. The antibiotics clearly redube presence of
Bifidobacteriumin the guts of infants from UHW. Therefore, antibiotics have the
potential to reduce the efficacy of probiotics given at theesi@imme of antibiotics. This
an important finding to be taken forward into future researthisnarea. Or even a
study dedicated to investigating the effect of antibiotics on the efficacy of probiotics
would be useful to conduct. As the efficacy of praic®within this community is not

fully known and research is contradictory.

During the firg¢ 30 days of life antibiotics caused a dramatic decrease in bacterial load at
days 6 to 10 of life, compared to infants not receiving antibiotics. This continugtio
antibiotic therapy past the first few days life, results in the absence of a peatt &t loa

the same time grouping. It is unknown what the effect this could be having on the
development of the infant. However, considering previous research thastsugge

immune programming in the gut prevents inflammatory processes occurring at other
sites wthin the body, such as the lungs. It could be suggested that this absence of
bacteria could lead to increased inflammation in the lungs. On the other handd it coul
also be protective for the infant, as minimizing exposure to potential pathogenic bacteria

could reduce the risk of developing NEC.

In summary, antibiotics play a key role during the development of the gut microbiome
in preterm infants. However, dueethical issues of withdrawing antibiotic therapy, the
full effects of these drugs will be wehard to study in this vulnerable population group.
However, a more largscale study, that could recruit enough infants to be able to
examine the effects of aagfic type of antibiotic or length of treatment, would provide
somemuchneededlata on theole these drugs play. This study has provided
preliminary evidence as to the effect they are having on the gut bacterial community,

but more research is needed.
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7.3 The Role of Proteases and Inflammation in the Development of

the Preterm Gut Microbiome.

The aim of this study was to, for the first time, determine the total protease activity of
preterm infant stool. Then investigate the content of this proteaseyabtninding out
the types of proteases present and the origin of the proteases. In atltition
inflammatory content, levels of {6 and IL-8, was investigated and was used to
compare to the protease activity. In relation to disease, it was necesdetgrinine of

the preterm disease NEC, could be caused by an excess of protease actilatytosim

adult gastrointestinal diseases such as IBD.

Overall the results of this study showed that there was no significant protease activity in
the stool of pregrm infants. Therefore, this suggests that preterm diseases such as NEC
do not have a contrittory effect from proteases. This was the first study into the total
protease activity of preterm infant stool and the change in activity during the first 30
daysof life. A disadvantage of this study was that there were naduth samples to
compare thee results to. Therefore, no conclusions can be made as to whether this is
Anor mal 6 for preterm infants, -teawrinffaetven i f t he
stool is comparable. For future studies a-falin cohort needs to be recruited alongside
preterm infants to investigate the role of proteases irtduth infants. Moreover, a

further study with a different cohort of preterm infants will either contrrdisprove

the findings of this study. This needs to be conducted to confirm the lacktehgzo

activity. However, explanations for this reduction in protease activity also needs to be
investigated because the lack of protease activity could be det@inaéso. Ultimately,

this research has generated a lot of questions and further aveniuggrioresearch,

which is why it has been a successful study.

A further uncertainty of the results of this study is the origin of the proteases detected in
the sbol. The association with bacterial load suggests they are of bacterial origin but the
lack d change in response to antibiotics suggests they are host derived. | have
commented on possible future experiments to determine this and it should be

investigated
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Another result of this study showed that there was no association between protease
activity and the development of NEC. As mentioned previously, the recruitment of this
study was not focused around recruiting infants who develop NEC and therefore the
numbers used during analysis were not large enough to produce significance. Moreover,
this is e first study in this area and further studies are needed to confirm or disprove
these findings. For example, one of the biggest difficulties with obtaining earmpm

infants who develop NEC is that a symptom of the disease is the inability to pass sto

therefore making it a difficult population to study.

Interestingly, the results of this study showed that several clinical factors did not have
effect on theotal protease activity. This is an unusual finding as there are significant
changes to thedeterial community, so the factors are having an effect in the preterm
infant but not on the protease activity. Again, this is further evidence towards a host

origin of the proteases detected.

