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Abstract  
The gastrointestinal (GI) tract is a crucial site of innate and adaptive immune 

regulation, balancing tolerance of beneficial commensal microorganisms and reaction 

to invading pathgens.  Pattern recognition receptors (PRRs), including Toll-like 

receptors (TLRs), are vital sensors in the orchestration of these immune responses to 

maintain intestinal homeostasis.  Furthermore, these responses must be tightly 

regulated to ensure an appropriate level of response.  There are multiple classes of 

regulators including non-coding RNA microRNAs which regulate mRNA expression. 

 

In this project, we sought to explore the role of microRNA-21 (miR-21) in intestinal 

health and disease.  miR-21 is considered to be an anti-inflammatory regulator in 

various contexts in immunity, with the negative regulation of TLR4 signalling being 

of particular interest. However, it has also been shown to be deleterious in cancer and 

its expression is elevated in patients with several inflammatory disease including 

inflammatory bowel disease (IBD). 

 

Using specifically generated transgenic mice, we investigated the role of miR-21 in 

IBD and infection.  First, we have shown that miR-21 is pathological in chemically 

induced models of IBD, with miR-21-/- mice protected from the disease relative to 

wild-type controls.  This protection appeared to be in part mediated by the intestinal 

microbiota of the miR-21-/- mice, as determined by co-housing and germ-free 

recolonization experiments.  16S sequencing confirmed differences between wild-

type and miR-21-/- microbiotas and antibiotic depletion experiments demonstrated that 

the microbiota is essential for the miR-21-/- protective phenotype.  We postulate that 

miR-21’s negative regulation of the tight junction integrity protein RhoB and the 

mucin secreting protein MARCKS alter the microbiota through modulation of the 

intestinal microenvironment.  We also sought to characterise miR-21’s role in 

infection, and demonstrated that miR-21 limits macrophages invasion the gram-

positive pathogen Listeria monocytogenes, again possibly through modulation of 

RhoB and MARCKS and their role in phagocytosis.   

 

These results have uncovered novel roles for miR-21 in modulation of the host 

response to commensal and infectious bacteria.   
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1. Introduction 
1.1. The innate immune system 

1.1.1. General introduction 

 

Animals and plants have evolved over time to protect themselves against harmful 

invading microbes which cause disease.  These adaptations form the immune system, 

which in vertebrate organisms comprises many cells and organs that can recognize 

and eliminate pathogens in a variety of ways causing minimal damage to the host in 

the process when functioning correctly. The immune system of many higher 

organisms is generally thought of as having two arms: the innate immune system and 

the adaptive immune system.  The innate immune system is the point of first contact 

with invading pathogenic microorganisms which includes bacteria, fungi and viruses.  

It senses potentially infectious agents in a more general manner than the adaptive arm, 

meaning it has the capacity to recognize and attack multiple types of invading 

pathogen quickly and robustly.  The adaptive immune system on the other hand 

provides the later part of the organism’s response, is highly specific involving the 

generation of immune memory and requires activation by the innate response to 

occur.     

 

The innate immune system is comprised of several components that act in tandem to 

prevent and manage infection.  The first of these components are the body’s barriers: 

the epithelia and mucosal linings, which possess non-specific anti-microbial 

properties (e.g. anti-microbial peptides, cilia etc) to prevent infectious agents entering 

the body (the skin) or staying in the body once they have made their entry (gut and 

lung epithelia etc) 1.  Beyond these barriers, the innate immune system possesses 

several cell types and other mechanisms to control and destroy any pathogens which 

do make it through the initial defence and try to establish themselves.  These include 

white blood cells such as macrophages, neutrophils and other granulocytes, which are 

broadly termed leukocytes and can either be tissue-resident or circulating through the 

body’s vasculature 2.  There are also biochemical pathways, such as the complement 

and coagulation pathways among others.  These cells and biochemical processes 
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combine to stall invading pathogens, label them for destruction, destroy them via 

several killing mechanisms and instigate mobilisation of the more specific adaptive 

immune system to the danger presented so that the host may mount a fully fledged 

immune response. 

 

1.1.2. The innate immune response and inflammation 

 

As the innate arm of the immune system is the first point of contact for invading 

pathogens it must be generated rapidly in response to infection.  During this response 

the site of infection becomes inflamed due to the infiltration of immune cells and 

chemical mediators.  During inflammation, the blood vessels become dilated leading 

to increased local blood flow and the leakage of fluid that accounts for the heat, 

redness, and swelling.  This response has evolved to allow the rapid accumulation of 

immune cells and mediators to help clear the infection.  Macrophages encountering 

pathogens in the tissues are triggered to release secreted protein messengers termed 

cytokines that influence the behaviour of the body’s cells in response to infection: in 

this case, they increase the permeability of blood vessels, allowing fluid and proteins 

to pass into the affected tissue.  They also produce specialised cytokines termed 

chemokines that direct the migration of neutrophils to the site of infection 2.  As this 

process continues, the adaptive immune system becomes involved upon activation by 

antigens released from destroyed pathogens and presented to T lymphocytes by 

professional antigen-presenting cells (APCs) such as macrophages and dendritic cells 

(DCs) amongst other processes.  Inflammation is therefore a key part of the defence 

against infection. Macrophages are a crucial cell type in this context with many 

important roles including bacterial recognition, phagocytosis, cytokine release, and 

antigen-presentation. While inflammation is an important process for clearing 

infection, excessive inflammation causes enormous tissue damage and is detrimental 

to the body.  As such, tight controls are required to ensure that resolution and tissue 

repair begins once the need for inflammation has been eradicated.  Serious 

inflammatory disease results from a breakdown in these controls. 
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1.1.3. Macrophages 

 

Macrophages are professional phagocytic cells of the innate immune system, which 

encounter and engulf invading pathogens, cellular debris and other potential 

deleterious substances in order to protect the body from infection and maintain normal 

homeostatic conditions3.  Discovered by Élie Metchnikoff in 1884, the term 

phagocyte was coined and is derived from Greek for “big eater” in keeping with their 

role as professional phagocytes. Macrophages are present throughout the body’s 

tissues, and can be either derived from monocyte precursors or, as is the case with 

most tissue-resident macrophages, from embryonic precursors seeded before birth and 

can maintain themselves by self-renewal 4.  There is an increasing recognition of the 

variety of roles they play in maintaining homeostasis and resolving inflammation 5.  

Macrophages in different environments display altered gene expression and immune 

phenotypes as a result.  In addition, macrophage-like populations in different 

compartments (e.g. microglia in the brain, Kuppfer cells in the liver) add to this 

heterogeneity.  For instance, a lung-resident alveolar macrophage is required to react 

to far more exogenous pathogens and particulate matter than the brain resident 

microglia whose primary role is the clearance of dying neurons and maintenance of 

brain homeostasis 6.  A model of differentiation between functionally distinct 

macrophages arose during the late 20th century, which describes “classically 

activated” (or M1) pro-inflammatory macrophages and “alternatively activated” (or 

M2) anti-inflammatory macrophages.  Whilst this paradigm is now outdated, and it is 

apparent that macrophages in fact fall somewhere along the spectrum between these 

two poles, it is still a useful means of describing macrophage function 7.  One of the 

most important functions of macrophages of all types is phagocytosis. 

 

1.1.4.  Phagocytosis 

 

Phagocytosis is the process by which cells “eat” objects and is associated once again 

with Élie Metchnikoff’s work in the late 1800s 8.  This process is employed 

physiologically for a variety of reasons by a variety of organisms, but in the immune 

system it is used both to destroy invading organisms and to clear dead cells or parts of 
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dead cells in the resolution of inflammation to restore homeostasis.  The former 

process is generally regarded as being pro-inflammatory, and the latter anti-

inflammatory 9-12.  Following recognition of invading bacteria, actin polymerisation is 

initiated through signals from phagocytic receptors and RhoGTPase activity 12. This 

actin restructruring forms a phagocytic cup which subsequently encloses around the 

bacterium to form the early phagosome.  The early phagosome is associated with a 

number of markers such as Early Endosome Antigen 1 (EEA1) and Rab5 which 

localise to the phagosome and aid its subsequent maturation.  The maturation steps 

which follow involve fusion with endosomal vesicles and fission vesicles, moving 

through early, intermediate and late stages (characterized by Rab7 localisation) 

culminating in formation of the mature phagolysosome which has acquired a full 

bactericidal repertoire 13.  This maturation is demonstrated in Figure 1.1.  This 

repertoire includes an increased acidicity than the early phagosome (pH 4.5 over pH 

6.2), the ability to generate reactive nitrogen intermediates such as nitric oxide (NO) 

and production of reactive oxygen species (ROS) 14.  In this way, macrophages can 

clear infectious agents, but also during the process of degrading them they can process 

antigen for presentation to cells of the adaptive immune system via the surface major 

histocompatibility complex  (MHC) class I and II molecules.  Several pathogens have 

evolved strategies for evading and manipulating the phagocytic response, using it to 

their advantage to gain an intracellular niche.  These niches can be formed by 

inhibiting the maturation of the phagolysosome, as is the case in Mycobacterium 

tuberculosis infection, or by escaping the early phagosome completely, a strategy 

employed by the Gram-positive bacteria Listeria monocytogenes 15,16. 

 

These functions of the macrophage are crucial for the swift response to infection and 

the maintenance of tissue homeostasis. In order to achieve this, the cell must first 

recognize the offending pathogen and this is achieved through the expression of 

Pattern Recognition Receptors (PRR). Indeed, so important are these receptors that 

the M1 macrophage is defined by the polarization that results in the sensing of 

bacterial lipopolysaccharide (LPS) using the PRR Toll-like receptor (TLR) 4 7. 
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Figure 1.1 Phagocytosis of bacteria and maturation of the phagosome 

Bacteria are initially sensed by phagocytic receptors on the surface of the plasma membrane which 
initiate actin filament polymerization to form a phagocytic cup.  This phagocytic cup encloses the 
bacteria and is pinched off the forms a phagosome vacule, where the bacteria is contained inside an 
endosomal compartment formed from the plasma membrane.  This phagosome gradually matures to 
through early (EEA1 and Rab5 positive), intermediate (Rab5 positive) and late stages (Rab 7 positive) 
before fusion with the lysosome generates a mature acidic phagolysosome capable of degrading the 
ingested pathogen.   

 

1.2. Pattern recognition receptors 
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Several innate immune cells recognize invading pathogens or components of damaged 

host cells using what have been termed PRRs that sense parts of the invading 

pathogen broadly termed Pathogen Associated Molecular Patterns (PAMPs) or in the 

case of damaged host cells Damage Associated Molecular Patterns (DAMPs).  In 

more recent years the term Microbe-associated molecular pattern (MAMPs) has also 

been coined to account for the sensing of microbes which are not inherently 

pathogenic such as those in the commensal microflora.   Cells that possess these PRRs 

are vital in triggering both inflammation and other innate responses, and in triggering 

the adaptive response.  These PRRs have led to a change in the conventional 

perception of innate immunity as being “non-specific” as they in fact recognize these 

conserved PAMPs with very high levels of specificity.  The adaptive system however 

recognizes the specific strain of pathogen exactly.  Several PRRs have been identified 

over the last 15 years or so, beginning with the discovery of TLR4 as a human 

homologue of the Toll-protein from Drosophila melanogaster17.  Since then, different 

types of PRR have been described and characterized which appear in the plasma 

membrane, endosomes and cytosolically. These include the Nucleotide 

Oligomerization domain (NOD)-like receptors (NLRs), Toll-like receptors (TLRs), 

Retinoic-acid inducible (RIG)-like receptors (RLRs) and Absent in myeloma 2 

(AIM2)-like receptors (ALRs)17,18.  There are a huge variety of receptors present, and 

this allows the cells of the innate immune system to respond to many different 

PAMPs in order to mount an effective response against any pathogen it encounters. 

 

1.2.1. Toll-Like Receptors 

 

The discovery of Toll-like receptors and their crucial role in the immune response was 

fully recognized in 2011 as one of the most important scientific discoveries of recent 

times when the Nobel Prize for Physiology or Medicine was awarded to Bruce 

Beutler and Jules Hoffman (along with the late Ralph Steinman who characterized the 

dendritic cell) for their work in the area 19-21.  The Toll protein was initially 

discovered in the mid-1980s 22 and then implicated in host defence by Hoffman in 

1996 20 before a human homologue was found shortly afterwards by Beutler et al 21.  

Charles Janeway played a crucial role in their characterization as functional receptors 

in mammals, and was the first to propose the existence of such a set of receptors 23.  
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The first TLR found, later renamed TLR4, responds to the gram-negative bacterial 

PAMP LPS via an LPS binding protein (LBP), Cluster of Differentiation 14 (CD14) 

interaction and MD2 (also known as lymphocyte antigen 96) 24.  TLRs are type-1 

transmembrane glycoproteins which belong to the Interleukin-1/Toll-like receptor 

Superfamily due to a conserved domain, shared by all members of this family, called 

a Toll/IL-1R homology (TIR) domain 25.  This TIR domain is in the cytosolic part of 

proteins in this family and is a crucial domain for downstream signalling by these 

receptors.  The extracellular domain (or extra-vesicular in the case of the cytosolic 

TLRs 3, 7, 8 and 9) of TLRs is made up of several leucine-rich repeats with which it 

binds PAMPs using its unique horseshoe conformation.  PAMPs that are sensed by 

TLRs are hugely varied and include products from bacteria, viruses, fungi and 

protozoa.  There are currently 10 known human TLRs (12 in the mouse) that fall into 

two types.  Cytosolic TLRs (TLR 3, 7, 8 and 9) recognize nucleic acid in different 

forms and cell surface TLRs (TLR 1, 2, 4, 5, 6 and 10) recognize proteins, lipids, 

phospholipids, carbohydrates and other pathogen-derived molecules 17.  TLRs (and 

other PRRs) are highly conserved and many homologues can be found in a huge 

number of organisms, from recently evolved to ancient, many of which use them as 

their sole defence against pathogens 26,27.  PRRs and TLRs sense pathogens or danger 

signals in the form of ligands and respond by activating different transcription factors 
28,29.  These enable the transcription of a huge multitude of different genes that 

function in immunity.  Originally TLRs were most commonly thought of as sensors 

that induce pro-inflammatory signals such as regulation cell-surface receptor 

expression, secretion of pro-inflammatory cytokines, ROS, NO etc.  However, it is 

now evident that they also induce anti-inflammatory signals 30-32.  They achieve this 

by signalling through complex networks of signalling molecules, which are often 

organized into discrete pathways for ease of understanding, though there is often 

crossover between these networks.  

 

1.2.2. TLR signalling 

 

Research into the mechanisms by which TLRs signal to induce changes in the cell has 

been a huge area ever since they were discovered to have a key role in innate 

immunity.  As previously stated, TLRs belong to the Interleukin-1/Toll-like receptor 
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Superfamily and contain a cytosolic TIR domain33.  Upon ligand binding to the extra-

cellular domain, TLRs dimerize (mainly forming homodimers, apart from TLR2 

which forms heterodimers with TLR 1 or 6) and recruit TIR containing adaptor 

proteins to their own TIR domains.  There are currently 5 known adaptors; Myeloid 

differentiation primary response gene 88 (MyD88), MyD88-adaptor like protein (Mal, 

also known as TIR-containing adaptor protein [TIRAP]), TIR-containing adaptor 

protein inducing interferon-β(IFN-β) (TRIF), TRIF-related adaptor molecule (TRAM, 

also known as TIR-containing adaptor molecule [TICAM-2]) and sterile α- and 

armadillo-motif containing protein (SARM) 34.  These adaptors associate with 

different combinations of TLRs and activate various different downstream effecter 

molecules that eventually lead to transcription factor activation.  Examples of these 

effecter molecules include the Mitogen-activated protein (MAP) kinases, the 

Interleukin-1 associated kinases (IRAKs), the I-κB kinases (IKKs) etc 17.  The signal 

is often transferred through kinase activity of each molecule, leading to a 

phosphorylation cascade effect.  This phosphorylation can also target proteins for 

ubiquitination by E3 ligases and subsequent degradation by the proteosome.   

 

The diversity of receptors, adaptors and downstream signalling molecules allows for 

the generation of very specific responses and also allows the immune system to 

compensate if one sensing mechanism is defective or blocked by a pathogen.  These 

signals eventually lead to induction of genes specific to the immune response via 

different transcription factors such as nuclear factor κB (NF-κB) via IKKs or Akt, 

activator protein-1 (AP-1) via MAPKs, interferon regulatory factor (IRF3) via TRIF 

or signal transducer and activator of transcription 3 (STAT3) via the Janus associated 

kinase (JAK)/STAT pathway.  These pathways lead to the transcription of highly 

potent immune mediators such as pro-inflammatory cytokines, and as such they must 

be tightly controlled.  A summary of these pathways is illustrated in Figure 1.2. 

Numerous heritable conditions exist where aberrant activation of TLRs or elements of 

their signalling pathways leads to disease, including anhidrotic ectodermal dysplasia 

(EDA-ID) 35.   

 

It is clear that the loss or loss of function of these key molecules could lead to severe 

infection, but overactivation or excessive functionality could be equally deleterious, 
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as excessive inflammation would lead to tissue damage.  The correct function of 

PRR’s is particularly crucial at the body’s barriers, where reacting appropriately to 

clear invading pathogens and tolerate beneficial commensal microbes is crucial for 

the health of the host.  The main barrier of interest to this thesis is the intestinal 

barrier.  
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Figure 1.2 A summary of TLR signaling pathways 

TLR signalling is initiated by ligand-induced dimerization of receptors. Following this, the Toll–IL-1-
resistence (TIR) domains of TLRs engage TIR domain-containing adaptor proteins (either myeloid 
differentiation primary-response protein 88 (MYD88) and MYD88-adaptor-like protein (MAL), or TIR 
domain-containing adaptor protein inducing IFNβ (TRIF) and TRIF-related adaptor molecule 
(TRAM)). Engagement of the signalling adaptor molecules stimulates downstream signalling pathways 
that involve interactions between IL-1R-associated kinases (IRAKs) and the adaptor molecules TNF 
receptor-associated factors (TRAFs), and that lead to the activation of the mitogen-activated protein 
kinases (MAPKs) JUN N-terminal kinase (JNK) and p38, and to the activation of transcription factors. 
Multiple transcription factors are activated by TLR signalling the most important of which are nuclear 
factor-κB (NF-κB) and the interferon-regulatory factors (IRFs).  Other transcription factors, such as 
cyclic AMP-responsive element-binding protein (CREB) and activator protein 1 (AP1), are also 
important. A major consequence of TLR signalling is the induction of pro-inflammatory cytokines, and 
in the case of the endosomal TLRs, the induction of type I interferon (IFN). dsRNA, double-stranded 
RNA; IKK, inhibitor of NF-κB kinase; LPS, lipopolysaccharide; MKK, MAP kinase kinase; RIP1, 
receptor-interacting protein 1; rRNA, ribosomal RNA; ssRNA, single-stranded RNA; TAB, TAK1-
binding protein; TAK, TGFβ-activated kinase; TBK1, TANK-binding kinase 1. Adapted from O’ Neill 
et al 2013 29 
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1.3. Intestinal Immunity 

1.3.1. Barrier immunity 

 

As previously mentioned in section 1.1.1, the mucosal sites of mammalian hosts are 

the first point of contact for the majority of antigens and potential pathogens, and as 

such they are sites for immunity and immune tolerance to the commensal organisms 

which reside there.  The physical barriers of the respiratory, gastrointestinal and 

urogenital tracts are sites of intense immune activity, where resident immune cells 

sample the environment and potentially dangerous foreign bodies or pathogens are 

distinguished from harmless material or commensal microflora 36.  The barriers also 

must often serve multiple roles simultaneously, with enough flexibility to allow in 

nutrients, gases and other essential materials while also remaining impregnable to 

pathogenic foreign bodies 1,37. 

 

1.3.2. The gastrointestinal barrier 

 

The gastrointestinal (GI) barrier is a site with a very large surface area of 

approximately ~32m2 that encounters the majority of the foreign antigens that enter 

the body 38.  The environment of the GI barrier is composed of four interconnected 

elements: the commensal microbiota, a two-part mucus layer, a single layer thick 

epithelial cell layer, and finally various populations of immune cells in compartments 

known as the gut associated lymphoid tissue (GALT) and spread through the 

underlying lamina propria.  These four elements regulate one another to ensure 

homeostasis, and if one element is compromised disease is likely to follow.  

 

The two-part mucus barrier is the first host layer of the homeostatic intestinal immune 

system.  The mucus layer of the intestine consists of an inner glycocalyx of 

membrane-anchored mucin proteins, covered by an outer layer of secreted mucins, 

which, in addition to being a viscous barrier to microbes, forms a matrix loaded with 

high concentrations of intestinal epithelial cell (IEC)-derived antimicrobial peptides 

and secretary IgA (sIgA) which physically separates the intestinal microflora from 
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aberrant contact with epithelium itself 39.  This outer layer of mucus is inhabited by 

the commensal bacteria residing in the intestinal lumen, whereas in the denser inner 

layer there are no bacteria present 40.  Mucin proteins contain a proline-threonine–

serine domain which allows the proteins to be glycoslyated.  This O-glycosylation 

amounts for the 80% carbohydrate composition of the mucous mass, and provides 

glycans and other nutrients for commensal bacteria 41.  This layered regulation allows 

commensal microorganisms to occupy the outer niche and provides a source of 

nutrients for microbes that are beneficial to the host.  The maintenance of this mucus 

barrier relies on both intestinal IECs to secrete mucins, mostly Muc2, but also the 

presence of a resident microflora population to provide signals to the IECs via PAMP 

release.  This is evidenced by the finding that the reduced mucus layer present in 

germ-free mice can be restored by the administration of TLR ligands 42.   

 

This brings us to the second element of the host’s GI tract innate immune system.  

The epithelial barrier is composed of a combination of absorptive IECs, specialized 

IECs with diverse regulatory functions such as goblet cells and Paneth cells, and 

resident immune cells of various lineages 43.  It consists of a single layer of columnar 

epithelial cells that provide an effective physical barrier separating the vast bacterial 

load of the intestinal flora from cells of the host immune system beneath.  The 

continuous crypts and villi that make up the intestinal epithelium possess several 

physical, biochemical and immunological mechanisms ensuring intestinal immune 

homeostasis.  In the context of the gut, immune homeostasis entails mutualistic 

interactions with commensal microbes contrasted by protective immunity to invasive 

pathogens.  Actin-rich microvillar protrusions from the apical IEC surface form a 

mechanical brush border, which, in combination with goblet cell-secreted mucins, 

comprise a sterile barrier that is impermeable to most intestinal microbes.  IECs are 

permanently in contact with the intestinal lumen contents and, therefore, ideally 

located to undertake immunosurveillance of commensal and pathogenic populations 

within the intestinal microbiota in collaboration with the underlying bona fide innate 

immune cells.  MAMPs triggering of PRRs classically drives a nuclear factor-κB 

(NF-κB)-dependent pro-inflammatory response and initiation of both innate and 

adaptive immune responses to the invading microbe.  Importantly, triggering of PRR 

signalling within IEC is critical for a broad spectrum of host- protective responses to 

pathogenic species in the intestine 44.  IECs express PRRs at a low level, and their 
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function is crucial for intact barrier function as has been shown through mouse 

models deficient in TLR signalling components 45.  Along with this direct sensing, 

IECs are involved in the sampling of the luminal contents via specialized microfold 

cells (M cells) and the delivery of these contents to innate immune cells.  One of the 

most important modulatory functions of the IEC layer is the maintenance of a flexible 

physical barrier via tight junctions (TJs) to stop invading pathogens gaining entry, but 

to allow uptake of nutrients and other material across via paracellular uptake 37.  

Material can also be taken up via direct entry in to the cell, termed transcellular 

uptake. The same is true for antigen and other immune stimulating materials such as 

PAMPs or DAMPs, which can then be taken for processing by the resident cells of the 

innate and adaptive immune system.  This process must be tightly regulated to ensure 

that the TJs do not allow in harmful material or excessive amounts of 

immunomodulatory molecules from commensals that reside in the lumen.  Control of 

TJs is regulated by many different proteins and requires paracrine signalling from cell 

to cell. Host health can be severely compromised if there is a breakdown in the 

capacity of the gastrointestinal barrier to monitor the luminal contents, regulate TJ 

integrity during nutrient uptake or maintain an effective mucus layer to localize 

commensal bacteria.  This is summarized in Figure 1.3.  

 

The final element of the host immune system in the gut is the immune cells 

themselves.  As the IEC barrier must be somewhat permeable, these cells are crucial 

for ensuring homeostasis.  The immune cells present are varied, and appear within 

different locations along the GI tract.  For instance, there are aggregated lymphoid 

follicles (also called Peyer’s patches) in the small intestine which contain a high 

proportion of B and T lyphocytes and smaller populations of mononuclear leukocytes 

such as DCs, macrophages and neutrophils 46.  There are similar follicles present in 

the colon, termed isolated lymphoid follicles, which contain similar distributions of 

immune cells of both innate and adaptive immune cells.  These are sites of immune 

surveillance, and feature the specialised M cells mentioned previously to sample the 

contents of the lumen 47.  As well as these concentrated areas of organised immune 

activity, there are also cells distributed throughout the lamina propria which can sense 

the luminal contents.  These include DCs and macrophages, the former of which can 

migrate to the mesenteric lymph nodes to present antigen to adaptive immune cells 

and initiate a robust immune response to pathogens.  The macrophages on the other 
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hand do not migrate, and it is thought that they are more responsible for eliciting 

immune responses through coordinating with IECs and local adaptive immune cells, 

as well as phagocytosing and destroying pathogens or commensal microbes which 

have traversed the epithelial barrier 43,48.  Much of this functionality is dependant on 

PRR signalling and cytokine secretion and signalling.  This allows a complex 

interplay between commensal bacteria, IECs and immune cells to occur to maintain a 

homeostatic balance.  There are many examples of knockout mice deficient in one of 

these elements which display a breakdown in this homeostasis.  For instance, mice 

deficient in the anti-inflammatory cytokine IL-10 develop spontaneous intestinal 

inflammation 49.  Similarly, loss of important PRRs like TLR4 also increases the 

severity of intestinal inflammation in a mouse model 50.  The ability of the various 

elements to sense the intestinal microflora and communicate with one another to act 

appropriately is therefore important, but the microflora itself also has a role in 

maintaining this delicate homeostatic balance.   
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Figure 1.3 The gastrointestinal barrier, function and dysfunction. 

The gastrointestinal barrier is a highly versatile collection of cells which mediates the homeostasis of 

the host in a number of ways.  Nutrients and other essential materials are taken up either across the 

intestinal epithelial cell (IEC) (shown in grey) membranes (transcellular) or by opening the tight 

junctions (TJs) between the cells to allow movement from the apical (or luminal) side of the gut to the 

basolateral side (paracellular) where they can be absorbed in the blood stream.  The same is true for 

antigen and other immune stimulating materials such as PAMPs or DAMPs, which can then be taken 

for processing by the resident cells of the innate and adaptive immune system.  This process must be 

tightly regulated to ensure that the TJs do not allow deleterious material or commensals that reside in 

the lumen to reach the basolateral side of the IEC layer. The latter event can lead to severe infection 

and inflammatory disease, so there is an additional mode of protection mediated by the mucus layers on 

the apical surface that serve to keep commensal microbes correctly localized. 

Adapted from Johnston and Corr (Methods in Molecular Biology 2016)37 
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1.3.3. The gut microbiota and intestinal pathogens 

 

As mentioned previously, the human body houses a highly significant population of 

commensal organisms that exist in several niches mediated by the innate and adaptive 

immune system 51.  These organisms are collectively termed the microbiota or 

microflora, with the term microbiome used to refer to the collective genomes of said 

microorganisms.  The term microbiome was first coined by Lederberg in 2001, and 

research in this area has exploded in recent years 52.  The first recorded scientific 

study of the microbiota dates back to Van Leeuwenhoek who compared his oral and 

fecal microbial populations (which he called his “little animals”) 53,54.  The total 

number of cells that make up the microbiota was previously thought to outnumber the 

human cells by 10:1, though these figures have recently been called in to question and 

the ratio has been estimated to be closer to the region of 1.3:1 55,56.  The microbiota is 

composed of bacteria, fungi, archea and viruses with the proportions of these 

changing throughout the various anatomical compartments.  These microbes have 

enormous potential to impact human physiology, both in health and in disease.  The 

most abundant and diverse microbes present as part of the human microbiota are 

bacteria and they will be the focus of this section.  However, whilst the other 

members are not present in the same volume (though it is proposed phages outnumber 

bacteria) they still contribute significantly to host homeostasis 57-59  

 

Commensal bacteria contribute to host metabolic function, protect against pathogens, 

educate the immune system, and, through these basic functions, directly or indirectly 

affect most of our physiological functions 55. Humans harbour quite a diverse 

bacterial microflora with over 1000 species represented from a few well known 

bacterial phyla, with populations belonging to the phyla Bacteriodetes and Firmicutes 

being the best represented 60.  The gut microflora is particularly diverse compared to 

the various other colonized anatomical sites (and indeed compared to other free-living 

microbial communities in most other environments) 61.  In order to understand 

fluxuations in the microbiota over time, a cohort study was performed that found 70% 

of the bacterial species present in the feces of an individual were stable over the 

course of 1 year.  The study found few changes to the structure of the microbiome 
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over 5 years and it is so estimated that the microbiota is likely to be relatively stable 

over the course of an individual’s life time 62.   

 

The mouse microbiota is comparable to that of the human at a phylogenetic level, 

with Firmicutes, Bacteriodetes and Proteobacteria making up over 70% of the bacteria 

present.  However, different phylogeny levels this similarity is not as evident, but a 

study has estimated that of the 20 most abundant “core” genera in humans, 13 are 

shared by mice though not always in the same proportions 63. The shared human and 

mouse genera are as follows, listed in order of decreasing abundance in humans: 

Bacteriodes, Clostridium, Butyrivibrio, Prevotella, Alistipes, Lactobacillus, 

Roseburia, Ruminococcus, Eubacterium, Blautia, Parabacteriodes, Coprococcus, 

Enterococcus, Odoribacter and Faecalibactierum.  The same study demonstrated 

substantial difference between mouse and human at gene level, but high overlap at the 

functional level 63.  The presence of the microbiota is vital for the proper function of 

the mammalian GI tract.  This is evidenced by the numerous abnormalities displayed 

by mice bred in sterile conditions which will be discussed in a subsequent section.  

The microbiota is regulated by host factors such as anti-microbial peptides in order to 

shape its composition to suit the host. However, this composition can be altered 

leading to a deleterious makeup called a “dysbiosis” 64.  Several diseases correlate a 

dysbiotic microbiota, and so analysis of these microbial alterations and the functional 

consequences this may entail has become a key research avenue.  

 

1.3.4. Analysing the microbiota 

 

These studies of the commensal microbiome have been made possible in recent years 

thanks to the advent of revolutionary new culture-independent analysis and 

phylogenetic methods to organize microbial diversity 61.  Chief among the former is 

the next generation genetic sequencing of the bacterial 16S ribosomal rRNA gene 

(16S).  This technology allows a culture free analysis of all the bacterial species 

present by sequencing the 16S gene and comparing variation to known bacterial 

databases 65.  Other adjunct technologies have allowed for an even deeper 

understanding of microbial physiology.  These include the integration of microbial 

proteomics, transcriptomics and metabolomics among others 66.  These developments 
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are enabling the study of the relationship between the microbiota and the host and 

how that impacts on health and disease 65.  Several major projects have been 

undertaken in this vein, including the Human Microbiome Project (HMP) and the 

European Metagenomics of the Human Intestinal Tract (MetaHIT) 67,68.  These studies 

both sought to characterize the microbial composition of a healthy human microbiota 

so as to understand what alterations are occurring in diseased individuals.  

 

As mentioned above, to understand the vast population data now being generated 

using high throughput DNA sequencing technologies, bioinformatics and microbial 

ecology tools have also been created, including various influential online platforms 

such as QIIME (Quantitative Insights Into Microbial Ecology) 69.  With this, 

ecological terminology has entered the lexicon of various biomedical science 

disciplines.  Microbial communities are now described in a plethora of ways, but 

among the most important to understand are Operational taxonomic units (OTUs), 

alpha (α) and beta (β) diversity and relative abundance. OTUs refers to clusters of 

microorganisms grouped by DNA sequence similarity of a specific taxonomic marker 

gene70.  In practice, OTUs are pragmatic proxies for microbial "species" at different 

taxonomic levels, which is particularly useful as it allows for the classification of 

hitherto uncultured microorganisms. α diversity refers to the microbial diversity 

within a sample whereas β diversity compares levels of diversity between samples. 

More specifically, according to Ursell et al, β diversity refers to “the measurement of 

the degree of difference in community membership or structure between two 

samples” 61.  One of the most common and robust methods for assessing β diversity is 

UniFrac, which measures the proportion of shared branch lengths on a phylogenetic 

tree between samples.  UniFrac scores communities for similarity, with a score of 0 

indicating identical structure, and a score of 1 indicating completely independent 

popultations. Principal coordinates analysis (PCoA), a method of data conversion, can 

then visualize the Unifrac distances between samples in two or three dimensions, 

allowing for easy visualization of the clustering of similar communities or separation 

of distinct communities 61,70.  Relative abundance is simply the abundance of one 

taxonomic group compared to another, but it can reveal many important biological 

distinctions between communities and samples.  
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The technological and methodological advances of recent years have given the field a 

much greater understanding of the make up of the human microbiome and its 

dynamics, but there are still many issues and unanswered questions to be resolved.  

One particular issue that requires addressing is moving beyond descriptive studies of 

the microbiome into more functional work to allow the translation of the advances in 

this field into therapies 65.  

 

1.3.5. Homestatic functions of the gut microbiota  

 

The gut microbiota has a number of important functions in maintaining host 

homeostasis.  A number of these functions overlap with one another, and their 

disruption can lead to adverse effects on the health of the host.  The first, and best 

characterized, function of the gut microbiota is augmenting host digestion and nutrient 

acquisition.  A particularly important example of this function is the breakdown of 

ingested dietary fibre by commensal microbes to release short chain fatty acids 

(SCFAs) which have multiple benefits for the host including aiding in glucose 

homeostasis and insulin sensitivity 71,72.  In particular, the SCFAs butyrate, acetate 

and propionate have been shown to be important for host health, with deficiencies in 

each being linked to various disease states.  There are multiple SCFA producing 

biochemical pathways employed by a variety of bacterial species present in the 

normal gut microflora, but interestingly only a few have the capacity to produce 

multiple SCFAs (e.g. Roseburia inulinivorans and Coprococcus catus can produce 

both buyrate and propionate 73).  The importance of this metabolic function to human 

health is underlined by the observation that reduction in SCFA levels, and the 

abundance of SCFA producing bacteria, correlates with several diseases including 

ulcerative colitis and asthma 74-76.  Additional metabolic functions include synthesis of 

vitamins B12 and K which are important for a variety of host physiological 

functions77.  The next key function of the gut microbiota is repression of harmful 

microorganisms which may attempt to colonize the gut 78.  By outcompeting potential 

invaders, the microbiota may act as a screen to deflect invaders before they reach the 

host and cause infection.  The archetypal example of this role in action is the 

remarkable efficacy of fecal transplant in patients with chronic Clostridium difficle 

(C. difficle) infection.  The supplementation or repletion of these patients’ microflora 



 21 

with that of a healthy donor has proved an extremely efficacious treatment for an 

infection where common antibiotics therapies have proved relatively ineffective 79. 

 

One of the most interesting and important roles for the human gut microbiota is the 

maintenance of immune homeostasis.  This is interesting in the context of the 

“hygiene hypothesis” which infers that reduced microbial exposures (particularly in 

early life) lead to an increased risk of allergic disease.  The hypothesis centres on the 

idea that the immune system must be exposed to pathogens to learn and generate 

memory against viable threats rather than becoming sensitized to innocuous antigens.  

It is now thought that this process might be the responsibility of the microbiota, and 

that behaviours which alter its composition may be detrimental to the host 80.  In 

addition, studies in germ-free animals have shown that a gut microbiota is necessary 

for a fully developed immune system.  The intestinal immune system of these animals 

is quite different to that of a mouse bred in specific pathogen-free (SPF) conditions, 

with notable alterations to the development of gut-associated lymphoid tissue, 

impaired antibody production and altered IEC turnover and microvilli structure 55,81-86.  

As a result of these immune deficiencies, germ-free animals are also more susceptible 

to infection than colonized mice, as evidenced by reduced clearance of Listeria 

monocytogenes and increased mortality upon infection with Shigella flexinari 87,88.  

Some of these effects can be reduced with the addition of microbes that would 

ordinarily colonize the gut, and indeed germ-free mice can have their developmental 

anomalies returned to normal by the introduction of commensals 88,89.  More relevant 

evidence for the importance of this role of the microbiota comes from evidence of 

disease correlating with dysbiosis (a deleterious change to the composition of the 

microbiota).  Microbiome alterations have been associated with myriad 

immunological disease states including IBD, asthma, metabolic syndrome, obesity 

and type 1 and 2 diabetes 65,75,78,90-96.  Interestingly, whilst some of these diseases are 

largely due to aberrant immune function, some link the immune system to 

metabolism, and indeed there have been very interesting studies done, in the context 

of obesity and metabolic syndrome, which show that the microbiota’s composition 

can be a predictor of glycemic response, and demonstrate that both parameters can be 

nutritionally altered 97.  This linking of the roles of the gut microbiota in human 

homeostasis truly serves to underline its importance to human health.  
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1.3.6. GI tract infection 

 

The capacity of the immune system to cooperate with the intestinal microbiota and 

not react to its presence is an interesting aspect of mucosal immunology, particularly 

given the requirement to respond to pathogenic microorganisms by mounting robust 

immune response.  Food-borne pathogens are a major cause of disease in both the 

developed and, to a greater extent, the developing world 98.  Of interest to this thesis 

are the common food-borne bacterial pathogens Listeria monocytogenes and 

Salmonella Typhimurium.  These pathogens are causative agents of infectious disease 

but are also widely used model organisms for the study of immune cells and their 

function 99,100.  

 

Listeria monocytogenes (L. monocytogenes or Listeria) is the causative agent of the 

group of systemic infections known as listeriosis, associated with a fatality rate of 

20% or more and the third leading cause of death among food-borne bacteria 101. 

Listeria’s ability to establish itself intracellularly where it can avoid host responses 

creates a more favourable environment that ensures their pathogenesis. Indeed, L. 

monocytogenes have evolved to escape from the phagolysosome through the 

expression of a hemolysin, LLO, and subsequently grow and replicate within the 

cytosol of macrophages and in other non-phagocytic cell types.  Indeed LLO is one of 

many mechanisms employed by Listeria to  The ability of Listeria to establish an 

intracellular niche and evade immune surveillance typifies the struggle between 

infectious agents and the host immunity and is critical to the outcome of infection 
99,102.  

 

Salmonella enterica is a species of Salmonella comprising over 2,500 serovars, many 

of which cause various forms of infectious disease in a broad array of vertebrate 

hosts.  These serovars are broken down in to typhoid and non-typhoid strains, the 

former of group causing typhoid fever and abdominal pain and the latter group 

causing a range of diseases upon ingestion by humans and common livestock 100.  

These disease generally fall under the category of temporary gastroenteritis but can be 

more serious in immuno-compromised individuals where infection may lead to 

systemic infection and bacteraemia 100. Salmonella enterica serovar Typhimurium (S. 

Typhimurium or Salmonella) is a commonly used model organism for studying 
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infection.  Like Listeria, this bacterium is a facultative intracellular pathogen which 

can invade non-phagocytic cells as well as escaping destruction in the phagolysosome 

of phagocytic cells of the immune system 103.  Salmonella appears to have developed 

the capacity to survive inside epithelial cells and macrophages in order to evade 

killing by neutrophils which are very effective at clearing it 104. .  Salmonella has 

evolved many strategies to avoid destruction by host cells, and like Listeria several of 

these involve phagosomal escape or neutralisation of the phagosome 105.   

 

Actin modification and mobilization is a crucial host pathway for infection by both 

Listeria and Salmonella.  Both organisms encode several effector molecules to 

modulate actin in the host to allow initial invasion of the cell and also subsequent 

infection.  For instance, after replication in the host cytosol, Listeria employs the 

ActA protein to mobilize actin to its end and form “comet tails”.  These actin 

filaments allows the bacterium to burst from the cell into neighbouring cells (termed 

cell-cell spread) and propagate infection 106.  Similarly, Salmonella encodes a variety 

of actin modulating proteins to facilitate entry in to the cell and survival within it.  For 

example, encoded on Salmonella pathogenicity island (SPI)-1 is the effector protein 

SopB which activates Rho-GTPases to allow actin filament rearrangement for cell 

entry and subsequently prevents acidification of the phagosome 100.  These are just a 

few examples of the complex interations that GI tract pathogens have with host cells 

networks and pathways to facilitate infection.  When considering the normal function 

of these networks and pathways, and their alteration upon stimulation, it is important 

to consider the host’s regulatory machinery which maintains this normal function.  

One class of regulatory molecules employed by host cells is microRNAs which post-

transcriptionally regulate a variety of cellular processes.  Their function and relevance 

in immunity, inflammation and infection are discussed in the following sections. 
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1.4. microRNA 
 

MicroRNA (miRNA) are ~22 nucleotide (nt) long endogenous non-coding RNA 

molecules that serve as post-transcriptional regulators of target mRNA by binding to 

complementary sites in their 3’ untranslated region (UTR) 107,108.  

 

MiRNAs were first described in the Caenorhabiditis elegans, a model organ organism 

commonly used in developmental studies, where two short non-coding RNAs (Lin-4 

and let-7) were found to regulate the timing of larval development109.  Soon after, it 

was realized that the RNA interference pathway (RNAi), which had been observed in 

plants and other species, might involve miRNA110,111.  Eventually it became clear that 

miRNA are endogenous substrates for the same mRNA regulatory machinery 

employed by the RNAi pathway to target mRNA using small interfering RNA 

(siRNA) 112.  The next major leap in the field was the discovery that miRNA were 

highly conserved across species and had the potential to regulate a plethora of targets 

in mammalian cells 113,114. This discovery led to an intense period of research in to 

finding miRNA in mammalian genomes and the miRNA pathway itself.  Multiple 

novel miRNAs were uncovered in this period and their functions implicated in a vast 

array of biological processes including maintenance of the cell cycle and apoptosis 
115.  

 

MiRNA transcription can occur in a number of ways. RNA polymerase (RNA Pol) II 

is often responsible for the transcription of miRNAs from their own promoters whilst 

RNA Pol III is the operative enzyme for miRNA located downstream of Alu elements 
116,117.  MiRNA can also be located in clusters that are transcribed simultaneously, or, 

as is very commonly the case, they can be embedded in an intronic region of a 

protein-coding gene 118.  Regardless of the circumstances of their transcription, 

miRNAs are initially produced as primary miRNA (pri-miRNA) transcripts 

containing hairpin structures115.  These structures form the basis for the mature 

miRNA.  The first stage of processing towards this mature RNA occurs in the 

nucleus, where the pri-miRNA is cleaved at the hairpin’s base by DGCR8 and 

Drosha, two proteins that together form the Microprocessor complex.  The resulting 



 25 

pre-cursor miRNA (pre-miRNA) is ~70 nt in length and is translocated from the 

nucleus to the cytoplasm via Exportin 5 and RAN GTP 115,118.  Once in the cytosol, 

the pre-miRNA is further processed by the endonuclease Dicer to generate a mature 

miRNA duplex.  The two strands of the duplex stem from either side of the hairpin 

and it is now understood that both strands can be expressed equally and that their 

expression is independently regulated.  This is summarised in Figure 1.4.  

 

MiRNAs exert their regulatory function by acting as a targeting molecule within the 

RNA-induced silencing complex (RISC) 119.  The Argonaute family proteins (AGO1-

4) anchor the complex by the binding a lone miRNA strand and several accessory 

proteins 118.  These proteins serve to link the complex to the cellular machinery 

necessary for mRNA translation inhibition, including the translation machinery itself. 

This process also leads to recruitment of target mRNAs to cytoplasmic processing 

bodies (P bodies).  Here translation repression can occur upon interaction of the target 

mRNA with the AGO1 protein part of the RISC complex 120 (Fig. 1.4).  This 

repression can take the form of mRNA degradation, which requires deadenlyation and 

decapping, or interference with the initiation and elongation steps of translation 121.  

The relative importance of one form of repression versus the other is debatable, but it 

is likely that both repression of mRNA level and mRNA translation occur to broadly 

similar degrees given that they are tightly linked processes 122.  

 

In this mRNA silencing process, the miRNA’s role is critical to the specificity as well 

as the effectiveness of the RISC complex’s function.  For the majority of miRNAs, 

mRNA binding is mediated by binding of a sequence of perfect complimentary base 

pairing, known as a seed sequence, followed by a sequence of non-complimentary 

bases.  This second region forms a bulge that is often important in determining the 

fate of the mRNA 123.  The Argonaute proteins are more readily able to interact and 

perform their endonuclease activity on mRNA that is bound with a longer 

complimentary sequence.  This implies that the bigger the miRNA bulge, the more 

less likely the mRNA is to be cleaved and the more likely is to be repressed by 

deadenylation and translation inhibition124.  This process is summarized in Figure 1.4. 

 

The short seed sequence required for miRNA binding to mRNA means that predicting 

true target mRNAs for individual miRNAs is very difficult as the number of potential 
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candidates is huge 123.  Several predictive algorithms have been developed based on 

known miRNA-mRNA interactions as well as evolutionary conservation, but these 

approaches still generate numerous false positive results 124,125.  Experimental 

validation is essential for effective characterization of a target mRNA for any given 

miRNA, and this is commonly done by immunoprecipitation using ever more 

sophisticated methodologies 126,127. With each passing year the number of miRNAs 

identified, as well as the number of potential mRNA targets, grows for each species.  