The experiments used to determine the types of proteasestpreee stool of preterm
infants were limited and should be improved for future studies. For instance, all samples
should be subjected to the full suite of peste inhibitors to determine all types of
proteases present. Moreover, because the resultsrmaibe more specific than just
identifying the family of proteases, it again was very difficult to identify the origin or
comment on the role these proteaseshaving in the gut microbiome of preterm

infants. The experiments used in this thesis werdentify if analysis of protease

activity and type were viable in preterm infants. Therefore, this project was successful

in showing that this avenue of researchiable and has the potential for providing a

huge amount of information on the developingithe gut microbiome in preterm

infants.

Protease activity or family could not be linked to a group of organisms. Once again
providing evidence towards to thest origin for these proteins. Ultimately, this shows
that there are complex pathways an@nactions occurring in the gut microbiome of

preterm infants. Even those these infants may be preterm.

Finally, no detectable levels of 4 or IL-8 could be foad in the stool of preterm
infants. This was an unexpected finding and produced a lot afsgien, as it shows

that there is little to none localised inflammatory signalling occurring in the gut of
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preterm infants. Moreover, it suggests that inflammasgaggals are being produced and
taken away from the gut.

In summary, the protease and inflaatory content of the preterm gut microbiome was
low and undetectable, respectively. This was an unexpected finding and shows the gut
of preterm infants to be lessmplex than adults. In other words, the gut of preterm
infants is underdeveloped in relatitmtotal protease and inflammatory activity. This

has the potential to explain the development of disease in these infants. However, a lot
more research is needexdetermine if this is the case and, as said previously, a cohort
of full-term infants is aeded to determine if the development of the gut microbiome in
preterm infants is significantly different to that of ftéirm infants.
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7.4 The Role of the Gut Lurg Axis in the Development of Preterm

Infants.

The aim of this chapter was to investigate the similarities in the microbial community
between the gut and lungs of preterm infants. Moreover, due to previous research
indicating at a role of inflammatory pragnming occurring in the gut, links between
protease activity and lung inflammation were analysed.

Overall, the results of this analysis showed that the stool and NPA samples showed the
most similarity to one another, but were distinctly different. Moreawe TAF and

BAL samples showed the mostféifence to the NPA and stool samples. This was an
interesting finding and demonstrated the effect of intubation on the development of the
lung and gut microbiome in preterm infants. Furthermore, these resoftexed the

low protease activity observedpmnevious chapters. The lack of similarity between the
lower airways and the gut demonstrated the integrity of the gut epithelial barrier in the
infants. The strong epithelial barrier prevents the leakageotéra from gut, into the
bloodstream, and thepotentially to the lungs. Moreover, the undetectable levels-of IL

6 and IL-8 in the stool and the high levels observed in the lungs provides evidence to
the hypothesis of the gut being the source of immuagramming for the other

mucosal surfaces. Adtlly, this analysis was key in bringing together several
observations and threads throughout this thesis. In addition, these results indicate a role
for future research in the role of immune programming irgtitdor the health of

preterm infants.
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7.5 Strengths and Limitations of this Project.

Overall,this project wasuccessfuland this was a result of several contributing factors
that will be discussed in this chaptelowever,problems did arise during thisqyect as
with any scientific endeavour andtlfese challenges were not overcome, they will be

discussed also in this chapter.

Firstly, a large number of infants were recruited to this project who provided a
substantial number of sampl@is added a swbantial amount of power to the study.

As a result, a high amount of confidence could be found in the results that they
accurately reflected the parameter being tested. This was a great strength of the project
as previous research into the gut microbiorereterm infants did not have a large
samplesize(Jacquott al.2011; Arboleyaet al.2012; Barretet al.2013)

Secondlythe use of two recruitment sitess a positive for the recruitment of the large
numberof babies, but it also provided a unique opportunity to study the gut microbial
communities of infants delivered and raised in different NICUs. Toehefii of this

study it showed that the only significant difference was as a result of probiotic
adminstration and therefore the data could be combined and studied as a whole. This
information is now available for future studies, to enable even largertsab be

recruited across multiple sites.