Given the potentially enormous number of potential target mRNAs, miRNAs can 

exert their regulatory effects at several stages of any given pathway and they can also 

connect different pathways.  Hence it is not surprising that dysregulation of miRNAs 

is evident in cancer, and in fact the miRNA status of cells is now used to classify 

various forms of the disease 128.  Unsurprising too is the growing body of evidence 

which links miRNA expression to modulation of highly interconnected immune 

signalling pathways 33,129,130.  These miRNAs can form regulatory loops, limiting their 

own expression after a given response has been elicited, or modulating the expression 

of another miRNA involved in the pathway in various ways 130. An illustration of 

some of the elements of the TLR signalling pathway, as well as some of the post-

translational modifications employed to regulate TLR signalling, is presented in 

Figure 1.5.  Of particular interest to this project is the microRNA-21 (miR-21) which 

was first shown in the O’ Neill lab to modulate the function of innate immune 

signalling by negative regulation of the tumor suppressor PDCD4 in order to allow 

translation of IL-10 mRNA 129.   
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Figure 1.4 Processing of miRNA 

miRNAs are transcribed as pri-miRNAs and processed in the nucleus by Drosha as part of the 

microproccesor complex. The pre-miRNA formed then reaches the cytoplasm, via the Exportin-5 

transporter, where it is cleaved by Dicer to form the mature miRNA duplex.  From here, either strand 

can then be incorporated in to the RISC where it performs targeting functions leading to repression of 

mRNA translation. Adapted from Winter et al 2009 118 
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Figure 1.5 TLR4 signalling and regulation by miRNAs 

TLR4 uses a variety of adaptor molecules and downstream signalling proteins to activate gene 
transcription in response to the sensing of the bacterial ligand lipopolysaccharide (LPS) or other danger 
signals such as low-density lipoprotein.  Adaptors such MyD88 and MAL are used by TLRs to recruit 
downstream signalling molecules that can propagate the signal to activate pro-inflammatory genes.  In 
order to maintain control of the signal and prevent excessive inflammation occurring, several 
regulatory mechanisms must exist.  K48-linked ubiquitylation of various signalling components 
provides one level of regulation by labelling proteins for proteosomal degradation. At the mRNA level, 
miRNA provide a post-transcriptional level of regulation by preventing the translation of mRNA.  This 
is achieved by the targeting of the 3’UTR of these mRNAs, preventing their translation into functional 
proteins. TLRs themselves activate this regulatory mechanism by induceing the expression of pri-
miRNA  After processing to mature miRNA, many elements of the TLR signalling pathway are 
targeted for repression to regulate the signal.  These include the adaptors MyD88 and MAL as well as 
downstream signalling components such as inhibitor of NF-κB (IκB) kinases (IKKα and IKKβ).  This 
is a powerful regulatory mechanism for TLR signalling regulation. Adapted from O’Neill et a 2011 131. 
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1.5. miR-21 
 

This project focuses on the miR-21, the expression of which has been shown to be 

upregulated in human inflammatory bowel disease (IBD) 132,133 as well as in many 

scenarios in immunity 129,134.  miR-21 is among the most widely expressed miRNAs 

in many different mammalian cells types.  It has been well studied in cancer where it 

has been shown to be upregulated in many forms of the disease, most strikingly in 

solid tumors where it is among the most highly expressed miRNAs and indicates a 

poor prognosis in several forms including breast and early-stage colon cancer 135,136.  

For this reason it has been designated an oncomiR. 

 

The miR-21 gene is strongly conserved throughout evolution and sits in an intronic 

region of the protein-coding gene TMEM49 located on chromosome 17q23.2 137,138.  

Despite being located in this region, miR-21 and TMEM49 are regulated separately as 

miR-21 appears to have its own promoter which features conserved sites for a number 

of transcription factors related to immune signalling including AP-1, STAT3, NFIB 

and PU.1 139,140.  There are several suggested putative promoter sites which are 

illustrated in Figure 1.6.  Two of these sites overlap heavily (−3,403 to −2,395 and 

−3,565 to −2,415), whereas the other one has minimal overlap (−3,770 to −3,337), 

which suggests that miR-21 may have independent promoter elements138,141,142.  

Whilst there have been several studies defining the roles of these transcription factors 

in miR-21 induction, notably IL-6 mediated induction via STAT3 and phorbal-12-

myristate-13-acetate (PMA) mediated induction via AP-1138,141,143, there is strong 

evidence to suggest that the regulation of miR-21 transcription and processing into its 

mature form is multi-layered and complex.  Beginning with the promoter itself, the 

presence of multiple alternative transcription start sites suggests that the regulation of 

its activity is complex.  Once pri-miR-21 has been transcribed, there is an added layer 

of regulation as miR-21 belongs to a family of miRNA that requires additional co-

factors to aid its post-transcriptional processing towards their mature forms 130,144.  

These co-factors and enzymes are themselves subject to regulation by extrinsic 

signalling events.  A notable example of this occurs in TGF-β/BMP induced miR-21 

expression, where the adaptor Mothers against decapentaplegic homolog 6 (SMAD6) 
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is activated in response to TGF-β and binds pri-miR-21 to allow recruitment of the 

RNA helicase p68 (a necessary additional co-factor) and promotion of cleavage by 

Drosha 145.  As TGFβ/BMP are indirect targets of miR-21, this pathway also provides 

a feedback loop with which miR-21 can control it’s own expression levels.  This is 

one of several apparent feedback loops, both positive and negative, which miR-21 

may use to regulate it’s own expression and activity 143.  Finally, the additional role of 

other non-coding RNAs in miR-21 expression adds an additional layer of complexity, 

with the recently discovered family of long non-coding RNAs (lncRNAs) potentially 

acting on miR-21 expression at a transcriptional level or by acting as a miRNA 

sponge to block its activity.  miR-21 has been shown to regulate one such lncRNA, 

GAS5 146.  In the context of immunity, this level of complexity of regulation has been 

implicated as a potential mechanism by which miR-21 might be temporally 

controlled.  It has been suggested that miR-21 expression may act as a molecular 

switch where, in response to cytokine signaling and other inflammatory stimuli, its 

delayed induction allows the initial inflammatory phase to take it’s course before 

altering the cell towards resolution of this inflammation.  This benevolent role of 

miR-21 in inflammation is juxtaposed with its well-established role in cancer, which 

has lead to its designation as a bone fide oncomiR. 
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Figure 1.6 Location of the miR-21 gene, promoter and transcription biding sites 

A) The gene coding for pri-miR-21 is located on chromosome 17q23.2 overlapping with the protein 
coding gene TMEM49. Transcriptional start sites described by Cai et al, Fujita et al and Mudduluru et 
al are indicated as 1, 2 or 3137,138,147. Different proposed promoter regions and their location with 
respect to miR-21 hair-pin and binding regions for transcriptional activator (AP1) and repressor (NFI) 
are also shown. As discussed in the text, two promoter regions with a high degree of overlap while the 
promoter region proposed by Fujita et al has minimal overlap suggesting that miR-21 may have 
independent promoter elements (Adapted from Kumarswamy et al 139). B) Putative transcription factor 
binding sites in the miR-21 promoter regions (Adapted from Krichevsky et al 140). 
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1.6. miR-21 in disease and immunity 
 

The role of miR-21 in cancer has been well described over recent years, so it will only 

be mentioned briefly here.  Many targets of miR-21 are tumor suppressor genes, 

including PDCD4 and phosphatase and tensin homolog (PTEN), and due to its 

capacity to take these brakes off the cell cycle, it is hardly surprising that it is 

implicated in so many solid tumors and leukemic cancers 140.  In addition to this, miR-

21 has also been shown to mediate the epithelial-mesenchymal transition (EMT) via a 

variety of mechanisms 143,148-150.  Several of miR-21’s pro-oncogenic functions 

potentially overlap with some of the novel roles for immunity which have been 

recently uncovered, including regulation of ROS 151,152, NO 153,154 and in vivo host 

responses to infection 155.  The studies regarding ROS and NO, two factors which 

have key roles as anti-microbial agents in the phagocytosis and subsequent 

degradation and killing of pathogens, have been carried out in the context of cancer 

models which must be borne in mind when interpreting their results in the context of 

the immune system.  However, of particular note is a study by Das et al showing the 

miR-21 expression boosts levels of the ROS superoxide via repression of tumour 

necrosis factor alpha (TNF-α), an important cytokine in innate and adaptive immunity 
152. 

 

In recent years, numerous roles have been described for miR-21 in cells of the 

immune system.  As this project focuses on the innate immune system, I will largely 

limit my description to cells involved in this arm of immunity.  miR-21 expression is 

altered during hematopoietic differentiation.  In immature progenitor cells of various 

lineages, miR-21 expression is moderate until the cells switch to a more functional 

state whereupon expression is increased 144.  Of particular interest to this thesis, miR-

21 upregulation can be seen to mark the activation of several bacteria sensing cells of 

the innate immune system; PMA–induced monocyte differentiation in to macrophages 

, retinoic acid induced differentiation,  granulocyte/macrophage colony stimulating 

factor (GM-CSF)/IL-4 induced dendritic cell differentiation  and classic macrophage 

activation in response to LPS 138,144,156,157.  In adaptive immune contexts, elevated 

miR-21 expression is associated with T cell activation and differentiation in to a 
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variety of different lineages, which appear to be functionally conflicting in different 

contexts, with miR-21 deletion shown to skew T cell responses in response to various 

immune challenges 158-161.  It has also been asserted that miR-21 acts as a break on 

M2 macrophage polarization, also this does not entirely fit with the general view of 

miR-21 as a pro-resolution regulator in the immune response 162.  This is another 

indicator miR-21 function is highly signal and context dependant. 

 

As mentioned above, within activated innate immune cells miR-21 has been proposed 

to act as a mediator of the resolution phase of inflammation in response to various 

pro-inflammatory stimuli including LPS 144.  In this model, the mature form of miR-

21 is induced by the inflammatory stimulus acting upon it before going on to target 

various mRNAs to dampen down the response elicited by the same stimulus.  This 

model is strongly supported by data from macrophage studies where, in response to 

LPS binding to TLR4, miR-21 is upregulated and results in the negative regulation of 

the pro-inflammatory cytokine IL-12 by direct targeting of its p35 subunit, and 

indirect induction of the anti-inflammatory (or pro-resolution) cytokine IL-10 via 

negative regulation of the translation inhibitor PDCD4 129,163,164.  Indeed, mice-

deficient in miR-21 fared worse in a model of LPS-induced sepsis (although this did 

not correlate with a second model, caecal ligation punction model, performed by the 

author) 155.  In addition, in macrophages, miR-21 activity has been associated with 

enhancement of efferocytosis – the process of engulfing dead or dying cells – and the 

negative regulation of TNF-α levels, once again suggesting that miR-21 is involved in 

processes which limit inflammation 165.  This aspect of miR-21’s apparent role in the 

immune response would appear to tally well with its established role in oncogenesis; 

the promotion of an anti-inflammatory state in the site of tumor growth, allied with 

miR-21’s direct role in the cancerous cells, is likely to benefit the tumor progression 

due to the reduced access of anti-tumor immune effector cells 144.  MiR-21 has 

recently also been implicated in resolution of damage caused during rheumatoid 

arthritis 166.  However, miRNAs often affect multiple pathways due to their capacity 

to disrupt expression of many multiple target mRNAs.  Therefore, it is reasonable to 

assume that miR-21 may not solely act to dampen down immune responses and may 

in some cases augment them.   
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miR-21 expression has been shown to be upregulated in several inflammatory 

diseases, several of which can be linked to the possible promotion of an anti-

inflammatory environment by the miRNA, such as cancer and chronic bacterial or 

viral infections 163,167,168.  There is also a cohort of diseases where miR-21 expression 

is elevated where miR-21’s role may in fact be pathological.  These include IBD, 

systemic lupus erythematosus (SLE) and psoriasis 132,133,169-172.  It has also been 

experimentally demonstrated that miR-21 promotes a form of inflammatory cell death 

termed necroptosis in mouse models of pancreatitis 173.  In these more complex 

systems, there are several cell types in play and multiple pathways that miR-21 may 

impact on at any given time.  This is particularly notable in SLE which is a heavily T 

cell influenced disease.  In this context, miR-21 has been put forward as a therapeutic 

target 174, and in several case antisense miR-21 has already been therapeutically 

employed to block diseases like SLE and psoriasis 144.  A summary of some of miR-

21’s roles in immunity and disease is presented in Figure 1.7.  Given miR-21’s role in 

the innate immune response via TLR regulation, the disease of particular interest to 

this thesis is IBD.  This disease, and the role miRNA and intestinal immunity play in 

its pathogenesis are discussed in the next section. 
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Figure 1.7 miR-21 in immunity 

miR-21 is induced following cellular sensing of a number of different external stimuli, including the 

pro-inflammatory signals lipopolysaccharide (LPS) and interleukin (IL-)6 as well as other signalling 

molecules and growth factors as is the case in cancer.  Its induction is mediated at the transcriptional 

level by a number of transcription factors, including nuclear factor-κB (NF-κB) and signal transducer 

and activator of transcription 3 (STAT3), and repressors such as Ccaat enhancer binding protein-α 

(C/EBP-α) and nuclear factor 1 B (NFIB).  The repressor sits on the promoter but can be degraded 

following to allow transcription.  miR-21 regulates its own expression at this level by targeting 

different effecter molecules.  There is also an element of post-transcriptional regulation, for example 

the recruitment of p68 to the Dicer complex to all processing of pre-miR-21 in to mature miR-21, 

induced by transforming growth factor (TGF)-β/ bone morphogenic protein (BMP) signaling.  miR-21 

itself regulates a number of processes involved in immune function and disease, both anti-

inflammatory but also potentially pro-inflammatory, including its well described role in cancer. 
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1.7. Inflammatory bowel disease 

1.7.1. Intestinal inflammation & IBD 

Today, the innate immune system is recognised as the major contributor to acute 

inflammation induced by microbial infection or tissue damage 175,176. It is well 

accepted that physiological inflammation is beneficial in the intestine and diverse 

innate immune compartments in the gut encompass many innate leukocyte 

populations, as well as several types of IEC which act together to maintain a balanced 

immune response to the microbiota 177.  As previously stated, the intestinal epithelium 

seems to play a crucial role in regulation of intestinal homeostasis. However, the 

inflammatory response must be well regulated as excessive inflammation can lead to 

the development of highly debilitating chronic diseases such as IBD. 

 

IBD refers to a spectrum of inflammatory disorders that affect the gastrointestinal 

tract and is most often diagnosed between the ages of 15 and 30 when its peak onset 

occurs 178.  The instances of IBD have risen dramatically over the second half of the 

20th century in both developed and developing countries 55,179.  IBD is more prevalent 

in Caucasians and in those living in northern hemisphere-industrialized countries.  

However, rates are also on the rise in non-whites and in southern, non-industrialized 

nations.  IBD is estimated to affect between 2.5-3 million people in Europe, with 

Ireland having a particularly high prevalence 119 with an estimated 20,000 IBD 

sufferers present in the country in 2015 180.  Patients diagnosed with IBD typically 

suffer from a variety of symptoms including recurrent intestinal inflammation, 

diarrhea, abdominal pain, rectal bleeding, weight loss and anaemia.  These symptoms 

dramatically impact on the patients quality of life and are associated with increased 

risk for additional diseases such as colitis-associated cancer (CAC) 181.  IBD has two 

main clinical forms – Crohn's disease (CD) and Ulcerative colitis (UC). CD presents 

as patchy inflammation that can affect any part of the GI tract but often begins at the 

terminal ileum.  The pathological lesions characteristic with CD feature trans-mural 

inflammation (inflammation present in all layers of the intestinal wall) and 

granulomas, high infiltration of macrophages and T cells with a pro-inflammatory 

Th1/Th17 profile.  UC, by contrast, is generally localised to the rectum and colon 
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where mucosal inflammation and high infiltration of neutrophils and T cells with an 

atypical Th2 phenotype being observed 182.  IBD is generally thought of as being a 

multifactorial disease.  The exact aetiology is still unclear despite a heavy research 

focus in recent years. However, several factors have been identified which play an 

important role in the disease’s pathology and progression. These include the host’s 

genetic disposition, lifestyle factors including diet alteration and antibiotic use, the 

composition of the intestinal microbiota and alterations to the immune profile of the 

patient 178.  These overlapping factors and their interaction with one another are key in 

the development of the disease 182.  The importance of the immune system, both 

innate and adaptive arms, in intestinal homeostasis is made evident by a variety of 

genome-wide association studies (GWAS) that have identified polymorphisms in 

several genes involved in immune pathways which correlate with susceptibility to 

IBD.  These studies have helped identify over 160 unique loci associated to IBD, with 

some loci specific for CD or UC and the remainder shared between both diseases 183-

185.  However, these loci represent only a small fraction of the overall disease variance 

of 13.6% for CD, 7.5% for UC, which in turn only accounts for a small fraction of 

heritability observed in twin studies (50% for CD and 19& for UC) 132,186. As such, it 

is unclear whether the IBD phenotype is a result of a wide range of relatively 

insignificant SNPs interacting with one another, or a few rarer variants with a more 

significant impact, or indeed both 187. Several of the loci identified are involved in 

immune signalling (IL-23R, IL-10, STAT, JAK2), regulation of inflammation (CCR6, 

MST1) and regulation of endoplasmic reticulum (ER) stress and autophagy (XBP1, 

ATG16L1, IRGM).  These pathways are all involved in the immune system and its 

interaction with the intestinal barrier and luminal bacteria.  Interestingly, despite these 

pathways sharing similar functions at a macro level, there are distinctions between the 

two main forms of IBD in some pathways.  For instance, autophagy genes (e.g. 

ATG16L1), NOD-like receptors (e.g. NOD2/CARD15) and intelectins have been 

related to CD whereas loci related to regulatory pathways (e.g. IL-10, ARPC2) and 

intestinal epithelial cell function (e.g. ECM1) are more specific for UC 188.  In 

addition, it is now widely recognized that alteration in the recognition of the 

commensal microbiota by PRRs of the mucosal immune system plays a large role in 

the pathogenesis of IBD 189,190.  Current IBD treatment usually involves either drug 

therapy or surgery with the aim of reducing the inflammation that causes disease 

symptoms.  This approach is intended to alleviate symptoms in the short term and 



 38 

induce remission in the longer term in some cases.  IBD is currently treated with a 

pyramid approach, depending on severity, beginning with antibiotics and topical 

aminosalicates at the pyramid base.  The next stage of the pyramid is made up of a 

variety of steroids as well as azathioprine, methotrexate, tacrolimus.  These agents 

suppress the inflammatory response in the gut by largely unknown mechanisms.  

However, they are all accompanied by several potentially serious side effects, 

including opportunistic infections which arise due to this immunosupression 191.  The 

current third tier of the pyramid come in the form of biological agents (e.g, 

monoclonal antibodies, recombinant proteins or peptides, antisense oligonucleotides) 

targeted at neutralizing specific pro-inflammatory proteins.  Monoclonal antibodies 

targeting TNF-α (such as infliximab, adalimumab or certolizumab pegol) have proven 

to be highly effective in patients with moderate to severe Crohn's disease and 

Ulcerative colitis 192-194.  Several other biological agents targeting other pro-

inflammatory proteins have been trialled for use in IBD with mixed results.  Several 

of these agents have been shown to be efficacious in other inflammatory diseases like 

rheumatoid arthritis and psoriasis, but this has been demonstrated to be a poor 

indicator of their effectiveness in IBD.  For instance, the anti-IL-17 antibody 

secukinumab is effective in the treatment of psoriasis but is deleterious in CD patients 
195.  This points to the complexity of IBD pathogeneis, and this fact is reinforced by 

the observation that the anti-IL-12p40 antibody ustekinumab is efficacious in both 

psoriasis and IBD and works upstream of IL-17 195.  The point of the pyramid is often 

a combination of the aforementioned therapies as well as surgery, which is employed 

in severe instances. 

 

1.7.2. Mouse models of IBD  

 

In the past few decades, the need to understand the pathology of IBD and develop 

effective treatments has led to the development of several mouse models of the 

disease.  These models can be categorized into six groups: chemically induced, 

bacterially induced, cell-transfer, spontaneous, congenital (spontaneous gene 

mutation), and genetically engineered models 196. These models have led to 

significant insights into the mechanisms that govern IBD, although, as with all 

experimental models, they do not fully mirror the human disease presentation.  
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Despite their drawbacks, these models have led to the generation of several novel 

therapeutics for IBD 196,197.  Each model has its strengths and limitations; ease and 

length of experiments, type of inflammation induced (acute or chronic), spontaneous 

versus chemically induced onset and subtle versus severe phenotypes 196.  Chemically 

induced murine models of IBD are the most prevalent models for a number of reasons 

including their simplicity, relatively low cost and wide applicability.  Currently, the 

most commonly used chemical models are the dextran sodium sulfate (DSS) and 

trinitrobenzene sulfonic acid (TNBS) induced colitis.  A variation of the DSS model 

of colitis which includes azoxymethane (AOM) pre-treatment with multiple cycles of 

DSS administration is also routinely employed as a model of colitis-associated-cancer 
198.  In the DSS model, colitis is induced by the ad libitim oral administration of 

heparin-like polysaccharide DSS in drinking water.  It is still unknown precisely how 

DSS administration initiates colitis, but the literature suggests multiple possible 

contributory mechanisms including direct epithelial cell toxicity, increased intestinal 

permeability and macrophage activation 93,199,200.  It is also suggested that the 

characteristic increased apoptosis and decreased proliferation causes the epithelial 

barrier to become leaky and allows the mucosal invasion of intraluminal 

microorganisms during the acute phase of DSS colitis 201.  The typical onset of DSS-

induced colitis presents symptoms such as diarrhea, bloody faeces, cachexia and the 

histological features of colonic inflammation.  The acute inflammatory response to 

DSS is considered independent of T- and B-cells, and so the model is considered to be 

ideal studying the role of innate immune mechanisms in intestinal inflammation, 

although recent evidence indicates that antigen-specific T cell responses can be 

induced 202.  This model is simple to perform; the onset, duration, and severity of 

inflammation are immediate and controllable.  Importantly, the acute DSS-induced 

colitis model mimics the clinical and histological features of IBD, that have 

characteristics of UC 203,204.  Moreover, it has also been validated as a model using 

multiple current efficacious therapies for human IBD, making this model highly 

relevant for study of this disease 205.  To date, the murine IBD DSS-induced model 

has been widely used to understand immune signalling pathways employing mice 

deficient in various components including PRRs, inflammasome components and 

cytokines 50,206-208.  
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One of the most commonly used bacterial infection models of IBD is the Citrobacter 

rodentium infection model.  This bacterium is a gram negative attaching and effacing 

pathogen which, in mice, closely resembles human infection with the attaching 

effacing (A/E) pathogens enteropathogenic Escherichia coli and enterohemorrhagic 

E. coli which are an important cause of morbidity and mortality worldwide 209.  

Citrobacter has been used as a model to study these infectious pathogens, but due to 

its mechanism of action it is also a useful tool for studying colitis.  Citrobacter 

regulates epithelia barrier integrity, inflammation, mucosal healing and also the 

composition of the commensal microbiota 210.  The mechanism of action by which 

Citrobacter induces these responses involves activation of cytokine production in the 

epithelium upon bacterial attachment, and stimulation of the immune system by 

bacterial antigens. Both the innate and adaptive arms of the immune system are 

critical for controlling Citrobacter as demonstrated by the wide variety of knockout 

mice that display increased susceptibility to the infection, including group 3 innate 

lymphoid cells (ILCs) deficient and Rag deficient mice respectively 211.  The 

Citrobacter rodentium model and the DSS induced colitis model are two of the most 

commonly used in the field.  As mentioned in section 1.6, miR-21 is potentially 

involved in the pathogenesis of colitis.  It is expressed in both adaptive and innate 

immune compartments as well as potentially playing a role in the intestinal epithelial 

cell wall, and so these models were deemed appropriate to address its possible role.  