Thirdly, multiple bodily sites were sampl&®m the infans recruited. Thisvas another

unique methodological technique for studies into the preterm gut microbiome and it

yielded very interesting results. Aseas ul t , t his study has shown th
the preterm infant can be investigated and shprdduce interesting findings to the

scientific community.

As shown during this thesis, the methods implemented during this project were reliable
andwell known and then found, to produce accurate resintaddition methods
developed as part of this pect were found to produce reliable resaltsl allowed for

insights not previously investigated in preterm infants.

Next, it was relatively easy to cotlethe stool samples as they would otherwise be
considered waste products. Furthermore, the methsal to collect the samplesane

predominantly nofinvasive Therefore, the ethical considerations of the sample
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collection methods for this study were nmral and i did not raise concerns with any of

the parents of the participants.

Finally, a large amourdf clinical data was collected alongside the samples which

allowed for a detailed analysis during this projéttis is an important strength of this

study that is not as possible for smaller published studies. Moreover, it allowed for
analysistobecondut ed t hat hadndot been previously
microbiome developmeniHowever as with laprojects there were difficulties

encountered and ways in which could be improved upon next time.

Thetotal protease activity of the stool sveow thatpotentiallythe method used was not
sensitive enouglFirstly, the faecal water samples could haeem normalised to a

greater protein concentration, as these are samples from preterm infants. This would
have resulted in larger numbers whichyrhave been able to provide more insightful
results. However, the ratio of sample activity to standard wowd heen the same so,
ultimately this would not have solved the problem. Perhaps a manufactured kit such as
the Pierce Colorimetric Protease ass@ayld have been more approprigerce claim

this assay is 1000 times more sensitive than unmodified cassays.

Secondly, no specific proteases were identified, such as tryjsgwas a significant
limitation when the ProteaseArrest assays frofi@ciences could not identify

bacterial and mammalian produced proteases. Without knowing the functiof#tigy o
proteases that were detected it was very difficult to assign any role for the proteases in
the development of the preterm gut microbiomeergfore, this is something that needs
to be improved in future studies, such as uswags spectrometry wouldhve been able

to specifically identify the proteases presémtaddition, methodology to investigate the
origins of the proteases would be usefven if it was not successful in this study. For
example, bacteria could be isolated from the faecal sarmpéesultured on lactodece
skimmed milk agar, an established method for identifying protease producing bacteria
(Morris et al.2012)

Thirdly, even though theesults showed little or no local protease activity or
inflammation to warrant epithelial barrier integrity exjpnents. It could have been a
final experiment to conclusively determine if the epithelial barrier was compromised in

these infantsExperimentghat could have been conducted to investigate epithelial
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barrier integrity would be transpithelial electriaesistance (TEER) experiments. These
experiments require the growth of an epithelial monolayer on a cell culture insert
suspended in a well. Thepithelial barrier needs to be fully differentiated for the tight
junctions to form. After 21 days the restirgsistance of the epithelial barrier would be
measured. Then the layer would be exposed to faecal water from the preterm infant and
the TEER remasured after a given time. If the resistance of the layer drops then the
proteases in the faecal water couldesponsible for the destruction of the tight

junctions(Srinivasaret al.2015)

Finally, even though a plethora of data was collected on the infants, very little data was
collected on drhe imotfhetrwrse tshteukifes mi cr obi ome
would be useful to identifytheeoi gi n of the bacteria seeding th
This was not a problem for this study as the multiple body sites tested and recruitment

sites used, there wada of data. However, for future studies, particularly those

investigating the proteasemtent or gidung axis microbial content, data on the

motherswould provide useful insights. For example, the origin ofAb&nobacteriain

the NPA samples was nfatund in this project and perhaps vaginal seeding is

responsible but it is not possiblededuce without this information.

7.6 Future Directions.

A strength of the study not detailed in the previous section are the multiple avenues for
future studies. Thiproject has answereapiestionsput it has also generated many more
and inthis sectionhese possible projects will be discussed.