 

1.7.3. Role of the innate immune system in the development of IBD  

 

As discussed previously, there is a huge commensal population of bacteria, viruses, 

and fungi present in the large intestine and this presents a challenge for the mucosal 

innate immune system 44,212. The mucosal immune system has evolved to balance the 

need to respond to pathogens while tolerating and co-existing with commensal 

microbes and food antigens. In inflammatory bowel disease, this hyporesponsiveness 

or tolerance breaks down and inflammation supervenes, driven by the intestinal 

microbiota 132.  
 

As previously described, bacteria contain compounds that are recognized by a variety 

of receptors, including TLRs and NLRs and are potent stimuli of innate immune 
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responses.  These aforementioned multi-receptors are expressed on epithelial and 

immune cells in the gastrointestinal tract and various mutations in these receptors 

have been associated with development of IBD.  Numerous PRR gene knockout mice 

have been generated and have provided important information pertaining to individual 

PRRs regarding their intestinal phenotypes and susceptibility to colitis, suggesting 

their important role during intestinal inflammation. In addition, several of these 

knockout mice exhibit altered gut microbiota composition, which in itself can be a 

marker for disease. 

 

1.7.4.  Role of PRRs and the microbiota in IBD and other inflammatory 

diseases 

 

In recent years, it has been observed that mice with deficiencies in innate immune 

signalling have altered microbial populations, and that this can predispose them to 

certain inflammatory diseases including IBD 132,213,214.  This has led to a shift in the 

field, where it is now recognized that sensing of the commensal microbiota is a 

necessary factor for effective mutualism between the host and the microbial 

passengers 51.  There are several prominent examples of host-microbiota interactions 

that demonstrate the need for appropriate innate immune sensing.  For example, 

alterations in NOD2, a member of the NLR family, have been shown to lead to an 

altered shaping of the composition of the intestinal microbiota due to defect 

antimicrobial secretion 215.  Mice with deficiencies in other NLR receptor components 

involved in inflammasome formation (e.g. NLRP6) have been shown to have an 

increased susceptibility to DSS induced IBD with expanded representation from the 

phyla Bacteriodetes and TM7, which is thought to be at least due in part to the 

reduced production of IL-18 216.  Though IL-18 is conventionally considered to be a 

pro-inflammatory cytokine, it appears to have additional homeostatic roles in the 

context of mucosal immunity including the maintenance of epithelial barrier integrity 
217.  Most interestingly this susceptibility was transmissible to wild-type mice via 

microbial transfer which illustrates how the intestinal microflora are crucial in 

maintaining immune homeostasis.  TLRs have also been implicated in the process of 

host-microbiome interactions. Mice-deficient in TLR5 display altered microbial 

populations and a pre-disposition to metabolic syndrome94.  As mentioned earlier, 
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there is still an interesting dichotomy between the responses of the mucosal innate 

immune response to sensed commensal bacteria and invading pathogenic bacteria, 

which often display similar PAMP (or perhaps more appropriately MAMPs) 51.  It has 

been suggested that the innate immune system employs receptor cooperation in order 

to differentiate between pathogenic and commensal microbes at densely populated 

mucosal surfaces.  This concept is supported by evidence of redundancy between 

inflammasome receptors in the response to Salmonella infection 218, as well as the 

observation that NLRC4-mediated production of the pro-inflammatory cytokines 

interleukin (IL)-1β by phagocytes is far higher in response to pathogens than 

commensal bacteria 219.  

 

Most relevant to this thesis is the body of literature indicating a role for TLR4 in the 

inflammatory process in IBD and colitis-associated cancer (CAC) 190,220.  TLR4 is 

expressed on the surface of IECs and various innate immune cells, as well as 

regulatory T cells of the adaptive immune system 221 222.  Luminal LPS is usually non- 

immunogenic within the healthy intestine most likely due to low TLR4 expression on 

IECs. TLR4 up-regulation may alter this balance from tolerance to a proinflammatory 

state 223.  Indeed, TLR4 has been shown to be upregulated in both CD and UC 224.  A 

possible “gain of function” hyperactivity mutation has also been described for TLR4, 

where up-regulation of TLR4 on IECs due to long lasting disease may lead to 

increased LPS sensitivity and heightened pro- inflammatory response 225.  Notably, 

the cellular distribution of TLR4 differs between CD and UC, with TLR4 expressing 

cells localised near the mucosal surface, thereby supporting the superficial 

inflammation observed in UC 224.  Indeed, dysbiotic alterations in the intestinal 

microflora have been linked to an increase in intestinal inflammation due to excessive 

TLR4 stimulation 226,227.  However, TLR4’s role in intestinal inflammation is not that 

straightforward, as impaired responses to LPS are also linked to the disease.  For 

instance, genetic variants of TLR4 appear to contribute to the IBD phenotype.  The 

TLR4 gene is found on chromosome 9, a region containing a CD susceptibility gene 
228.  Two main single nucleotide polymorphisms (SNPs) of TLR4 have been observed, 

namely the co-segregating, missense mutations Asp299Gly and Thr399Ile, with the 

Asp299Gly mutation resulting in a hypo-responsive phenotype to LPS 229. Indeed, 

another report has shown that C3H/HeJ mice strain which have a single point 
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mutation in TLR4, were more susceptible to developing DSS induced colitis 198.  In 

addition, studies in knockout mice have demonstrated that TLR4 and TLR2, as well 

as their common adaptor MyD88 have a protective role in DSS induced colitis, with 

the homeostatic function of epithelial barrier repair proving particularly important 
50,207,213.  This protective function of TLRs is mainly mediated by the epithelial 

compartment, with ligand binding initiating downstream signalling pathways for 

repair.  

 

1.7.5. miRNA in IBD 

 

Due to their role as important modulators of a vast array of cellular processes, miRNA 

have been implicated in the development of disease, with a dysregulated expression of 

miRNA been associated with disease states including IBD 230.  Several studies have 

examined the expression of different miRNAs in both UC and CD, showing 

dysregulation in a number of miRNAs which in term regulate the expression of 

coding mRNAs implicated in IBD.  For instance, miR-106b negatively regulates the 

autophagy gene ATG16L1, a known IBD linked gene, is upregulated in IBD 231,232.  

Given that PRRs and modulators of innate and adaptive immunity (such as cytokines) 

are shown to be important in maintaining intestinal homeostasis, and that their 

dysregulation can be linked to IBD, it stands to reason that modulators of their 

expression and function like miRNAs might also play a role in the disease.  Indeed 

miR-155 has been suggested as a target for antagonistic therapy in IBD as it has many 

immunomodulatory functions including targeting suppressor of cytokine signalling 1 

(SOCS-1) and is upregulated in IBD 233,234.   However, one of the most consistent 

miRNA alterations observed in these studies is elevated miR-21 expression in IBD 

(both CD and UC) and IBD-associated colorectal cancer, which arises due to the 

excessive inflammatory present in the colon 140,233.  MiR-21 regulates many different 

cellular processes as discussed previously, and given that there are so many delicately 

balanced processes occurring in IBD it understandable that its dysregulation would be 

problematic.  Given that miR-21 regulates TLR signalling it is interesting to speculate 

whether this aspect plays a role in IBD, and whether miR-21 has a role in sensing the 

microbiota and/or GI tract pathogens in this context.  In addition, while the role of 

miR-21 in modulating TLR responses to bacterial ligands such as LPS has been well 
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studied in vitro, work investigating its role in infection with live bacteria, in particular 

using in vivo models is lacking.  Elucidating these functions may help to shed light on 

miR-21’s role in inflammation and inflammatory diseases such as IBD.   
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1.8. Aims 
 

The overall aim of this project is to examine the effect of miR-21 expression in 

animal models of IBD and infection. 

 

The specific aims are as follows: 

I. Using transgenic mice deficient in miR-21, characterise the role of miR-21 in 
experimental models of IBD. 

a. Is miR-21 expression beneficial or pathological? 
b. What are the mechanisms by which miR-21 acts in this disease? 
c. Does miR-21 expression impact on the intestinal microbiome in its 

capacity as a negative regulator of TLR function?  
 

II. Characterise the role of miR-21 in negative regulation of TLR signalling in 
vivo. 

a. How does miR-21 expression affect primary cells and their responses 
to infection with live bacteria? 

b. Do miR-21-/- mice respond differently to infection and if so why? 

 

A greater understanding of miR-21’s role in the inflammatory reponse to infection 

and in the maintainance of intestinal homeostatis will provide new insights into the 

pathogenesis of inflammatory disease and elucidate the potential to target miR-21 as a 

therapeutic strategy for the treatment of these diseases.  
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Chapter 2 

- 
Materials and Methods
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2. Materials and Methods 

2.1.  Materials 

2.1.1. Buffers 

Table 2.1 Buffer compositions  

Buffer Name Buffer Composition 
PBS (10X) 

 

1.45M NaCl, 39mM NaH2PO4, 22.7 mM 

Na2HPO4 

MPO Buffer 1 (pH 4.7)* 

 

NaCl 0.1M – 5.84g/L, Na3PO4 0.02M – 3.12g/L, 

Na2EDTA 0.015M – 5.58g/L 

MPO Buffer 2 (pH 5.4)* 

 

Na3PO4 0.05M – 7,8 g/L 

Hexadecyltrimethylammonium bromide (HTAB) 

0.5% - 5 g/L (add after pH is 5.4) 

MPO Red blood cell lysis solutions 

 

NaCl 0.2% - 2 g/L 

NaCl 1.6% + Glucose 5% - 16 g/L of NaCl and 

50 g/L of Glucose 

MPO Substrate solution 

 

3.845 mg of 3,3’,5,5’-Tetramethylbenzidine per 

mL of Dimethyl sulfoxide (protect from light). 

Hydrogen peroxide (for MPO assay) 0.0002% in MPO buffer 2. 

ELISA wash buffer 0.05% Tween 20 in PBS, pH 7.2–7.4 

Radioimmunoprecipitation assay (RIPA) buffer 

(2X) 

NaCL 300mM, 2% NP40, 1% sodium 

deoxycholate, 0.2% sodium dodecyl sulfate, 

100mM Tris (pH 8). Inhibitors added immediately 

prior to use: 1mM Na3VO4, mM PMSF, µg/ml 

Leupeptin, apoprotinin 1:200. 

Sample Lysis buffer (5X) 10% (w/v) glycerol, 2% (w/v) sodium dodecyl 

sulfate (SDS), 200µg/ml bromophenol blue, 

215mM Tris pH 6.8.  50µl DTT is added per 1ml 

5X sample buffer immediately prior to use. 

SDS–PAGE running buffer (10X) 30.3g 25mM Tris, 144g 192mM glycine, 10g 

0.1%SDS.  Made up to 1L with dH2O. 

SDS–PAGE transfer buffer 0.25M Trizma base, 1.9M Glycine, 35mM SDS.   

Tris-buffered saline (TBS) Tween (TBST) 10X 12.11g Tris, 87.6g NaCl, 10ml Tween 20.  Made 

up in 1L dH2O. 

* to reach the correct pH a solution of NaH2PO4 was used  
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2.1.2. Animals 
 

Animals were maintained under specific pathogen-free or germ-free conditions in line 

with Irish, Israeli and European Union regulations. Experiments were subject to 

ethical approval by the Animal Research Ethics Committee (AREC), a Level 2 ethics 

committee responsible for reviewing the proposed use of animals in teaching and 

research at Trinity College Dublin (TCD), and were carried out in accordance with the 

recommendations of the Irish Health Products Regulatory Authority, the competent 

authority responsible for the implementation of Directive 2010/63/EU on the 

protection of animals used for scientific purposes in accordance with the requirements 

of the S.I No 543 of 2012.  MiR-21 deficient mice were generated by Taconic 

Artemis using a Cre/lox approach. Briefly, miR21 was modified by the insertion of 

two loxP sites that enable excision of the floxed miR21 segment through Cre-

mediated recombination. Chimeric offspring were backcrossed to C57BL/6 for a total 

of 8 generations. Homozygous deletion confirmed by PCR genotyping. The mice 

were bred and maintained in TCD.  Mice were maintained as WT or miR-21-/- 

homozygous pairs for breeding purposes. Germ-Free mice were used in the 

Weizmann Institute of Sciene, Rehovot Israel and were either C57BL/6 or Swiss-

Webster.  For in vivo experiments, male and female animals between 8 and 12 weeks 

of age were used.  For primary cell culture, male and female animals between 8 and 

20 weeks were used. 

2.1.3. Cell culture media 
 

DMEM and RPMI were obtained from Gibco Biosciences (Dun Laoghaire, Ireland).  

Fetal calf serum (FCS) was from Biosera.  Penicillin and streptomycin (P/S) were 

from Sigma (Arklow, Ireland). 

2.1.4. Cell lines  
 

L929 cells were obtained from Sigma (Arklow, Ireland).  RAW264.7 cells were 

obtained from the European Collection of Animal Cell Cultures (ECACC). 

2.1.5. Bacterial strains 
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Salmonella enterica subsp Typhimurium UK-1 (S. Typhimurium UK-1), Citrobacter 

rodentium ICC180 and Listeria monocytogenes EDG-e and EGDeΔLLO were 

provided by Dr Sinéad Corr.  

2.1.6. General laboratory chemicals 

 

All general laboratory chemicals were obtained from Sigma (Ireland and UK) and 

Thermo Fisher Scientific (Ireland).  

 

2.1.7. TLR ligands 
 

LPS for in vitro experiments (ultrapure rough, from E.  Coli serotype EH100) was 

purchased from Alexis (Ireland).  Pam3Csk4 was obtained from Calbiochem (UK).  

Poly (I:C) was obtained from Invivogen (Dun Laoghaire, Ireland). 

 

2.1.8. ELISA reagents 
 

Mouse IL-6, IL-10, IL-12p70 and TNF-α ELISA Duoset kits, as well as TMB 

substrate solution were obtained from R&D systems (UK).  Tween-20, Bovine Serum 

Albumin (BSA) were purchased from Sigma (Ireland). 

 

2.1.9. RNA extraction and PCR reagents 
 

RNaseZap, RNase-free H20 and RNeasy Plus Mini Kits were from Qiagen (Dun 

Laoghaire, Ireland).  PCR fast plates, 10X RT buffer, dNTPs, RNase inhibitor, 

Multiscribe reverse transcriptase and 2X Fast PCR buffer were obtained from Applied 

Biosystems (Dun Laoghaire, Ireland).  TRIzol reagent was obtained from Thermo 

Fisher Scientific (Ireland).  Probes for miR-21 and RNU6B were obtained from 

Applied Biosystems (Dun Laoghaire, Ireland).  SYBR Green real time qPCR reagents 

were purchased from Kapa Biosystems (UK), and primers for SYBR qPCR were 

generated by MWG Eurofins (Wolverhampton, UK). 
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Table 2.2 Primer sequences for SYBR qPCR (mouse genes) 

Primer 

pair 

Forward (5’-3’) Reverse (5’-3’) 

MARCKS CTCCTCCTTGTCGGCGGCCGG GGCCACGTAAAAGTGAACGGC 

RhoB GACGGCAAGCAGGTGGAG ATGGGCACATTGGGGCAG 

Cdc42 CGACCGCTAAGTTATCCACAG AGGGCAGAGCACTCCACA 

Rps13 GGCCCACAAGCTCTTTCCTT GACCTTCTTTTTCCCGCAGC 

YM-1 TGTGGAGAAAGACATTCCAAG AAGAGACTGAGACAGTTCAGGG 

IL-12p40 GACCATCACTGTCAAAGAGTTTCTAG

AT 

AGGAAAGTCTTGTTTTTGAAATTTTT

TA 

TNF-α GCCTCTTCTCATTCCTGCTT TGGGAACTTCTCATCCCTTTG 

Arg1 GATTATCGGAGCGCCTTTCT TGGTCTCTCACGTCATACTCT 

NOS2 CCAAGCCCTCACCTACTTCC CTCTGAGGGCTGACACAAGG 

MRC GGCGAGCATCAAGAGTAAAGA CATAGGTCAGTCCCAACCAAA 

 

2.1.10. Western blotting reagents 
 

Ammonium persulphate (APS), N, N, N’, N’ Tetramethylethylenediamine (TEMED), 

sodium dodecyl sulphate (SDS), Tris-HCL and acrylamide:bisacrylamide were all 

purchased from Sigma (Ireland). WesternBright ECL HRP substrate was from 

Advansta (Ireland).  Polyvinylidene diflouride (PVDF) membranes were from 

Immobilon, a Millipore company (via ThermoFisherScientific, Ireland).  BCA protein 

quantification kits were obtained from Thermo Fisher Scientific (Ireland). 

 

2.1.11. Antibodies 
 

Endosomal maturation marker antibodies were obtained from Cell Signalling (Dublin, 

Ireland). Anti-RhoB antibodies (sc-180) were purchased from Santa Cruz (USA). 

Anti-MARCKS antibodies (ab51100) were obtained from Abcam (Dublin, Ireland). 

Anti-β-actin Clone AC-74 was purchased from Sigma (Arklow, Ireland).  Secondary 

HRP-conjugated antibodies (anti-mouse IgG, anti-goat IgG, anti-rabbit IgG) were 

purchased from Jackson ImmunoResearch Inc (US).  Alexa Flour 488 confocal 
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microscopy secondary antibodies were obtained from Invitrogen (Dun Laoghaire, 

Ireland). 

 

2.1.12. Flow cytometry reagents 
 

CellROX and Aqua Live/Dead stains were obtained from Molecular probes (Dun 

Laoghaire, Ireland). FITC-dextran particles (Mr 3-5kDa) were obtained from Sigma 

(Ireland). 

2.1.13. Greiss Reaction and LDH assay reagents  
 

Greiss reactions and LDH assays were performed using kits obtained from Promega 

(via MyBio, Ireland). 

2.1.14. Experimental colitis reagents and materials 
 

Dextran sulphate sodium (DSS) was obtained from MP Biomedicals (France) and 

Fisher (now Thermo Fisher Scientific, Ireland).  Hemocult occult blood detection kits 

were purchased from Sarstedt (Ireland).   

2.1.15. Histology and Alcian blue staining reagents 
 

Histoclear, EtOH, acetic acid, Alcian Blue, Nuclear Fast Red, Hemotoxylin and eosin 

were obtained form Sigma (Ireland). Cytoseal and paraffin wax was obtained from 

Leica (Ireland). 

2.1.16. Bacterial culture and enumeration reagents 
 

Luria broth (LB) and Brain-Heart infusion (BHI) broth and agar were obtained from 

Sigma (Ireland). Nalidixic acid was obtained from Sigma (Ireland). Listeria strains 

were cultured in BHI broth and plated onto BHI agar. Salmonella and Citrobacter 

were cultured in LB broth and plated onto LB agar. 

2.1.17. MPO reagents 
 

NaCl, Na3PO4, Na2EDTA, Na2HPO4, Na3PO4, NaCl, Glucose, 3,3’,5,5’-

Tetramethylbenzidine and Hydrogen peroxide were purchased from Sigma (Arklow, 

Ireland).   
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2.1.18. MiSeq 16S sequencing  
 

DNA extraction kits were purchased from MOBIO (UK).  Kapa Hifi hot-start PCR 

reagent was purchased from Kapa Biosystems (UK).  V3/V4 primer sets were custom 

made for the Eran Elinav lab in the Weizmann Institute of Science. Agencourt 

AMPure magnetic beads were obtained from Beckman Coulter (Israel).  Wizard® SV 

Gel and PCR Clean-Up system was purchased from Promega (Israel).  Reagents used 

with the Illumina MiSeq 16S sequencing platform were purchased from Illumina 

(USA). 

 

2.1.19. Miscellaneous reagents 
 

Cytochalasin D was obtained from Sigma (Ireland).  
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2.2. Methods 

2.2.1. Cell culture 

2.2.1.1. L929 culture 

 

L929 cells were cultured in RPMI medium containing 10% fetal calf serum (FCS) and 

1% penicillin/streptomycin (P/S) and maintained in standard cell culture conditions 

(humidified 37°C atmosphere with 5% CO2).  Cells were seeded in T175 flasks at 

5x105 for 7 days before subculturing.  On day 7, the media was removed and filter 

sterilized before being stored at -20°C for subsequent use in bone marrow cell culture.  

Cells were then washed with warm PBS before being incubated in Trypsin-EDTA for 

~10 mins to remove them from the base of the flask.  The cells in Trypsin EDTA were 

removed from the flask and added to falcon tubes containing cell culture media.  Cells 

were centrifuged for 5 mins at 1500 rpm.  The cell pellet was resuspended, counted 

and seeded in 40mls media/T175 flask. 

2.2.1.2. RAW 264.7 culture 

 

Cells were maintained in DMEM supplemented with 10% FCS and P/S. When cells 

reached confluency they were washed with warm PBS before being incubated in 

Trypsin-EDTA for ~10 mins to remove them from the base of the flask.  The cells in 

Trypsin EDTA were removed from the flask and added to falcon tubes containing cell 

culture media.  Cells were centrifuged for 5 mins at 1500 rpm to form a pellet.  This 

pellet was resuspended and cells were counted and plated for experiments or split 1/6 

and reseeded in T175 flasks.  

2.2.1.3. Bone marrow isolation and bone marrow-derived macrophage 

(BMDM) culture 

 

WT and miR-21-/- mice were euthanized using CO2 and cervical dislocation.  The 

mice and all instruments were sprayed with 70% EtOH prior to dissection in a laminar 

flow hood.  An incision was made in the middle of the abdomen and the skin was 

pulled back over the hindlegs.  The knee joint was gradually hyperextended 
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repeatedly to break it, before the top of the femur was held and the lower limb pulled 

down in order to remove the muscle from around it.  The clean femur was then cut 

just below the hip joint and placed into ice-cold DMEM containing 1% P/S.  The foot 

was then removed from the tibia above the ankle joint, and the latter is placed in the 

ice-cold DMEM.  The bones were then flushed through using DMEM, and the flow 

through collected in a 50ml falcon tube.  The suspension was centrifuged at 1500 rpm 

for 5 mins.  The cell pellet was then resuspended in 3ml red-blood cell lysis buffer for 

precisely 3 minutes before neutralization by the addition of 3ml DMEM to the tube.  

The suspension was centrifuged at 1500 rpm for 3 mins and the resulting cell pellet 

reuspended in 30 ml DMEM containing 20% M-CSF containing L929 media, 10% 

FCS and 1% P/S.  The suspension was evenly split between three non-cell culture 

coated 10cm dishes (10mls/dish) and the cells were incubated in standard cell culture 

conditions for 6 days.  On day 3, an additional 1ml of L929 was added to each dish.  

On day 6, cells were scraped, resuspended and counted in order to be plated for 

experiments in DMEM containing 10% L929, 10% FCS and 1% P/S. 

2.2.1.4. Bone marrow-derived dendritic cell (BMDC) culture 

 

Bone marrow was flushed and subjected to red-blood cell lysis as described in section 

2.2.1.2.  The cells were then counted and seeded in T175 flasks at 5x105 cells/ml 

(25mls/flask) in DMEM containing 20ng/ml GM-CSF, 10% FCS and 1% P/S.  On 

day 3, cells were fed by the addition of 15mls DMEM containing 20ng/ml GM-CSF, 

10% FCS and 1% P/S.  On day 6, the loosely adherent cells in the flasks were 

removed by gentle agitation and repeat pipetting, and counted before being reseeded 

in T175 flasks at a concentration of 1x106 (35 mls/flask) in DMEM containing 

20ng/ml GM-CSF, 10% FCS and 1% P/S.  On day 8, cells were fed by addition of 

15ml DMEM containing 20ng/ml GM-CSF, 10% FCS and 1% P/S.  On day 10, the 

loosely adherent cells in the flasks were removed by gentle agitation and repeat 

pipetting.  The cells were then resuspended and plated for experiments in DMEM 

containing 10ng/ml GM-CSF, 10% FCS and 1% P/S. 

 

2.2.2. Enzyme-linked immunosorbant assay (ELISA) 
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Post-treatment, supernatants were removed from cell culture wells and the cytokine 

levels present were measured using either Duoset or BD ELISA kits according to the 

manufacturer’s instructions.  Optical density was measured using a 96 well plate 

reader at 450nm and concentrations were determined using a standard curve. 

 

2.2.3. RNA analysis 

2.2.3.1. RNA extraction 

 

Cell monolayers were lysed in 350µl of RLT buffer and colon samples were lysed in 

RNA lysis buffers provided with RNA extraction kits using the TissueLyserII system 

(Qiagen).  Qiagen RNeasy Plus mini kits or Purelink RNA mini kits were used to 

extract RNA from both cell monolayers and colon samples using a slightly modified 

version of the manufacturer’s instructions (Qiagen or Thermo Fisher Scientific).  

Briefly, in order to extract microRNAs as well as longer RNAs from the preparations, 

500µl of 100% EtOH was used in place of 350µl in the initial precipitation step and 

the RW-1 wash buffer step was replaced by a second RPE step (for Purelink kits this 

corresponds to replacing buffer 1 with a second wash of buffer 2).  Alternatively, 

Trizol RNA extraction was performed to extract RNA from samples from the mouse 

gastrointestinal tract.  Up to 1g of tissue was lysed in 1ml TRIzol using the 

TissuelyserII system.  The samples were incubated for 5 min at RT before the 

addition of 200µl chloroform per tube.  The tubes were vigorously shaken for 30s 

before being incubated at 2-3 min at RT.  The tubes were then centrifuged at 12,000 g 

in a 4°C centrifuge for 15 min.  The aqueous phase was then transferred to fresh tubes 

(~500µl/1ml TRIzol).  1µl Glycoblue was added to each tube and the tubes agitated to 

mix.  500µl isopropanol was added to each tube, tubes were agitated to mix before 

being incubated for a minimum of 1 h at -80°C.  Without being thawed, the samples 

were centrifuged at 12,000 g in a 4°C centrifuge for 20 min.  The supernatant was 

then removed from the tube leaving a small pellet at the base of the tube.  The pellet 

was then washed twice by adding 1ml of ice-cold 75% EtOH and centrifuging at 7400 

g in a 4°C for 5 min.  The EtOH was completely removed and the samples were left to 

air dry for 10-30 min.  The pellet was resuspended in 15-30µl of nuclease-free water 

and the samples were quantified for cDNA generation or frozen indefinitely at -80°C.  



 56 

These two methods were also combined, beginning the TRIzol extraction and taking 

the aqueous phase separated after the chloroform step and placing it in an equal 

volume of ethanol before placing it on a column from the aforementioned RNA 

extraction kits.  After extraction, RNA concentrations were measured using a 

Nanodrop 2000 UV visible spectrophotometer and equalized to various 

concentrations.  Equalized RNA was then used for reverse transcription PCR or 

frozen at -80°C for later use. 

2.2.3.2. Reverse transcription-polymerase chain reaction 

 

cDNA was generated by reverse transcription-polymerase chain reaction (RT-PCR) of 

isolated RNA using a high capacity cDNA reverse transcription kit.  10µl of RNA 

was added to 10µl of reaction mix as listed in Table 2.3.  For microRNA cDNA, an 

altered reaction mix was used as listed in Table 2.4. The latter reaction mix is scaled 

down as it uses a reduced volume of 5X miRNA primer/reaction. 

 

Table 2.3 General cDNA reaction mix 

Component Volume (µ l) 

10X RT buffer 2 

10X random primers 2 

100mM deoxyribonucleotide triphosphates (dNTPs) 1 

RNase inhibitors 0.5 

Multiscribe reverse transcriptase enzyme 1 

Nuclease-free water 3.5 

RNA (30-100ng/µl) 10 

 

Table 2.4 miRNA cDNA reaction mix 

Component Volume (µ l) 

dNTP 0.125 

10X Buffer 1.5 

RNase inh 0.18 
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RT enzyme 0.5 

Primer (5X) 0.375 per microRNA target 

Nuclease-free water Make up to 12 

RNA (10ng/µl) 3 

 

The following parameters were used for the general cDNA RT-PCR run: 

 

Table 2.5 RT-PCR protocol for general cDNA 

Temperature Duration (min) 

25°C 10 

37°C 120 

85°C 15 

4°C hold 
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The following parameters were used to generate microRNA-specific RT-PCR run: 

 

Table 2.6 RT-PCR protocol for miRNA-specific cDNA 

Temperature Duration (min) 

16°C 30 

42°C 30 

85°C 5 

4°C hold 

 

2.2.3.3. Real-time quantitative PCR 

 

Real time quantitative PCR (qPCR) was performed on cDNA using Taqman probes 

specific for mouse miR-21 and RNU6B (or U6 SNO).  The reaction mix for each 

sample was as below, and similar to Table 2.4 it is a scaled down reaction as it uses a 

reduced volume of 20X miRNA probe/reaction: 

 

Table 2.7 Taqman qPCR reaction mix 

Component Volume (µ l) 

2X Fast master mix 5 

Taqman probe 0.33 

Nuclease-free water 3.67 

cDNA 1 
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qPCR was performed on cDNA using SYBR Green reagents and primer sets using the 

following reaction mix: 

 

Table 2.8 SYBR qPCR reaction mix 

Component Volume (µ l) 

Kapa SYBR mix 5 

Primer pair mix (10µM) 0.2 

Nuclease-free water 3.8 

cDNA 1 

 

2.2.4. Western Blotting  

2.2.4.1. SDS lysis for total protein 

 

Media was removed from cell monolayers after treatment and 70µl SDS sample lysis 

buffer containing DTT (50µl DTT/1 ml sample buffer) was added to the well.  The 

lysates were removed to microfuge tubes and boiled at 95°C for 5 mins.  Protein 

samples were frozen at -20°C.  Alternatively, tissues were homogenized in RIPA 

buffer containing protease inhibitors and the resulting supernatant was quantified and 

normalized using a BCA kit.  

2.2.4.2. SDS polyacrylimide gel electrophoresis (SDS-PAGE) 

 

Protein samples were resolved by loading on to an SDS-PAGE gel composed of an 

initial 5% stacking gel and a 12% resolving gel.  Gel compositions are shown in Table 

2.9.  Gels were run at a constant current of 25mA per gel.  Pre-stained molecular 

weight standards were also run on the gel to allow determination of the sizes of 

proteins in the experimental samples. 
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Table 2.9 PAGE composition for protein seperation 

Component 5% stacking gel 12% Resolving gel 

Protogel 1 ml 6 ml 

dH2O 4.1 ml 4.9 ml 

Tris pH 8.6 – 3.8 ml 

Tris pH 6.8 0.75 ml – 

10% SDS 60µl 150µl 

10% (APS) 60µl 150µl 

TEMED 6µl 6µl 

  

2.2.4.3. Electrophoretic transfer of proteins of membranes 

 

Once resolved, proteins were transferred to PVDF membranes using wet transfer 

apparatus.  The membrane was activated with 100% methanol (MeOH).  All the other 

components of the wet transfer apparatus were soaked in transfer buffer before 

assembly in the following order, from cathode to anode: sponges, 2 layers filter paper, 

activated PVDF membrane, gel, 2 layers of filter paper, sponge.  Air bubbles were 

then removed from the sandwich by rolling with a cylinder.  The sandwich was placed 

in the transfer cassette.  This cassette was then placed in the transfer tank along with 

transfer buffer and a glycol cooling pack.  Proteins were transferred at 200mA for 2h 

or at 30 mA overnight. 

2.2.4.4. Antibody incubation and visualization 

 

After transfer, the PVDF membrane was removed and blocked with 5% (w/v) milk 

powder in TBST for 1h at RT to block non-specific binding of proteins to the 

membranes.  The membrane was then incubated in primary antibody diluted in 5 ml 

5% milk according to the manufacturer’s instruction for 1h at RT or overnight at 4°C.  

The membrane was then washed three times in TBST for 5 minutes per wash.  The 

membrane was then incubated in HRP-conjugated secondary antibody corresponding 

to the species of primary antibody used diluted 1:2000 in 5% milk for 1h at RT.  

Finally, the membrane was washed again 3 times in TBST as before.  The 
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chemiluminescent substrate was then prepared as advised by the manufacturer and 

added to the surface of the membrane.  The protein bands present were visualized 

using a BioRad GelDoc.   

MARCKS and RhoB antibodies were diluted in 3% BSA in TBST instead of milk, 

and blocked in 3% BSA in TBST instead of milk. 

 

Densitometry was performed using BioRad ImageLab software. 

 

2.2.5. Nitric oxide measurement 
 

To estimate nitric oxide release, the nitrate present in the supernatants was measured 

using a Griess reaction.  Cell monolayers were cultured overnight in 1ml 

media/500,000 cells.  Before treatment, the media was removed and replaced with 

500µl media.  After treatment, the supernatants were immediately removed and 50µl 

were placed in a 96 well plate.  The reaction was then carried out according to the 

manufacturer’s instructions.  Briefly, 50µl sulfanilamide solution was added to each 

standard (standards were made using cell culture media as a diluent) and incubating 

for 5-10 min at room temperature protected from light.  After this incubation, 50µl N-

1-napthylethylenediamine dihydrochloride (NED) solution was added to each well 

and incubated for a further 5-10 min protected from light.  Optical density was then 

read using a plate reader between 520 and 550nm and the nitrate present in each 

sample was quantified using the standard curve. 

 

2.2.6. LDH assay 
 

LDH release in response to various treatments was measured in accordance with the 

manufacturer’s instructions.  Briefly, 45 min before the end of the treatment 10X lysis 

solution was added to a control well to act as maximum LDH release marker. At the 

end of the treatment, 50µl of media from each well was placed in a 96 well plate.  

This was followed by the addition of 50µl CytoTox 96® reagent and 30 min 

incubation protected from light.  At the end of this incubation the reaction was 

stopped by the addition of 50µl stop solution to each well.  Absorbance was then 

measured in a plate reader using a filter at 90nm. 
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2.2.7. Myeloperoxidase (MPO) assay  
 

Colon samples were weighed and homogenised in 1.9ml of buffer 1 per 100mg tissue 

using the TissueLyserII system (90s at 25Hz).  The samples were then centrifuged at 

10,000 g for 10 min at 4°C.  The supernatants were collected and stored at -20°C for 

later use.  Red blood cell lysis was performed by adding 0.2% w/v NaCl to the 

samples for 30s before adding 1.6% NaCl+5% glucose w/v in equal volumes (1.5ml 

per 100mg tissue).  The tubes were shaken for 30s at 25Hz the TissueLyserII system 

and the resulting homogenate was centrifuged at 10,000 g for 10 min at 4°C.  The 

supernatants were discarded and a fresh homogenate was made in buffer 2 using the 

TissueLyserII system for 30s at 25Hz.  After this point samples could be frozen at -

20°C and the protocol resumed later.  The samples were then freeze/thawed in liquid 

nitrogen three times before being centrifuged 10,000 g for 15 min at 4°C.  The 

supernatants were collected and diluted 1:3 before being added in duplicate to a 96 

well plate (25µl/well).  An equal volume of TMB  substrate solution was added and 

the plate incubated in the dark for 5 min.  The hydrogen peroxide solution was 

prepared and added to the plate (100µl per well) before incubation in the dark for 5 

min.  The reaction was stopped by the addition of 100µl of sulfuric acid 1M to each 

well.  Optical density was measured at 450nm using a plate reader.   

 

2.2.8. Confocal microscopy 
 

Cells were seeded at 5x105/ml in 6 well plates containing sterile coverslips and 

maintained overnight at 37°C and 5% CO2.  Following treatment, cells were fixed in 

3% paraformaldehyde at RT for 10 min.  The cells were then washed twice in PBS 

(15 min per wash) before being permeabilized in 0.15% Triton X-100 in PBS for 15 

min at RT.  Cells were then blocked in 2% BSA (in PBS) for 30 min at room 

temperature before being probed with EEA1 primary antibody diluted at 1:100 in 2% 

BSA for 1h at RT.  Cells were then washed three times in PBS/2%BSA/0.15% 

TritonX-100 before being probed with fluorochrome-coupled secondary antibody 

diluted at 1:1000 for 45 min at RT in the dark.  Cells were then washed 3 times in 

PBS/2%BSA/0.15% TritonX-100 to remove non-specifically bound antibody.  The 
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cells were then mounted on coverslips using “antifade” reagent containing Hoescht 

stain and imaged using a Leica SP8 scanning confocal micrscope. 

 

2.2.9. Bacterial infections and LPS-induced sepsis. 

2.2.9.1. Bacterial culture and storage 

 

S. Typhimurium UK-1, C. rodentium ICC180 and L. monocytogenes EDGe were 

cultured from glycerol stocks and then maintained on agar plates.  In a laminar flow 

hood, 100µl of thawed glycerol stock was added to a 15 ml falcon tube containing 10 

ml of LB broth for Salmonella, 10 mls of LB broth containing nalidixic acid 

(50µg/ml) or BHI broth for Listeria.  100µl of the culture was spread in a T-streak to 

separate pure colonies which could be grown overnight at 37°C (LB agar plates for 

Citrobacter rodentium infection containted nalidixic acid at a concetration of 

50µg/ml).  A single colony was taken and placed in a 15ml falcon tube containing 

10ml broth.  The falcon tube was then placed in a bacterial shaker and grown 

overnight at 37°C.  For bacterial enumeration, the optical density at 600nm (OD600) 

value of the culture was measured using a spectrophotometer and 10-fold serial 

dilutions of the culture were made in sterile PBS.  These dilutions were then spread 

out on appropriate nutrient agar plate, 100µl dilution per plate, and left to incubate at 

37°C overnight.  The following day, the colonies were formed and used to calculate 

colony-forming units (CFU) per ml of culture.  The bacteria were then spun down at 

4000pm for 10 min and resupsended in 1 ml of sterile PBS.  The bacterial suspension 

could then be diluted to an appropriate concentration for subsequent infection.  To 

generate glycerol stocks, 500µl of neat bacterial culture was mixed with 500µl of 

sterile glycerol and the bacteria were frozen at -80°C. 

 

2.2.9.2. In vitro infection with Salmonella and Listeria 

 

Cells were plated at 5x105 cells/ml in media containing 10% FCS and P/S.  The 

following day, the cells were washed in PBS and the media replaced with media 

containing 10% FCS but without antibiotics.  Bacteria were added at desired 

multiplicity of infection.  After 15 min, the media was removed and replaced with 
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media containing gentamicin (100µg/ml) to kill extracellular bacteria.  After various 

timepoints, the media was removed, the cells were washed three times with sterile 

PBS and the monolayers were lysed in 100µl ice-cold sterile H2O.  The lysate was 

then serially diluted and the dilutions plated on to nutrient agar plates using a spot 

plate technique (20µl per quarter plate) and incubated overnight.  The following day 

CFUs were counted and converted to Log CFU/ml. 

 

2.2.9.3. In vivo infection with Salmonella and Listeria 

 

Mice were infected either via oral inoculation (oral gavage) or via intraperitoneal 

infection.  For oral gavage, the food was removed from the mice the evening before 

the inoculation.  The following morning, the mice were inoculated with 5x107 CFU of 

Salmonella or Listeria in 100-200µl PBS.  Six days post-infection, the mice were 

euthanized with CO2 and cervical dislocation.  Their blood was harvested by terminal 

bleed, and the liver and spleen were removed and kept on ice in 12-well tissue culture 

plates.  Half the spleen was snap frozen in liquid nitrogen for RNA analysis and 

stored at -80°C.  The remaining spleen and liver were homogenized in 5ml PBS using 

stomacher bags.  The homogenate was then serially diluted ten-fold in PBS and 100µl 

of each dilution was plated on to appropriate nutrient agar plates.  The plates were 

incubated overnight, and the following morning the CFUs were counted and 

converted into Log CFU/organ.  For intraperitoneal infection, the mice were injected 

with 1x106 bacteria in 100-200µl of PBS and the organs and blood were harvested in 

the same manner as for oral gavage three days post-infection.   

 

2.2.9.4. LPS-induced sepsis in vivo 

 

Mice were given a sub-lethal dose of 15mg/kg LPS via intraperitoneal injection (100-

200µl).  After 4 or 24 hours the mice were euthanized with CO2 and cervical 

dislocation.  Their blood was harvested by terminal bleed and serum obtained by 

centrifuging for at 4°C for 10 mins at 14,000 g.  
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2.2.10. Experimental models of colitis 

2.2.10.1. DSS-induced colitis 

 

Dextran sodium sulphate (DSS) was prepared to the appropriate concentration (w/v) 

in dH2O.  Mice aged between 8 and 12 weeks were weighed and administered DSS ad 

libitum on day 0.  Over the course of the model, the mice were weighed daily and 

their stool was measured for consistency and occult blood using Hemocult kits 

according to the manufacturers’ instructions.  The scoring system is included in Table 

2.10.   

 

Table 2.10 Scoring for DSS colitis 

Score Weight loss Occult blood Stool consistency 

0 None No blood – negative Well-formed pellets 

1 1-3% Trace blood – positive Changed form (soft) 

2 3-6% Moderate reaction – 

positive 

Loose stool (wet) 

3 6-9% Bleeding (Visible by 

eye) 

Diarrhea/No stool 

4 >10% Gross anal bleeding  

 

The scores were combined and averaged to generate a Disease Activity Index score 

(DAI).  At the end of the study, the mice were euthanized by CO2 and cervical 

dislocation.  The serum was taken by terminal bleed and the colon removed.  The 

colon’s length was measured before it was divided into sections and stored for 

subsequent analysis.  Proximal and distal sections were placed in 10% formalin and 

then moved to 70% EtOH for histology analysis.  Other sections were snap frozen in 

liquid nitrogen and stored at -80°C for MPO, protein and RNA analysis.   

 

2.2.10.2. C. rodentium induced colitis 

C. rodentium  ICC180 was grown overnight in  10 ml LB medium at 37°C with 

nalidixic acid at 50 µg/ml, centrifuged at 3,000g for 10 min, and resuspended in 10 ml 

of sterile phosphate-buffered saline (PBS) for oral gavage. Each mouse received 
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200µl (approximately 5x109 bacteria) of the bacterial suspension. Post-gavage, the 

remainder of the suspension was plated in serial dilutions for retrospective 

enumeration. For bacterial enumeration in stool samples collected at different time 

points, serial dilutions of a fecal-PBS suspension (ranging from undiluted to 10-7 

dilution) were plated on supplemented LB agar by a spot plate technique and 

incubated overnight at 37°C. Mice were then were monitored for changes in body 

weight and clinical signs of disease as in Table 2.10 
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2.2.10.3. Tissue preparation for histology  

 

Distal colon sections were fixed in 10% formalin for 24h before being placed in 70% 

EtOH for storage.  The sections were then dehydrated by being placed in a gradient of 

solutions with increasing EtOH concentrations before being embedded upright in 

paraffin wax and left to set on a cooling block overnight.  Once set, 5µm transverse 

sections were cut using an upright microtome and mounted on poly-D-lysine coated 

microscopy slides.  Once air dried, the slides were then further dried overnight in an 

incubator set at 37°C.  The slides were then either stored in this dried state or prepared 

for staining by removing the surrounding paraffin wax with xylene.   

 

2.2.10.4. Hemotoxylin and Eosin (H&E) staining 

Prepared histology slides were stained using the following protocol: 

Reagent Time 

Xylene 30s x2 (sections dipped in and out) 

Ascending Dehydration EtOH gradient 

(100%, 90%, 70%) 

1 min per solution  

dH2O 1 min wash (sections dipped in and out) 

Hemotoxylin  5 min 

Eosin 30s 

dH2O 1 min wash (sections dipped in and out) 

Ascending Dehydration EtOH gradient 

(70%, 90%, 100%) 

1 min per solution  

 

The stained sections were then finished by the addition of a coverslip attached with 

Cytoseal (Leica) and left to dry overnight.  Sections were imaged using an Olympus 

BX51 upright microscope.   
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2.2.10.5. Alcian blue staining 

 

Pre-prepared histology slides were stained to detect mucus by treatment using the 

following protocol: 

Reagent Time 

Xylene 30s x2 (sections dipped in and out) 

3% Acetic Acid 3 min 

1% Alcian Blue in 3% acetic acid 30 min 

dH2O 1 min wash (sections dipped in and out) 

0.1% Nuclear Fast Red counterstain 5 min 

dH2O 1 min wash (sections dipped in and out) 

Ascending Dehydration EtOH gradient 

(70%, 80%, 90%) 

1 min per solution  

 

The stained sections were then finished by the addition of a coverslip attached with 

Cytoseal (Leica) and left to dry overnight.  Sections were imaged using an Olympus 

BX51 upright microscope.   

 

2.2.10.6. Quantification of mucus area 

 

Mucus area was determined using images of Alcin blue stained colon sections 

captured using an Olympus BX51 upright microscope magnified 200X.  Open access 

ImageJ software was employed, specifically using the Threshold_Colour plugin to 

convert images to a 24-bit (RGB) format before selecting out areas stained in blue.  

These sections were converted into an image mask and the mask area was quantified 

as a percentage of the whole image.  10 frames were quantified per section. This 

methods was employed to quantify mucus area as performed by Biton et al 235. 
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2.2.10.7. Pathological scoring of histology samples 

 

H&E stained sections of distal colon were blind scored to ascertain the extent of 

colitis using a previously established protocol 236. A combined score of inflammatory 

cell infiltration and tissue damage was determined as follows: cell infiltration: score 0, 

occasional inflammatory cells in the lamina propria (LP); 1, increased infiltrate in the 

LP predominantly at the base of crypts; 2, confluence of inflammatory infiltrate 

extending into the mucosa; 3, transmural extension of infiltrate. Tissue damage: score 

0, no mucosal damage; 1, partial (up to 50%) loss of crypts in large areas; 2, partial to 

total (50–100%) loss of crypts in large areas, epithelium intact; 3, total loss of crypts 

in large areas and epithelium lost. 

 

2.2.10.8. Colonoscopy  

 

On day 13 of the induction of experimental colitis, mice were taken and anesthetized 

by injection of a ketamine/xylazine mixture.  Colonoscopy was performed using the 

Mainz COLOVIEW® system and the video recorded.  The extent of colitis was 

assessed by blind scoring (performed by Christoph Thaiss, Weizmann Insitute of 

Science) according to a number of parameters presented in Table 2.11.   

 

Table 2.11 Scoring for colonoscopy 

 Stool Translucency Vascularity Granularity Fibrin 

deposition 

0 Normal+solid Transparent Normal None None 

1 Still shaped Moderate Moderate Moderate Little 

2 Unshaped Marked Marked Marked Marked 

3 Spread Intransparent Bleeding Extreme Extreme 
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2.2.10.9. Co-housing experiments 

 

Mice were co-housed to assess the impact of the microbiota on disease.  For these 

experiments, 4-week old wild-type and miR-21-/- mice were mixed for a minimum of 

4 weeks before being used in disease models. 