Firstly, data from t he mo tColeatishisdatacr obi ome <co
would allow for the origins of colonisgnbacteria to be identified. Moreover, if

combined with the techniquesed in this thesi to study the gtung axisthe seeding

origins of multiple body sites on the preterm infant can be investigeitesihas great

potential In addition, if the protease activity of the stool of the mothers could also be

obtained then this could be compate the infants. This wouldliminate any genetic

component ton the levels of protease activity discovered in the infants.

Secondly, furthermorm-depthmethods could be used to precisely determine the

families of proteases present in the guts of ti@sats.As previously menbned, this
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could be done by mass spectrometry or by using gPCR techniques to identify the
transcription of protease genes within the bacteria and the infants themselves.
Moreover, if the protease producing bacteria could beii@d then the proteases @bu

be isolated this was and examined.

It would be beneficial to determine the origin of the proteases present, if they are
bacterial or hostThis would enable future researchers to determine if the bacteria
colonising the guof preterm infants are intacting with the host and fully exploiting
this unigue ecological nich&loreover, investigations into the contribution of bacterial

proteases on host health could be investigated.

Some of the future directions discussed in $leistion such as investigaitis into the
types and origin of proteasesomiredent, c
techniques such as metatranscriptomics and metabolomics. These techniques would
allow for studies that encompass the whole of the gutalicme as discussed above.
Moreover, the development of the microbial community during the first month of life
has been thoroughly examined and now researchhatoontributions this community
makes to host metabolism and disease needs to be investm#te same degree.

Usinga metatranscriptomics technique, like a metagenomic technique, a huge amount
od data on the active genes of both the host and bacteria can be invesigeateder,

a metabolomics technique will again allow for research irgartteractions between
hostand microbial community in the preterm gut microbiome. In addition, the transient
diet components can also be taken into consideration using this technique and this will
give future researchers access to study the ways thelmalccommunity exploit the

diet, or lack thereofof the infant.

Finally, a previous limitation of the project, that can be taken into consideration with
future projects, is the lack of a fabrm cohort. Without this cohort it was impossible to
commentf a lot of the findings wee normal or notTherefore, to include matched full
term cohorts in future studies would enable for the confirmation of several results of
this study. For exampléhe finding that the lower airways develop independently from
the upper airways and sto@d$ibeen hypothesised to be a result of intubation. However,

without results from full term infants this result cannot be confirmed.
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7.7 Concluding Remarks

The key novel findings from this study are as follows. For thistiime the significant

effect ofgender on the gut microbial community has been demonstrated. Previously,
this effect has only been seen in full term neon@d#tzstin et al.2016) Secondly, the
investigations into the role of stool protease activity in the developrhém preterm

gut microbiome has been investigated. Unfortunatblyyésults were not found to be

as informative as the role of proteases in the development of adult gut {&teaket

al. 2013) However, it was still an important finding to show that proteases do not
appear to have amportant role in the development and progression of NE@dly,
theBacteroideteg e nus was found by this project and
against the development of NEBammiet al.2017) A novel finding of this study was

that antibiotics significantly reduced theualolance of this phyla in the preterm infant

gut. This is an important finding as previous studies have shown that antibiotics
increase the incidence of disease in preternrmisfdout have yet to identify specific

bacteria to be affected by the antibioti€otton 2010) Finally, for the first time the

isolated development of the lower airways, upper airways and gut has been found in the
preterm infant. Previous research has shown thajubking axis refers to the

programming of the immune system by the gut, or ffexof gut bacteria on the

development of lung diseas@henet al.2011b)

The researchrpsented in this thesis has confirmed the development of the preterm gut
bacterial community during the first 30 days of life but has begun to shed light on the
protease andchflammatory content of the stool. The future of this research has great
implications for the health of preterm infants. Moreover, in contrast to the hypothesis,
the lack of protease activity could have greater implications for health than the
abundant. Ma targeted approaches need to be implemented, as discussed in this
chapter, to islate and characterize the proteases in the stool of preterm infants. In
conclusion, the research provided by this thesis has shown that the gut microbiome of
preterm infantss complex, significant to development and full of potential. Therefore,

this thesis has provided a unique and significant contribution to scientific knowledge.
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