2.2.10.10. Antibiotic treatment of mice  

 

Mice were put on an ad libitum antibiotic treatment course for two weeks.  The course 

of treatment consisted of vancomycin (0.5 g/l), ampicillin (1 g/l), kanamycin (1 g/l), 

and metronidazole (1 g/l) in their drinking water.   

 

Recolonization of germ-free mice 

 

A suspension for recolonization of germ free (GF) mice was made by homogenizing 

frozen feces from wild-type or miR-21-/- mice in sterile PBS in anaerobic conditions 

so as to preserve and anaerobic bacterial colonies present in the fecal samples.  Each 

suspension was prepared to contain 20mg feces per 100µl innoculum.  The 

appropriate weight of fecal material was added to the PBS in 2ml microcentrifuge 

tubes and shaken using the Tissue LyserII system.  The contents were then filtered 

through a sterile 70µm strainer to remove soil particles.  Each mouse was then 

administered with 100µl by oral gavage and allowed to rest for 9 days to ensure 

recolonization.  DSS colitis studies were then performed on day 10.  

 

2.2.11. 16S sequencing  
 

2.2.11.1. Faecal DNA extraction 

 

Mouse faeces was collected in 1.5ml epindorf tubes and snap frozen in liquid nitrogen 

before being stored at -80°C for subsequent DNA extraction.  The samples were 

thawed and DNA extraction performed using MOBIO PowerLyser DNA extraction 

kit according to the manufacturers’ instructions. 
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2.2.11.2. V3/V4 DNA amplification 

 

16S DNA was amplified on the V3/V4 region using custom primer sets.  The forward 

primer was common to each sample, and the reverse primer was unique to each 

sample (the latter primers contain individual barcodes for subsequent identification 

after sequencing) .  The reaction mix was prepared as presented in Table 2.12, and 

each sample reaction mixture was placed in a well of a 96-well PCR plate.  The 

reaction was run in a thermocycler and the conditions used are presented in Table 

2.13, and the product is presented in Figure 2.1.   

 

Table 2.12 V3/V4 PCR reaction mix 

Component Volume (µ l) 

Forward primer (common) 1 

Reverse primer (unique) 1 

Kapa HIFI Hotstart 12.5 

Nuclease-free water 8.5 

DNA 2 

 

Table 2.13 V3/V4 PCR reaction protocol 

Temperature Time Repetition 

95°C 5 min 1 

98°C 

60°C 

72°C 

20s 

30s 

1 min 

 

16 

98°C 

52°C 

72°C 

20s 

30s 

1 min 

 

19 

72°C 10 min 1 

4°C ∞ Hold 
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2.2.11.3. PCR cleanup 

 

PCR cleanup was performed using the AMPure beads in the 96-well format as 

described by the manufacturers.  Briefly, 45µl of AMPure bead were added to each 

well containing PCR products (25µl) and titurated to mix.  The 96-well plate was then 

placed on a magnetic plate to separate the magnetic beads.  The supernatants were 

then removed, and the beads washed twice with 200µl EtOH.  The plate was then 

removed from the magnet and the beads were mixed with 40µl elution buffer (Tris-

HCL) before being placed on the magnet again for 1 min.  38µl of the eluted DNA is 

removed to a fresh plate. 

 

2.2.11.4. Library Preparation 

 

The concentration of each DNA sample was assessed using the Nanodrop 

spectrophotometer.  The library was generated by pooling 100ng of DNA from each 

sample.  The whole volume of the library was then run in multiple wells of an agarose 

gel with loading dye, and the bands were subsequently cut out and the DNA extracted 

using the Wizard® SV Gel and PCR Clean-Up system (Promega).  The concentration 

of the double stranded DNA present in the library was measured using the Qubit 

fluorometric dye system.  Briefly, 198µl buffer, 1µl dsDNA stain and 1µl DNA were 

combined in a microcentrifuge tube and the concentration was measured (ideally the 

concentration would fall between 5-25ng/µl).  The library quality was then assessed 

using the Aligent Tape station system.  The desired peak is expected to appear 

between 450 and 500nm. 

 

2.2.11.5. Sequencing  

 

The library was sequenced using the Illumina MiSeq system according to the 

manufacturers’ protocol.  Briefly, the cartridge and HT-1 buffer were thawed in water 

at RT and on ice respectively.  The DNA must be prepared for loading at a 

concentration of 4nM.  The concentration of the library is assessed using the 

following formula: 
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Qubit concentration x 1000 / 0.649 x Tape Station peak size 

The DNA was diluted in 10mM Tris-HCL as required.  The DNA was then denatured 

from double stranded form to single stranded by diluting 1:1 with 0.2M NaOH 

(5µl:5µl) and incubating at RT for 5 min.  The DNA was then diluted with HT-1 

buffer 1:100.  This dilution was further diluted 1:3 with HT-1 buffer and spiked with 

15% PhiX.  The instrument set up was then completed as instructed and 600µl of the 

final library product was loaded for sequencing.  A brief overview of the library 

design and the sequencing procedure is presented in Figure 2.1. 

 

2.2.11.6. Analysis (performed by Raul Cabrera-Bello, UCC) 

Sequences were obtained from the MiSeq filtered on the basis of quality (removal of 

low quality nucleotides at the 3' end, and remove windows 20 nt with a low average 

quality) and length (removal of sequences with less than 200nt) with prinseq and 

joined using fastq-join (https://code.google.com/archive/p/ea-utils/). The sequences 

were clustered with 97% identity level (calculated at the operational taxonomic unit; 

OTUs) using closed-reference usearch v7.0 to assign the cluster sequences the RDP’s 

Classifier 237-239. α and β-diversity were determined using QIIME 240.  

 

2.2.11.7. Statistical analysis  

P-values were calculated using GraphPad Prism software. Student’s t-tests, Chi-

squared tests and one-way ANOVA tests were used as appropriate. 16S sequencing 

data were statistically analyzed using Adonis for beta-diversity analysis. Statistical 

differences between multiple samples were estimated by Kruskal-Wallis and False 

discovery rate (FDR, qvalue) control based on the Benjamini-Hochberg procedure 

was used to correct for multiple testing with the R statistical package (https://www.r-

project.org/). 
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Figure 2.1 16S sequencing of fecal DNA 

A) PCR reactions are set up with common forward primers amplify DNA at the V3/V4 16S region and 
anneal an adaptor to to the end of the synthesized fragment (Adaptor 1 or P5). Each sample reaction 
uses an individual reverse primer which attaches an index or “barcode” to the region of interest, as well 
as a second adaptor (Adaptor 2 or P7).  B) The PCR product generated is then loaded on the 
sequencing flow cell, where the adaptors anneal to complimentary oligos on the surface, and undergo 
cycles of bridge amplification. 1. To begin sequencing, the product is cut at the the P5 adaptor so that 
remaining fragments are attached at the P7 end and all sequencing occurs in the same direction. Read 1 
sequencing primers are introduced to sequence the region of interest (grey arrow). 2. The product is 
then washed off and the index primers are added to sequence this section to identify the sample later in 
the analysis (red arrow). 3.  The product is washed away once again and the template undergoes bridge 
amplification once more before being cut at the P7 end. Read 2 primers are then introduced to sequence 
from the opposite end of the template. 
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3. miR-21 in DSS colitis 
 

3.1. Introduction 
 

IBD are multi-factorial disorders which are becoming increasingly prevalent in the 

21st century 178,182,241.  It is widely recognised that the innate immune system plays a 

key role in the development of the disease, and several of the licensed therapies for 

IBD target mediators of the innate and adaptive immune system such as pro-

inflammatory cytokines in particular TNF-α.  Recently miRNA have been shown to 

play a critical role in the regulation of innate immune responses to various 

inflammatory stimuli, and as a result have been implicated in inflammatory disease.  

Indeed, several miRNA have been linked to IBD, with their expression either 

negatively or positively correlating with active disease 230. As these regulators can be 

detected in the colonic tissue and the serum they are increasingly being used as 

diagnostic markers of inflammatory diseases including IBD 230.  However, the role 

that these miRNAs play in IBD is still very unclear.  Of interest to this project, miR-

21 is one such miRNA, associated with an elevated expression in ulcerative colitis133.  

miR-21 has been shown to regulate several innate immune responses, enhancing 

signalling to produce the anti-inflammatory cytokine IL-10 in response to TLR4 

sensing of bacterial LPS and promoting inflammation resolution by enhancing the 

clearance of apoptotic bodies by efferocytosis 129,165  However it has yet to be 

established whether miR-21 is an anti-inflammatory agent that is overexpressed in an 

attempt to resolve inflammation in a chronic disease, or whether it is playing a 

pathological role. Indeed the mechanism underlying its increased expression in IBD 

and the consequence of this oveexpression has yet to be determined. Thus, the aim of 

this chapter is to explore the role of miR-21 in IBD by employing the dextran sodium 

sulfate (DSS)-induced colitis model in a miR-21 knockout mice.  
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3.2. Investigation into the role of miR-21 in Inflammatory Bowel Disease 

3.2.1. Generation of miR-21-/- mice 
 

In order to investigate the role of miR-21 in various contexts, miR-21-/- mice were 

generated in 2009 by Taconic Artemis using a homologous recombination targeting 

vector (Fig. 3.1) by prior to the beginning of this project.  Briefly, a targeting allele 

was designed by members of the O’ Neill lab in TCD with several important features: 

a negative selection thymidine kinase (tk) gene which induces sensitivity to the drugs 

gancyclovir or FIAU, a positive selection puromycin resistance cassette flanked by F3 

nuclease sites and LoxP3 sites flanking the miR-21 coding sequence. The tk gene is 

placed outside the arms of homology in order that it will be lost during a homologous 

recombination event and the clone will be resistant to drug selection. However, in a 

random insertion event the tk gene will be incorporated, rendering the clone drug 

sensitive and allowing for negative selection.  The puromycin resistance cassette then 

allows for positive drug-based selection.  This resistance cassette was later removed 

using the site specific recombinase flippase (FLP) to excise the region at the F3 

nuclease sites. ES cells containing the conditional knockout allele were then inserted 

into the blastocyst and mice containing the allele were recovered and crossed to mice 

expressing Cre recombinase to knockout the miR-21 gene by excising the region 

between the Lox P3 sites. Chimeric offspring were backcrossed onto the C57BL/6J 

background for a total of 8 generations. Homozygous deletion of miR-21 was 

confirmed by PCR genotyping. Homozygous WT and miR-21-/- breeding pairs were 

maintained and were used to generate mice for animal studies.  The mice were housed 

in the Comparative Medicine unit in TCD, where they were maintained and 

genotyped regularly. 
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3.2.2. Optimization of the DSS colitis model  
 

In order to evaluate the involvement of murine miR-21 in the regulation of intestinal 

inflammation in vivo,	 the acute dextran sodium sulfate (DSS)-induced colitis mouse 

model was employed.  The DSS model is one of the most widely used mouse models 

of chemically induced colitis, which mimics symptoms of human ulcerative colitis.  

Oral administration of DSS in drinking water results in disruption of the murine 

intestinal epithelial barrier, exposing cells of the lamina propria to commensal 

bacteria and their products resulting in extensive inflammation 242. Due to its 

simplicity and reproducibility this mouse model has been extensively used in many 

studies involving innate immune regulators such as PRRs and cytokines.   

 

We first began optimisation of this model in our mice, as it is known that there are 

numerous factors which can affect and influence induction and severity of the DSS 

colitis in mice including DSS concentration, molecular weight, duration of exposure, 

manufacturer or intestinal microflora of the animals 242-245. Based on the preceding 

reports pertaining to the preferred DSS vendor and optimal in vivo concentration to 

ensure for successful induction of colitis in mice, DSS was incorporated with different 

molecular weights from two different suppliers; Fisher Scientific [now Thermo Fisher 

Scientific], Mw = 500 kDa and MP Biomedicals with a range of Mw between 36 – 50 

kDa).  

 

In all trials, colitis was induced in age- and sex-matched WT and miR-21-/- mice. Mice 

were weighed at the start of the trial.  Mice were checked daily for morbidity and 

body weight was recorded. The Disease Activity Index (DAI) was calculated daily for 

each mouse based upon pathological features (diarrhoea, rectal bleeding, weight loss).  

The method is described in section 2.2.10.  

 

3.2.2.1. Induction of colitis with 2.5% (w/v) DSS (Fisher Scientific, 50kDa)  

The first experiment was conducted using 2.5% (w/v) DSS from Fisher Scientific.  

The mice were given the DSS in their drinking water ad libitum for 5 days before 

being switched to conventional drinking water for 3 days (Fig. 3.2).  Control mice 
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were given normal drinking water. In this first model, administration of DSS resulted 

in little weight loss in WT mice and some in the miR-21-/- mice, with the latter losing 

~10% and the WT group losing none relative to their initial weight (Fig. 3.2A).  There 

was virtually no occult blood detectable in either group during the experiment, with a 

mild amount present on day 8 (Fig. 3.2B).  Similarly, the diarrhea scores were low in 

both groups, peaking briefly on day 7 but low overall (Fig. 3.2C).  The DAI was 

reflective of the low scores, with the WT group DAI score on day 8 not reaching 1 

and the miR-21-/- being appearing slightly higher due to the difference in weight loss 

(Fig. 3.2D).  The colons were removed at the end of the experiment and measured, 

with a short and swollen colon being indicative of disease.  There was no difference 

between the lengths of the colons between WT and miR-21-/- mice, and both groups 

had long colons indicating little inflammation (Fig. 3.2E).  Taken together, these data 

suggested that the dose of 2.5% DSS (Fisher) was too low to effectively induce colitis 

in the mice and that this required further optimization. At this concentration the 

solution was quite viscous which posed a number of problems, including cost 

effective sterile filtration, which may impact on the consistency of future experiments.  

Given that a higher concentration was likely to exacerbate this issue further, it was 

decided to trial the 36 - 50 kDa molecular weight obtained from MP Biomedicals for 

this reason.   

 

3.2.2.2. Induction of colitis with 1.5% (w/v) DSS (MP Biomedicals, 36-50 kDa)  

Upon consultation of the literature, an initial dose of 1.5% was chosen and the mice 

were given this solution for 5 days before being switched to conventional drinking 

water for 3 days (Fig. 3.3).  There was substantial variability in the weight lost by WT 

mice, whilst miR-21-/- mice lost approximately 18% ± standard error of the mean 

(SEM) by the end of the experiment (Fig. 3.3A).  There was also little detectable fecal 

occult blood detected until the end of the experiment whereupon the mice reached 

levels approaching the maximum for this parameter (Fig. 3.3B, days 7 and 8), and this 

increase was broadly similar between the two groups.  The mice in both groups 

displayed an increased tendency towards diarrhea-like stool as reflected in the 

increased stool score across the days measured, all contributing to an increase in DAI 

score in the latter days of the experiment (Fig. 3.3C and D).  As another indicator of 

disease induction, the colon lengths of both groups were very short relative to 
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previously observed healthyl colons and there was no difference between the groups 

(Fig. 3.3E).  Overall these data indicated that the dose used was sufficient to induce 

disease, and that there might be a difference between the groups as indicated by the 

difference in weight loss. However, there were several issues that needed addressing.  

The first of these was that the mice appeared to suffer few symptoms early in the 

experiment but they rapidly reach maximum scores in the various parameters towards 

the end of the experiment which may have caused difficulty in observing any 

significant changes between the groups.  

 

3.2.2.3. Induction of colitis with 2.5% (w/v) DSS (MP Biomedicals, 36-50 kDa)  

We next attempted to induce colitis using a dose of 2.5% (w/v) DSS, which was 

administered to mice ad libitum for 5 days.  It was apparent that colitis was being 

induced compared to water controls, and furthermore, a significant difference in 

phenotype emerged between WT and miR-21-/-. Specifically, there were observed 

differences in weight loss (days 3 and 4), diarrhea and most strikingly in fecal occult 

blood (Fig. 3.4A-C) between WT and miR-21-/- mice, with miR-21-/- mice exhibiting 

reduced weight loss, reduced diarrheal scores and reduced bleeding, indicative of a 

protective effect against DSS-induced colitis following loss of miR-21.  The 

protection exhibited by mice lacking miR-21 was also clear when presented as a DAI 

score (Fig. 3.4D).  In addition, WT mice suffered more severe colon shortening when 

compared to their miR-21-/- counterparts (Fig. 3.4E).  Levels of myeloperoxidase 

(MPO) were also measured in the colon as a measure of neutrophil activation, and this 

was also lower in the miR-21-/- though not to a statistically significant degree (Fig. 

3.4F).   

 

Having found an optimal dose of DSS for inducing colitis, we next confirmed that 

miR-21 is induced in this model as it is in human IBD 133.  miR-21 levels were 

compared between WT mice given water or a course of DSS and indeed miR-21 

expression was markedly higher in the colonic tissue of WT mice administered DSS 

(Fig. 3.5) indicating that our model was representative of the disease and relevant for 

its study.   
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Figure 3.1 Generation of miR-21-/- mice 

The murine miR-21 coding sequence (situated at the 3’ of exon 12 of Tmem49 gene) was targeted for 
deletion by homologous recombination. Targeted alleles were selected for using a puromycin resistance 
cassette, later removed using F3 nuclease sites. Following the implantation of recombinant ES cells and 
recovery of mice carrying the conditional allele, the mice were crossed to transgenic whole body 
expressing Cre mice to generate full-body miR-21 knockout mice (miR-21-/-) via the loxP sites flanking 
the miR-21 coding sequence. Wild-type (WT) controls were generated by uncrossing the mice. 
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Figure 3.2 Optimization of DSS induced colitis in WT versus miR-21-/- mice: 2.5% DSS (Fisher) 

Wild-type (WT) and miR-21-/- mice aged between 8 and 12 weeks were weighed on day 0 and given 
2.5% DSS (Fisher) ad libitum for 5 days. On day 5 the DSS was replaced by normal drinking water for 
3 days. Their weight (A), fecal occult blood (B) and stool consistency (C) were measured daily 
throughout the experiment and combined to generate a disease activity index score (DAI) [D]. The 
mice were sacrificed on day 8 and their colons were removed and measured (E) before being treated 
and stored for subsequent analysis. Data represent mean values ± SEM  of n= ≥ 3 mice per group. 

 



 83 

 
Figure 3.3 Optimization of DSS induced colitis in WT versus miR-21-/- mice: 1.5% DSS (MP 
Biomedicals) 

Wild-type (WT) and miR-21-/- mice aged between 8 and 12 weeks were weighed on day 0 and given 
1.5% DSS (MP Biomedicals) ad libitum for 5 days. On day 5 the DSS was replaced by normal drinking 
water for 3 days. Their weight (A), fecal occult blood (B) and stool consistency (C) were measured 
daily throughout the experiment and combined to generate a disease activity index score (DAI) [D]. 
The mice were sacrificed on day 8 and their colons were removed and measured (E) before being 
treated and stored for subsequent analysis. Data represent mean values ± SEM  of n= ≥ 3 mice per 
group. 
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Figure 3.4 miR-21-/- mice are protected in DSS colitis – Optimization of DSS induced colitis in 
WT versus miR-21-/- mice: 2.5% DSS (MP Biomedicals) 

Wild-type (WT) and miR-21-/- mice aged between 8 and 12 weeks were weighed on day 0 and given 
2.5% DSS (MP Biomedicals) ad libitum for 5 days. Their weight (A), fecal occult blood (B) and stool 
consistency (C) were measured daily throughout the experiment and combined to generate a disease 
activity index score (DAI) [D]. The mice were sacrificed on day 5 and their colons were removed and 
measured (E) before being treated and stored for subsequent analysis. Levels of myelperoxidase (MPO) 
in equalised colon segments were also measured *F). Data represent mean values ± SEM pooled from 
two experiments  of n= ≥5  mice per group.  P values were calculated for A-E using Student’s T-test , * 
p<0.05, ** p< 0.01, ***p< 0.001. 
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Figure 3.5 miR-21 expression is induced in the colon following DSS administration 

C57Bl/6 mice aged between 8 and 12 weeks were given either water or 2.5% DSS (MP Biomediacls) 
ad libitum for 7 days. At the end of the 7 days, the mice were sacrificed and the colons harvested for 
subsequent analysis. RNA was extracted and used to generate cDNA, and miR-21 expression was 
assessed by qPCR. Data expressed as mean values ± SD or relative quantification (RQ) relative to 
water controls.  Water group n=2, DSS group n=4.  
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3.2.3. miR-21-/- mice are protected from DSS-induced colitis 

Having observed a protective effect for miR-21-/- mice in an acute model of colitis 

(2.5% x 5 days) we next assessed the susceptibility of mice in a DSS recovery model. 

In this model, water is reintroduced to ascertain if the phenotype remained or changed 

over a longer period of time and with sufficient recovery time.  Specifically, mice 

were given 2.5% w/v DSS (MP Biomedicals) for 5 days before being switched to 

conventional drinking water for a further 5 days. Water only controls were also 

included (Fig. 3.6).  Overall, a similar protective phenotype was observed in miR21-/- 

mice, albeit with a different rate of progression.  WT mice fed DSS again lost more 

weight than their miR-21-/- counterpart, though it was not until day 6 that this occurred 

in a statistically significant manner (Fig. 3.6A, days 6, 7, 8 and 9).  The same was 

apparent in the diarrhea scores of the two groups, with significant differences being 

observed from day 6 onwards. However WT mice exhibited more exacerbated fecal 

occult blood from as early as day 3 as observed in previous experiments (Fig. 3.6B 

and C).  In all parameters, both WT and miR-21-/- mice began to recover once DSS 

was replaced with water.  This was apparent at different days for each parameter, with 

both groups of mice continuing to lose weight until day 7 but beginning to recover 

towards baseline blood and diarrhea scores immediately.  These differences were 

reflected in the combined DAI score (Fig. 3.6D), but not in the colon lengths as the 

colons of the miR-21-/- were not significantly longer than those of the WTs.  However, 

they were also not significantly shorter than their water control in contrast to the WT 

group, indicating that the WT mice did indeed suffer more severe colitis in this model 

(Fig. 3.6E).   

 

The DSS-induced colitis model is regarded as a useful model for studying IBD partly 

because of the histopathological changes it induces which resemble those of the 

human disease 244.  The inflammation induced causes significant infiltration of 

immune cells and destruction of healthy crypt architecture.  In order to assess whether 

the protected phenotype observed in miR-21-/- mice was also reflected 

histopathologically, sections were taken from the distal colons of WT and miR-21-/- 

mice given DSS or regular drinking water and stained with hematoxlyin and eosin.  

The sections were blind scored to generate a combined histology score (Fig. 3.7A) 
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comprised of combined crypt damage scores and inflammation scores (Fig. 3.7B and 

C), revealing significantly less histopathological damage in the miR-21-/- colon 

sections.  Representative images show normal crypt architecture in both WT and miR-

21-/- control mice, and a marked influx of inflammatory cells with corresponding crypt 

loss in the WT mice treated with DSS.  The miR-21-/- mice also display a degree of 

crypt loss and inflammatory cell infiltration foci, but it is markedly less than that of 

the WT (Fig. 3.7D).  As miR-21 has been reported to influence the expression of 

different pro- and anti- inflammatory cytokines, colon homogenates were assessed for 

their expression.  Surprisingly, miR-21-/- displayed a cytokine profile which would 

indicate higher inflammation than that of the WT mice (Fig. 3.8).  The levels of the 

anti-inflammatory cytokine IL-10 were significantly reduced in the miR-21-/- relative 

to the WT (Fig. 3.8A), and there was no difference in the levels of the pro-

inflammatory cytokine IL-6 (Fig. 3.8B).   
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Figure 3.6 MiR-21 deficient mice are protected compared to wild-type mice in an extended DSS 
colitis model. 

Wild-type (WT) and miR-21-/- mice aged between 8 and 12 weeks were weighed on day 0 and given 
2.5% DSS ad libitum for 5 days before being switched to normal drinking water. Control mice were 
given conventional drinking water throughout. Their weight (A), occult blood (B) and stool consistency 
(C) were measured daily throughout the experiment and combined to generate a disease activity index 
score (D). On day 10, the mice were sacrificed and their colons were removed and measured (E) before 
being stored for subsequent analysis. Data represent mean values ± SEM pooled of n= ≥5  mice per 
group.  P values were calculated for A-E using Student’s T-test , * p<0.05, ** p< 0.01. 
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Figure 3.7 Histological comparison of WT and miR-21-/- mice post colitis 

Distal colons of of wild-type (WT) and miR-21-/- mice treated for 5 days with 2.5% DSS ad libitum , 
followed by 5 days with regular drinking water and control group (water only) were harvested and 
analyzed using hematoxylin and eosin (H&E) staining. Colitis severity of H&E stained colonic tissues 
was assessed by: (A) combined histological score of (B) tissue disruption (crypt damage score; 0–3, 
according to the severity of mucosal and crypts damages) and (C) colon cellular infiltration 
(inflammation score; 0–3, according to the extent of inflammation throughout the intestinal wall). (D) 
Representative microscopic pictures of (H&E) stained colon sections of water and 2.5% DSS treated of 
WT and miR-21-/- mice on the last day of the experiment (100x magnification). Data represent mean 
values ± SEM of n= ≥3  mice per group (n=2 in the miR-21-/- water control group) .  P values were 
calculated for A-C using Student’s T-test , * p<0.05, ** p< 0.01. 
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Figure 3.8 Cytokine analysis of WT and miR-21-/- colons post colitis 

Wild-type (WT) and miR-21-/- mice were treated for 5 days with 2.5% DSS ad libitum, followed by 5 
days with regular drinking water and control group mice were given conventional drinking water only 
throughout. On day 10, colons were harvested and segments were taken for homogenization and 
protein extraction. The protein was quantified and equalized  before cytokine levels were assessed 
using ELISA.  Data represent mean values ± SEM of n= ≥3  mice per group.  P values were calculated 
using Student’s T-test , * p<0.05. 
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3.2.4. Attempted optimization of the C. rodentium bacterially induced colitis 

model 

 

In addition to the chemically-induced DSS colitis model, an infectious model of 

colitis was sought as an alternative model in which to further explore the role of miR-

21 in IBD.  Citrobacter rodentium was employed to induce colitis in mice.  

Specifically, WT and miR-21-/- mice had their food withdrawn overnight prior to 

inoculation with Citrobacter by oral gavage (5x109 CFU/mouse).  Weight loss, fecal 

occult blood and diarrhea were monitored every second day over the course of 21 

days to assess colitis progression.  Neither WT nor miR-21-/- mice lost weight over the 

course of the experiment, and no fecal occult blood was detected in either group at 

any stage (Fig. 3.9A and B).  The WT mice displayed a significantly increased 

diarrhea score on days 8 and 10, but this was not reflected in the composite DAI score 

which depicted the more accurate lack of induction of colitis during the course of 

infection (Fig. 3.9C and D).  The colon lengths of WT and miR-21-/- mice were not 

different to one another and were a healthy length when compared to previous 

experiments where colitis was induced chemically (Fig. 3.9E).  Subsequently, various 

modified protocols were used to try to induce colitis including varying inoculums 

however to no success (data not shown). To ascertain if bacterial colonisation 

occurred, fecal pellets were taken, homogenized and dilutions were grown overnight 

to enumerate the levels of bacteria shed.  Bacteria were detectable in the feces of both 

WT and miR-21-/- mice, with the peak shedding appearing at day 6 before gradually 

shedding reduced until bacteria were no longer present in the feces on day 16 (Fig. 

3.10).  This pattern of shedding is consistent with that observed in published papers 

using this model 211.  There was a significantly higher level of bacteria present in the 

stool of miR-21-/- mice on day 12, but this was deemed not to be biologically relevant 

given that the bacteria failed to induce colitis.  Given this failure to induce colitis 

across multiple experiments, coupled with discussions with members of the Prof 

Fiona Powrie lab (Oxford), it was decided that this model was not suitable for use in 

the TCD facility.  However, it is possible that there are differences between WT and 

miR-21-/- reponses to infection that may be revealed at these earlier times (e.g. day 
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12) which may be revealed by analysing gene expression and other non-symptomatic 

readouts.  

 



 93 

 

 
Figure 3.9 Optimisation of Citrobacter rodentium model in wild-type and miR-21-/- mice. 

Wild-type (WT) and miR-21-/- mice aged between 8 and 12 weeks were weighed on day 0 and orally 
innoculated with 5x109 Citrobacter rodentium (their food was removed on day -1 and replaced on day 
0). Their weight (A), fecal occult blood  (B) and stool consistency  (C) were measured every second 
day throughout the experiment and combined to generate a disease activity index score (D). On day 21, 
the mice were sacrificed and their colons were removed and measured (E) before being stored for 
subsequent analysis. Data represent mean values ± SEM of n= ≥4 mice per group.  P values were 
calculated for A-E using Student’s T-test , ** p<0.01. 
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Figure 3.10 Citrobacter rodentium shedding in a model of infection induced colitis in wild-type 
and miR-21-/- mice. 

Wild-type (WT) and miR-21-/- mice aged between 8 and 12 weeks were weighed on day 0 and orally 
innoculated with 5x109 Citrobacter rodentium (their food was removed on day -1 and replaced on day 
0). Fecal pellets were taken every second day throughout, weighed, homogenized in PBS, diluted and 
plated before being incubated overnight at 37°C. The following day the bacterial colonies were 
enumerated and converted in to LogCFU/mg feces.  Data represent mean values ± SEM of n= ≥4  mice 
per group.  P values were calculated for A-E using Student’s T-test , * p<0.05. 
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3.2.5. Co-housing confers protection on WT mice, indicating a protective role 

for the microbiota in miR-21-/- mice. 

 

The gut microbiota plays an important role in the homeostasis of the host organism, 

and it has also been shown to have an impact on the development of diseases such as 

IBD 90,179.  In order to assess whether or not the microbiota was having an effect on 

the observed disease phenotype in our mice we co-housed WT and miR-21-/- mice for 

four weeks prior to treatment with DSS.  At this point in our investigations, a new 

order of DSS was purchased with a lesser potency than that used in the previous 

experiments.  Accordingly, the dose used in these experiments was raised to 3.5%.  In 

this model, WT mice co-housed with miR-21-/- mice were annotated CH-WT, and 

miR-21-/- mice that were co-housed with WT were annotated CH-miR-21-/-.  These 

test groups were compared to control mice that were co-housed with mice of the same 

genotype and so annotated simply WT or miR-21-/-.  The disease progression was 

followed over the course of 7 days and the DAI is presented here (Fig. 3.11A).  The 

control mice displayed the same phenotype as previously seen, with the miR-21-/- 

showing protection from the disease, particularly at day 4 (Fig. 3.11B).  Interestingly, 

there was also a suggestion, although subtle, that WT mice which had been co-housed 

with miR-21-/- mice may also be protected, once again day 4 being the strongest 

indicator (Fig. 3.11C).  When the individual disease parameters are considered, it is 

clear there is no difference in weight loss between WT and CH-WT animals, however 

there were significant differences in diarrhea score at day 4 and in detectable occult 

blood at days 4 and 6 (Fig. 3.11D-F) which indicated that the co-housed WT mice 

were indeed gaining partial protection via exposure to the miR-21-/- microflora.  

Colon lengths were once again measured as a mark of disease severity, and once 

again control mice demonstrated that mice lacking miR-21 had significant longer 

colons that WT mice.  In addition, the colons of the CH-WT mice were longer than 

WT controls although not to a statistically significant level (Fig. 3.11G).  This transfer 

of microbes between mice appeared to only impact disease in the CH-WT group as 

the CH-miR-21-/- mice disease course followed that of the miR-21-/- controls and their 

colon length was virtually unchanged relative to the miR-21-/- controls (Fig. 3.11A 
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and G).  Taken together, these results suggest that upon loss of miR-21, the 

microbiota undergoes a shift towards a less colitogenic one, which is transferrable.  

 

3.2.6. Colonisation of germ-free WT mice with the fecal microbiota of miR21-/- 
miceconfers protection to DSS-induced colitis. 

 

At this point in my studies, an opportunity arose to carry out experiments in the 

laboratory of Dr Eran Elinav at the Weizmann Insitute of Science (Israel). This 

provided the necessary germ-free facilities to further investigate the intestinal 

microbiota of WT and miR-21-/- mice.  Germ-free mice have been used to explore the 

impact of different microbial populations on different diseases for several years and 

have been regularly employed by the Elinav lab for this purpose 51,246,247.  Thus, we 

next performed colonization of GF mice with the fecal microbiota of either our WT or 

miR-21-/- mouse.  Specifically, fecal pellets were collected from WT and miR-21-/- 

mice, flash frozen in liquid nitrogen and shipped on dry ice to the Weizmann Institute. 

Upon receipt, fecal samples were subsequently thawed, homogenised in PBS 

(100mg/ml) and filtered in anaerobic conditions to form a bacterial suspension.  This 

suspension was delivered to germ-free mice by oral gavage (200µl/mouse) and they 

were left for 9 days to allow the microbial communities to establish in the gut.  After 

9 days, the mice were given a dose of 3% DSS (MP Biomedicals) for 13 days (based 

on the model used by the Elinav group within their facility) and monitored throughout 

the course of the disease.  There were significant differences in weight loss between 

mice inoculated with the WT fecal microbiota [Ex-GF(WT)] vs mice inoculated with 

the miR-21-/- fecal microbiota [Ex-GF(miR-21-/-)] early in the course of the disease, 

with the former group gaining weight steadily as the latter remained the same (Fig. 

3.12A, days 4 and 5). However this difference was lost as the disease progressed and 

the two groups began to gain weight on day 7.  The other disease parameters 

measured showed a striking similarity to those seen in previous experiments 

comparing WT and miR-21-/- mice, with higher fecal blood observed throughout, 

most significantly at days 7 and 9, and higher diarrhea scores from day 6 onwards 

though these were not statistically significant (Fig. 3.12B and C).  There was no 

difference in disease severity as measured by DAI, though this was likely due to the 

lack of weight lost by the mice over the course of the disease which likely skewed the 

overall score (Fig. 3.12D) and in addition there was no difference between Ex-
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GF(WT) vs Ex-GF(miR-21-/-) in colon length (Fig. 3.12E). Whilst the full colitis 

phenotype observed in previous experiments was not fully apparent, there did seem to 

be some correlation between the blood scores elicited by the different microbiota and 

the blood scores of the mice they originated from as seen in previous experiments.  A 

second tool was employed to further investigate this model, , namely endoscopic 

analysis of the colon post-DSS colitis and clinical scoring of the inflammation 

present.  At the end of the experiment, the mice were sedated with a 

ketamine/xylazine cocktail and colon inflammation was assessed using the Mainz 

COLOVIEW® system.  Videos were recorded and scored for various clinical 

parameters which were combined to generate a colitis severity score.  This showed 

that mice inoculated with the miR-21-/- microbiota had a significantly lower score 

than that of mice inoculated with the WT microbiota (Fig. 3.13A).  Representative 

images show increased visible bleeding, fibrin deposition and granularity (bumpy 

surface) in the Ex-GF(WT) when compared to  Ex-GF(miR-21-/-) (Fig. 3.13B).  These 

data indicated that the microbiota composition of the miR-21-/- mouse was indeed 

altered and appeared to at least partially impact on the course of DSS-induced colitis.  

In order to assess if an intact microbiota is required for induction of miR-21 in IBD, 

germ-free mice were given DSS and the expression of miR-21 in the colon was 

compared to water controls.  Interestingly, miR-21 is still induced in the colons of 

germ-free mice after treatment with DSS (Fig. 3.14) implying that the microbiota or 

microbial signals are not required for DSS-induced miR-21 induction.  
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Figure 3.11 Wild-type mice cohoused with miR-21-/- mice are protected from DSS colitis 
compared to wild-type controls. 

Wild-type (WT) and miR-21-/- mice aged between 4-6 weeks were cohoused for 4 weeks with either 
mice of the opposite genotype (e.g WT mouse co-housed with miR-21-/- = CH-WT) or other mice of 
the same genotype (e.g WT mouse co-housed with another WT = WT) before being weighed on day 0 
and given 3.5% DSS ad libitum for 7 days, with fresh DSS being provided on day 3. Their weight, 
stool consistency and occult blood were measured daily throughout the experiment and combined to 
generate a disease activity index score (A). Individual plots of selected groups DAI, weight loss, stool 
score and blood score are shown (B-F). On day 7, the mice were sacrificed and their colons were 
removed and measured (G) before being stored for subsequent analysis. . Data represent mean values ± 
SEM of n= ≥3  mice per group.  P values were calculated for A-G using Student’s T-test , * p<0.05, ** 
p<0.01. 
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Figure 3.12 Comparison of wild type and miR-21-/- microbiota in a germ-free colonization model 

Germ-free Swiss-Webster mice were colonized with fecal preparations from wild-type (WT) or miR-
21-/- mice by oral gavage. After 9 days the mice were given 3% DSS ad libitum in their drinking water 
for 13 days, with fresh DSS being administered as required. Body weight (A), fecal occult blood (B) 
and stool consistency  (C) were measured daily and combined to give a disease activity index score 
(D).  On day 13, mice were subsequently sacrificed and the colon was removed and measured (E) 
before being stored for subsequent analysis. . Data represent mean values ± SEM of n=3 mice per 
group.  P values were calculated for A-E using Student’s T-test , * p<0.05. 
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Figure 3.13 The miR-21-/-  intestinal microbiota is protective in DSS colitis compared to wild-type.  

Germ free Swiss-Webster mice were colonized with fecal preparations from wild-type (WT) or miR-
21-/- mice by oral gavage (Ex-GF (WT) or Ex-GF (miR-21-/-) . After 9 days the mice were given 3% 
DSS ad libitum in their  drinking water for 13 days, with fresh DSS being administered as required. On 
day 13, mice were anesthetized and underwent a colonoscopy using the ColoView system.  Colons 
were blind scored for a number of clinical parametrs which were combined to give  a colitis severity 
score (A). Representative images are shown (B). Data represent mean values ± SEM of n=3  mice per 
group.  P values were calculated for A-E using Student’s T-test , * p<0.05.. 
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Figure 3.14 Intestinal miR-21 expression is increased in germ-free mice following DSS treatment 

Germ free mice were were given 1.5% DSS ad libitum in their  drinking water for 10 days, with fresh 
DSS being administered as required. On day 10, mice sacrificed and the colon was removed. RNA was 
extracted using TriZOL reagent and miR-21 expression was analyzed by qPCR using the Applied 
Biosystems ViiA 7 Real-Time PCR system and Taqman reagents. . Data represent mean values ± SD 
of n= ≥4 mice per group, relative quantification (RQ) relative to water group.  P values were calculated 
using Student’s T-test , * p<0.05 
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3.2.7. 16S rRNA Analysis of the fecal microbiota revealed differences following 
loss of miR-21-/-  

 

16S sequencing of the fecal DNA is a widely used tool for analysis of the intestinal 

microbiome.  We performed an initial analysis which indicated that significant 

differences did exist.  Specifically, DNA was extracted from fecal pellets from male 

WT and miR-21-/- mice and prepared in to a sequencing library to compare the 

composition of the bacterial populations present in each.  The sequencing data was 

obtained using the Illumina MiSeq system and analysed using the QIIME 

(Quantitative Insights Into Microbial Ecology, http://www.qiime.org) analysis 

pipeline.  There were several differences between the WT and miR-21 microbiota 

using Principle co-ordinate (PCoA) statistical analysis to measure and visualize 

relatedness of samples (β diversity) and OTU analysis was used to compare 

abundances of individual species (OTU) between the groups.  The PCoA plot 

presented is an analysis based on UniFrac distances, where greater distance between 

dots indicates greater dissimilarity, and shows a clustering of the WT samples 

(represented by blue dots) in a quadrant separate from those of the miR-21-/- samples 

(represented by red dots) (Fig. 3.15A).  This distance was statistically significant as 

measured by ANOVA, but was considered worthy of further investigation.  Similarly, 

OTU analysis indicated that there was a significantly higher number of OTUs 

detected of the genus Rikenellaceae present in the miR-21-/- mice compared to the WT 

(4.833333 vs 0) as determined by a false discovery rate (FDR) corrected p value of 

0.028386686 and a Bonferroni post-test value of 0.028386686 (Fig. 3.15B).  These 

data indicated that there is a difference in the composition of the miR-21-/- fecal 

microbiota, but that this preliminary study could not sufficiently confirm that.  It was 

determined that a full analysis would be carried out with enhanced n numbers and 

samples from both male and female mice.  

 

Subsequently a larger analysis was performed and sequenced commercially by 

Novogene (China).  Stool samples were collected from WT and miR-21-/- mice from 

which DNA was extracted and sent to Novogene for 16S sequencing.  The resulting 

16S sequencing data was generated by Novogene and subsequently analyzed by 
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collaborators, Dr Paul Cotter and Dr Raul Cabrerra-Bello, at the sequencing facility at 

Teagasc, Moorepark, Co. Cork, as described in Materials and Methods (2.2.11.6).  

The α diversity of the fecal microbiota bacteria (a measure of species diversity within 

a sample) was assessed and compared between WT and miR-21-/- sample data (Fig. 

3.16).  As is common practice, a number of different diversity indices were used to 

ensure any findings are robust and these included observed species, Chao1, ACE, 

Shannon, Simpson, inverse Simpson and Fisher.  There were no significant 

differences between the groups in male or female mice across any of the above 

indices as assessed by two-sample T-test as is standard using the QIIME pipeline.  

These results indicate that the species composition of WT and miR-21-/- are equally 

diverse.  Having established that the two groups had equally diverse bacterial 

populations, the next comparison to be made was were the populations made up of the 

same constituents or were they independently diverse.  This was assessed using the 

QIIME pipeline to compare β diversity between samples.  As described previously, a 

PCoA plot was generated to visualize UniFrac distances, where greater distance 

between dots indicates greater dissimilarity (Fig. 3.17).  This data was statistically 

analyzed using Adonis and revealed a significant difference between WT and miR-21-

/- mice.  This data indicated that whilst there were equally diverse bacterial 

populations, the populations were likely to be made up of significantly different types 

of bacteria.   

 

Several approaches were taken to analyze the composition of the miR-21-/- bacterial 

microbiota versus that of the WT controls.  The QIIME pipeline allows the 

comparison of 16S sequences to established databases and assign the sequences to a 

known OTU.  The top 25 most abundant OTUs were compared between the two 

groups and the results are presented in Figure 3.18 with each OTU being given its 

phylum name followed by its genus name (e.g Actinobacterium; Bifidobacterium).  It 

was apparent that there were considerable differences between the two groups, with 

the miR-21-/- group displaying a higher proportion of Actinobacterium; 

Bifidobacterium, Firmicutes; Coprococcus, Firmicutes; Lactonifactor, Firmicutes; 

Oscilibacter, Firmicutes; Clostridium sensu stricto, Firmicutes; anaerosporobacter 

and Firmicutes; Catonella, and a lower proportion of Firmicutes; Clostridium XIVa, 

Firmicutes; Tannerella, Firmicutes; Dorea, Bacteroidetes; Barnesiella and 

Bacteroidetes; Prevotella, relative to WT mice (Fig. 3.18).  Further analysis was 
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performed to compare the relative proportions at various taxa levels, from phyla 

through to genus level, so that we could establish whether wider groups of bacteria 

were present in different proportions between the two groups as distinct from changes 

to individual OTUs.  A number of significant differences were apparent across several 

taxa.  At the phylum level, Proteobacteria (q=0.00079935) were present in higher 

proportions in the miR-21-/- microbiota (Fig. 3.19A).  At the family level, the miR-21-

/- samples contained higher proportions of Bifidobacteriaceae (q=0.01181564) and 

Peptostreptococcaceae (q=0.14586726), and reduced proportions of 

Verrucomicrobiaceae (q=0.07853655) and Bacteroidaceae (q=0.05746273) Fig. 

3.19B). At the genus level, the WT samples group contains higher proportions of 

Enterorhabdus (q=0.00036569), and reduced proportions of Odoribacter (q=7.896e-

05) and Bifidobacterium (q=0.00143734) (Fig. 3.19C).  These differences 

(summarised in Fig 3.19D) further indicated to us that mice deficient in miR-21 had 

an altered microbiota, and we wished to further confirm that this altered microbiota 

was protective in disease.   
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Figure 3.15 Preliminary 16S sequencing of the wild-type and miR-21-/- fecal microbiota. 

Fecal samples were taken from male wild-type (WT) and miR-21-/- mice aged between 8-12 weeks and 
immediately snap frozen in liquid nitrogen and stored at -80°C. DNA was extracted using the MOBIO 
fecal soil extraction kit and the V3/V4 bacterial rRNA gene segment was amplified and a library 
preparation was made for use in the Illumina MiSeq 16S sequencing system. Principle coordinate 
analysis was employed to assess the relatedness of WT and miR-21-/- fecal microbiota, individual 
samples represented by blue or red dots based on unwieghted UniFrac distances (A). ANOVA analysis 
identified a significantly increased abundance of the genus Rikenellaceae in the miR-21-/- microbiota 
(B). Data representative of n=≥3/group. Analysis was performed by Meirav Pevsner-Fischer (WIS). 
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Figure 3.16 16S sequencing analysis: WT and miR-21-/- fecal microbiota do not differ in α-
diversity. 

Fecal samples were taken from wild-type (WT) and miR-21-/- mice aged between 8-12 weeks and 
immediately snap frozen in liquid nitrogen and stored at -80°C. DNA was extracted using the MOBIO 
fecal soil extraction kit and the V3/V4 bacterial rRNA gene segment was amplified and a library 
preparation was made for use in the Illumina MiSeq 16S sequencing system by Novogene (China). The 
16S rRNA reads were compared to the RDP database, and WT and miR-21-/- microbiota samples were 
compared for intra-sample richness (α) diversity as descibed using OTU, Choa1, ACE, Shannon, 
Simpson, invSimpson and Fisher indices (A). Kruskal-Wallis and False discovery rate (FDR, qvalue) 
control based on the Benjamini-Hochberg procedure was used to correct for multiple testing with the R 
statistical package. Data is representative of n=≥9. Analysis was performed by Raul Cabrerra-Bello 
(Teagasc) 
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Figure 3.17 16S sequencing analysis: WT and miR-21-/- fecal microbiota differ in β diversity.  

Fecal samples were taken from wild-type (WT) and miR-21-/- mice aged between 8-12 weeks and 
immediately snap frozen in liquid nitrogen and stored at -80°C. DNA was extracted using the MOBIO 
fecal soil extraction kit and the V3/V4 bacterial rRNA gene segment was amplified and a library 
preparation was made for use in the Illumina MiSeq 16S sequencing system by Novogene (China). The 
16S rRNA reads were compared to the RDP database, and WT and miR-21-/- microbiota samples were 
compared for inter-sample  (β) diversity. β diversity is represented by a Principal Coordinates Analysis 
(PCoA), performed using all 16S rRNA reads clustered at 97% similarity. (Anosim Pvalue = 0.001). 
Analysis was performed by Raul Cabrerra-Bello (Teagasc).  
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Figure 3.18 16S sequencing analysis: Comparing the top 25 most abundant observable taxonomic 
units in the WT and miR-21-/- microbiota. 

Fecal samples were taken from wild-type (WT) and miR-21-/- mice aged between 8-12 weeks and 
immediately snap frozen in liquid nitrogen and stored at -80°C. DNA was extracted using the MOBIO 
fecal soil extraction kit and the V3/V4 bacterial rRNA gene segment was amplified and a library 
preparation was made for use in the Illumina MiSeq 16S sequencing system by Novogene (China). The 
16S rRNA reads were compared to the RDP database, and WT and miR-21-/- microbiota samples were 
compared for the proportions of the 25 most abundant  OTUs . Data is representative of n=≥22. 
Analysis was performed by Raul Cabrerra-Bello (Teagasc) 
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Figure 3.19 16S sequencing analysis: WT and miR-21-/- fecal microbiota differ in relative 
abundance of bacterial taxa at several levels. 

Fecal samples were taken from wild-type (WT) and miR-21-/- mice aged between 8-12 weeks and 
immediately snap frozen in liquid nitrogen and stored at -80°C. DNA was extracted using the MOBIO 
fecal soil extraction kit and the V3/V4 bacterial rRNA gene segment was amplified and a library 
preparation was made for use in the Illumina MiSeq 16S sequencing system by Novogene (China). The 
16S rRNA reads were compared to the RDP database, and WT and miR-21-/- microbiota samples were 
compared for abundance of different bacterial taxa at phylum level (A), family level (B) and genus 
level (C).  These results are summarised in a table (D). 
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3.2.8. The miR-21-/- protective phenotype is lost after treatment of mice with 

antibiotics. 

 

We next wanted to establish whether miR-21-/- mice would remain protected from 

DSS-induced colitis compared to WT mice  following depletion of their microbiota. 

To ascertain this, a cocktail of antibiotics was administered orally to mice to deplete 

the microbiota before induction of colitis with DSS (Fig. 3.20).  The mice were fed a 

mix of four antibiotics (ABX) for two weeks prior to being given 3% (w/v) DSS for 

seven days, and compared to control mice who were given conventional drinking 

water only prior to DSS treatment.  The differences in weight loss observed were 

consistent with previous experiments, with WT mice losing more weight than miR-21-

/- mice. Both WT and miR-21-/- mice treated with antibiotics suffered more severe 

weight loss than their respective controls (Fig. 3.20A).  Interestingly, there was a 

striking difference between the antibiotics-treated groups (ABX) and the controls with 

regards to the presence of occult blood in stools, with both WT and miR-21-/- ABX 

groups displaying detectable levels of blood in stool after a single days treatment with 

DSS, which was in contrast to the slower progression of the control animals (Fig. 

3.20B).  The diarrhea scores also demonstrated that the presence of antibiotics prior to 

DSS treatment caused a slight exacerbation of disease, though it was not as 

pronounced as in the blood scores. The control groups behaved as seen in previous 

experiments with WT mice displaying higher scores and the overall disease scores 

indicating protection in the miR-21-/- mice at the latter days of the experiment, which 

was lost following antibiotic pre-treatment (Fig. 3.20C and D).  Interestingly, the 

control groups displayed the same colon length phenotype as seen in previous 

experiments, while the antibiotic treated groups had marginally longer colons, 

although not a statistically significant difference (Fig. 3.20E). However, the most 

striking feature of these data was the increased sickness behaviour as indicated by loss 

of mobility and increased morbidity in miR-21-/- mice following antibiotic treatment 

(miR-21 ABX) (Fig. 3.20F and G).  This measure was taken alongside the colitis-

specific parameters mentioned in previous experiments, to ensure correct animal 

welfare practice is maintained.  When mice reach a maximum score for loss of 
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mobility, or a maximum composite score made up from the various other parameters, 

they must be humanely sacrificed.  Treatment with antibiotics led miR-21-/- mice to 

lose mobility at a significantly higher rate compared to WT mice that had also be 

given antibiotics (Fig. 3.20F, days 5 and 6).  This was indicative of significantly 

impaired health and resulted in death of mice either spontaneously or following 

humane sacrifice. This lead to a pronounced impairment in survival in miR-21 ABX 

mice (Fig. 3.20G).  Taken together, these data demonstrate that the miR-21-/- 

protective phenotype is dependant on the presence of the intestinal microbiota. 

 

3.2.9. Investigations into the underlying mechanism by which miR-21-/- may 
modulate the microbiota  

 

Having established that mice lacking miR-21 expression have an altered microbiota 

which impacts on the course of DSS-induced colitis, the possible mechanisms by 

which this miRNA might shape the composition of intestinal bacteria populations 

were preliminarily explored.  The intestinal microenvironment coordinates with the 

microbiota in numerous ways including secretion of immunoglobulins, the most 

important of which sIgA that bind bacterial surface antigens and tethers the bacteria to 

the outer mucus layer amongst other mechanisms 248.  In order to assess if miR-21 

deletion led to altered levels sIgA in the feces, pellets were collected and 

homogenised.  This homogenate was then analysed by ELISA and though overall 

there was a reduction in sIgA levels in the feces obtained from miR-21-/- mice relative 

to the WT samples, it was not statistically significant (Fig. 3.21).   

 

As mentioned previously, the mucous layers themselves are a critical determinant in 

the correct localisation and composition of the microbiota, with this layer forming a 

physical barrier which limits interaction of the microbiota with epithelial cells while 

mucins are an important source of nutrition for members of the microbiota thereby 

influencing its composition. To determine whether there are altered production of 

mucins following loss of miR-21, we first performed an Alcian blue staining to 

analyse distal colon sections from WT and miR-21-/- mice.  Images were used to 

estimate the amount of mucous present throughout the epithelial layer, which was 

expressed as percentage area (Fig. 3.22).  There was no statistical difference in 

mucous present, though there were reduced levels observed in both WT and miR-21-/- 
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DSS-treated mice compared to water controls (Fig. 3.22B).  The outer mucous layer is 

primarily composed of the secretary mucin Muc2, so we deduced that this mucin was 

unlikely to be affected by miR-21 expression according to this staining.  However, 

there are other mucins present in this layer that may be influenced by miR-21 

expression that may have been lost in this analysis.  Using the miRNA target 

databases miR-WALK 2.0 and miR-Base, it became apparent that miR-21 targets a 

protein named Myristoylated alanine-rich C-kinase substrate (MARCKS) which has a 

number of cellular functions including regulation of mucin secretion 249,250.  Thus, 

colon explants were analysed to determine whether the expression of this protein may 

be altered by deletion of miR-21.  In addition, miR-21 has previously been shown to 

target the RhoGTPase RhoB which has an impact on barrier integrity, so this target 

was also investigated (Fig. 3.23) 133.  Colon segments were cultured overnight in 

media alone or media containing 3% DSS or LPS before being lysed in RIPA buffer 

to generate protein lysates.  Western blot analysis showed that there was altered 

expression of MARCKS in colon explants lacking miR-21 (Fig. 3.23A).  

Densitometry revealed that there was less MARCKS present in miR-21-/- colon 

explants basally (Fig. 3.23A lanes 1 and 2), but that upon treatment with DSS or LPS 

there was a marked enhancement of MARCKS expression relative to WT explants 

(Fig. 3.23A lanes 5 and 6 versus 3 and 4, B).  Similarly, RhoB was expressed at very 

similar levels in both WT and miR-21-/- colon explants basally (Fig. 3.23A lanes 1 and 

2) but demonstrated an 3-fold increase in expression in miR-21-/- explants upon DSS 

treatment (Fig. 3.23A lanes 5 versus 3, C).  These data indicate that miR-21 

expression impacts on several important barrier factors which may play a role in 

shaping the microbiota and thus intestinal homeostasis, in particular in the face of 

inflammatory stimuli such as DSS.  

 

Taken together, these data demonstrate that deletion of miR-21 in mice is protective 

in the DSS-induced model of colitis, and that this protection is at least in part 

mediated by the presence of an altered intestinal microbiota.  This confirms that the 

increase in miR-21 expression seen in human IBD is deleterious in this disease.  
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Figure 3.20 The microbiota of miR-21-/- mice is protective in DSS-induced colitis. 

Wild-type (WT) and miR-21-/- mice aged between 8 and 12 weeks were given a 4-way antibiotics mix 
ad libitum for 2 weeks. The mice were then weighed on day 0 and given 3% DSS (MP Biomedicals) ad 
libitum for 7 days. Their weight (A), fecal occult blood (B) and stool consistency (C) were measured 
daily throughout the experiment and combined to generate a disease activity index score (DAI) [D]. 
The mice were sacrificed on day 8 and their colons were removed and measured (E) before being 
treated and stored for subsequent analysis. In addition, the mice were scored for mobility loss (F) and 
morbidity (G). Data represent mean values ± SEM pooled from two experiments  of n= ≥5  mice per 
group.  P values were calculated for A-E using Student’s T-test and Chi squared test for Kaplan-Meier 
survival curve , * p<0.05, ** p< 0.01, *** p=<0.001. Black asterisks compare WT vs miR-21-/-, 
magenta asterisks compare WT (ABX) vs miR-21-/- (ABX) except in panel G.  
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Figure 3.21 Fecal IgA levels do not differ between WT and miR-21-/- mice. 

Fecal pellets were taken from wild-type (WT) and miR-21-/- mice and placed in pre-weighed tubes of 
homogenization buffer. The pellets were weighed, then mashed manually in their tubes before the 
homogenate was centrifuged at 10,000g for 10 min at 4°C. The supernatant was removed and the IgA 
content present was assessed by ELISA, with the values obtained being normalized by weight. Data 
presented representative of data pooled from two experiments, n=15. Statistical significance was 
assessed using Student’s T test.  
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Figure 3.22 Comparison of mucus production between wild-type and miR-21-/- mice post-DSS 
colitis. 

Wild-type (WT) and miR-21-/- mice aged between 8 and 12 weeks were weighed on day 0 and given 
2.5% DSS ad libitum for 5 days before being switched to normal drinking water. Their weight, stool 
consistency and occult blood were measured daily throughout the experiment and combined to generate 
a disease activity index score (C). On day 7, the mice were sacrificed and sections of the colon were 
taken for histology and stained with Alcian blue and nuclear fast red (A). The percentage area stained 
with Alcian blue was quantified using ImageJ (B). n= ≥5 per group. 
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Figure 3.23 Comparison of colonic expression of miR-21 targets MARCKS and RhoB between 
WT and miR-21-/- mice. 

Colon segments of approximately 0.5cm from wild-type (WT) and miR-21-/- mice were cultured 
overnight in DMEM alone or DMEM containing 3% DSS or 100ng/ml LPS. The following day the 
explants were weighed and split for proteins and RNA analysis. For protein analysis, the colon 
segments were homogenised and lysates were resolved by SDS-PAGE, transferred on to a PVDF 
membrane and probed for MARCKS, RhoB and β-actin (A). Densitometry analysis was performed, 
normalizing MARCKS (B) and RhoB (C) to actin and expressed relative to WT Untreated. Data shown 
is representative of two independent experiments.  
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3.3. Discussion 
 

The role of miRNAs in various aspects of health and disease has received much 

interest in recent years due to their capacity to regulate a wide variety of biological 

processes.  The miRNA of interest in this project, miR-21, has been thoroughly 

researched in cancer, where it is an almost ubiquitous marker of disease, but less well 

studied and characterized in inflammatory diseases 140,144.  In the macrophage, miR-21 

has been shown to be an anti-inflammatory mediator including during TLR4 

signalling in response to bacterial LPS and during resolution of inflammation by 

efferocytosis 129,165.  With this in mind, the observation that miR-21 expression is 

elevated in several chronic inflammatory diseases such as psoriasis and IBD, where 

resolution of inflammation is inhibited, is intriguing.  Interestingly, the data generated 

in this chapter demonstrates that loss of miR-21 is protective in a mouse model of 

IBD, which correlates with its increased expression in IBD patients. Furthermore, we 

show for the first time that this protection is due to modulation of the gut microbiota 

by miR-21, with loss of miR-21 leading to a less colitogenic microbial community.  

 

Using mice in which miR-21 was deleted, we investigated the influence of miR-21 on 

development of colitis, and furthermore, we investigated the molecular mechanisms 

underlying its disease association.  Using the chemically-induced DSS colitis model, a 

marked protection was observed in the miR-21-/- relative to WT controls.  miR-21 is 

induced in colonic tissue of mice in response to DSS, mimicking its elevated 

expression seen in human IBD and validating this model as relevant for exploring the 

role of this miRNA in this disease 133.  In a recovery model, in which mice were 

administered 2.5% DSS for 5 days followed by normal drinking water, we observed 

that mice lacking miR-21 recover more quickly than their WT counterparts.  These 

results were initially surprising to us, as we had hypothesized that miR-21 would have 

a beneficial effect in models of colitis due to its previously ascribed role in IL-10 

production in macrophages and the well established finding that IL-10-deficient mice 

develop spontaneous colitis 49,251.  However, at the time of our studies, a research 

paper was subsequently published which also demonstrated that mice lacking miR-21 

are protected from DSS-induced colitis and furthermore, from colitis-associated 
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colorectal cancer 252,253.  Similar to our own findings, this publication also described a 

significant protection from the histological features of DSS-induced colitis.  

Combined, our study and this paper provide evidence that miR-21 plays a 

pathological role in the development of intestinal inflammation.  Indeed, in a 

subsequent study by Shi et al, miR-21 expression is upregulated in IL-10-/- mice, 

which are susceptible to DSS-induced colitis, indicating that perhaps without an anti-

inflammatory signal to repress miR-21 its expression goes unchecked and further 

propagates disease 252.  To investigate the role of IL-10 in our model, control and 

DSS-treated colon homogenates were homogenised and analysed for the presence of 

IL-10 and also the pro-inflammatory cytokine IL-6.  IL-10 was inducible upon DSS 

treatment, and there were significantly lower levels present in the miR-21-/- colon 

homogenates.  This result concurs with the aforementioned studies in macrophages, 

which demonstrated the miR-21 induction allowed increased IL-10 translation in 

response to LPS stimulation of TLR4, but is puzzling in the context of a protective 

colitis phenotype.  In contrast to IL-10, IL-6 levels were similar between WT and 

miR-21-/- mice and did not appear to be particularly inducible with DSS which was 

also surprising given that IL-6 has been previously implicated in IBD while the 

monoclonal antibody tocilizumab which targets IL-6, has been approved for treatment 

of the disease 254.   

 

We wished to further explore the mouse phenotype by testing another colitis model 

with a different mechanism of action.  The infectious attaching-effacing bacterium 

Citrobacter rodentium model of colitis was employed to this end, however despite 

multiple experiments were performed in an attempts to establish colitis, this model 

ultimately proved to be ineffective in our animal facility.  Indeed, the mice never 

suffered the weight loss associated with functioning models of IBD, nor did they 

exhibit any signs of intestinal bleeding, while the diarrhea scores were also 

inconclusive.  The bacterium displayed the normal fecal shedding pattern seen in a 

functioning colitis-inducing experiment, suggesting that the infection was established 

in the mice.  However, it was cleared from the animals without any symptoms of the 

disease developing.  At this point, it was decided to continue our investigations using 

the validated DSS-induced colitis model.  
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Multiple mechanisms are implicated in the development of IBD, and current opinion 

is that an interaction of host genetic susceptibilities, environmental factors, and the 

gut microbiota leads to a dysregulation of the mucosal immune system and 

subsequent development of chronic inflammation 179,216.  Indeed, microbial dysbiosis 

has been found to play a significant contribution in a number of DSS-induced colitis 

phenotypes exhibited by transgenic mice with alterations in immune function.  One 

such study demonstrated that the inflammasome component NLRP6 was required for 

intact host-microbe interaction, and that the exacerbated colitis phenotype exhibited 

by NLRP6-/- mice in response to treatment with DSS could be transferred to wild-type 

mice by co-housing 216,255.  As miR-21 is a known regulator of the immunological 

activity of the bacterial sensor TLR4, we sought to ascertain the significance of the 

gut microbiota in our mice.  Firstly, we observed that following co-housing of mice, 

WT mice cohoused with miR-21-/- mice displayed a reduced colitis phenotype when 

compared to the WT control group, which was evident in fecal occult blood and in the 

diarrhea score.  This indicated that mice lacking miR-21 have an altered microbiota 

compared to their WT counterparts, which offers protection against development of 

colitis and furthermore, that this protection is transferable.  The literature is sparse 

regarding the potential of miRNAs to modulate the gut microbiota, but given the 

variety of roles in regulating bacterial sensing it is likely that miRNA may play an 

indirect role.  In one interesting study conducted by Lui et al, the authors 

demonstrated that host miRNA, including miR-21, are present in mouse feces and that 

they can be taken up by commensal bacteria to alter their gene expression.  In 

addition, this study showed a significant microbial dysbiosis was present in Dicer 

knockout mice which lack all functional miRNAs, and that this dysbiosis could be 

rescued by re-introducing synthetic miRNA to the mice 256.   

 

To further explore the protective microbiota observed in the miR-21-/- mice, we 

recolonised germ-free mice with the fecal microbiota of WT or miR-21-/- mice prior to 

DSS challenge.  In this experiment, mice colonised with a miR-21-/- fecal microbiota 

exhibited protection from DSS-induced colitis relative to the mice colonized with the 

WT microbiota.  A colonoscopy confirmed that the miR-21-/- colonized mice 

displayed fewer signs of inflammation.  Colonoscopy is the current gold standard in 

IBD diagnosis, and it is becoming increasingly utilised in studies modelling the 

disease 257.  Surprisingly, weight loss was the one parameter which did not show at 
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least some degree of protection in these experiments.  It had previously been reported 

that miR-21 expression was downregulated in the caecum of germ-free mice relative 

to conventional controls, implying that the caecal microbiota impacts on its 

expression 258.  In order to establish if miR-21 is induced in the DSS colitis model due 

to increased penetration of the epithelium by commensal bacteria and subsequently 

enhanced immune activation, miR-21 expression levels were compared in germ-free 

mice given DSS or water.  It was observed that miR-21 expression remains enhanced 

in these mice upon DSS treatment.  This was interesting and points to a mechanism of 

induction more related to the epithelial damage caused by DSS administration 244.  

The mechanisms by which DSS induce this damage are still not well understood, but 

it is clear that it is one of the primary modes by which it induces disease. 

 

Having shown that the microbiota of the miR-21-/- mouse determines the outcome of 

DSS-induced colitis, we wished to confirm any differences in the composition of this 

microbial population compared to that of WT mice.  Microbial communities can be 

assessed in a number of ways, with α diversity referring to the number and 

distribution of taxa within a given sample and β diversity referring to the number of 

shared taxa between samples.  In order to measure these parameters, we employed 

16S rRNA sequencing which allows amplification of DNA from all bacterial species 

present by amplifying ribosomal RNA along the conserved V3/V4 region and then 

differentiating between species using the genes variable regions.  A preliminary study 

performed at the Weizmann Institute of Science showed that there are differences 

between the taxa present in the microbiotas of WT and miR-21-/- mice, however 

unfortunately, these results were not statistically significant. Despite this, it was 

interesting to see that miR-21-/- mice display a significantly higher abundance of the 

family Rikenellaceae compared to WT mice. This family has been associated with 

protection in IBD as well as correlating with increased IL-18 and reduced severity in 

DSS-induced colitis models 91,259,260.  With these preliminary results as a starting 

point, 16S rRNA sequencing analysis was carried out commercially (Novogene, 

China) on a larger number of mice. In depth data analysis was subsequently 

performed in collaboration with Dr Paul Cotter and Dr Raul Cabrerra-Bello based in 

Teagasc, Co. Cork.  From this subsequent study, we compared loss of α diversity in 

our mice, as this is often associated with a deleterious dysbiosis in various disease 

states.  α diversity was compared using a number of statistical models and found to be 
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of a similar level in both WT and miR-21-/- mice, indicating that there was a similar 

level of species richness in both populations.  In order to assess whether or not these 

populations shared similar species, β diversity was assessed as in the preliminary 

study and found to be significantly different between WT and miR-21-/- fecal bacterial 

populations.  This supported the case for an altered, protective microbiota being 

present in the miR-21-/- intestinal compartment.  In order to explore the composition 

of the WT and miR-21-/- microbiota further, the 16S sequences obtained were 

compared to the Green Genes database (standard with the QIIME pipeline) and these 

sequences were matched with existing OTUs.  The top 25 most abundant OTUs in 

WT and miR-21-/- mice were compared and there was several significant differences 

noted.  Several of the observed differences pointed towards a potentially protective 

microbial signature in the miR-21-/- mouse, including a generally higher abundance of 

genera within the Firmicute phylum which correlates with protection against IBD 

while there was a lesser abundance of Bacteroidetes and Prevotella which correlates 

with development of IBD 261,262.  The higher abundance in the gram positive probiotic 

genus Actinobacterium and Bifidobacterium can also be interpreted as evidence of a 

protective microbiota as several studies have indicated a reduction in the severity of 

DSS-induced disease in mice treated with members of these genus 263-265.  We next 

performed a taxa analysis to compare the relative proportions of different bacterial 

groupings at various taxonomic levels.  Surprisingly, at the phylum level there was an 

increased presence of Proteobacteira in the miR-21-/- mice which would run counter 

to the idea of a protective microbiota.  This phylum of gram-negative bacteria 

generally increase in proportion in IBD with a commensurate decrease in Firmicutes 
266,267.  Further down the taxa, at family level the fecal microbiota of the mice lacking 

miR-21 display an increased proportion of Bifidobacteriaceae and 

Peptostreptococcaceae relative to the WT microbiota, and at genus level an increase 

in Bifidobacterium and Odoribacter, all of which correlate with a healthy microbiota 

in various studies 268,269.  Overall, these data confirm that there is an altered 

microbiota in the miR-21-/- knockout mouse, with some of these alterations 

correlating with studies that indicate protective associations with IBD and mouse 

models of colitis.   

 

As a final confirmation that the microbiota of miR-21-/- mice confers protection 

against DSS-induced colitis, we determined the consequence of depleting this 
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microbiota by administering antibiotics to mice prior to challenged with DSS.  Both 

WT-depleted and miR-21-/--depleted mice displayed increased detectable fecal occult 

blood and higher diarrhea scores earlier in the experiment. However interestingly, the 

protective phenotype previously observed in the miR-21-/- mouse was lost following 

antibiotic treatment, as demonstrated in each of disease scores and overall DAI score.  

The increase in intestinal haemorrhage in antibiotic-treated mice has been observed in 

other studies, and may contribute to the enhanced fecal occult blood scores noted in 

this experiment 270.  Most striking of all the observations in this experiment was the 

highly significant increase in sickness behaviour (measured by loss of mobility) and 

associated mortality displayed in the miR-21-/- mice treated with antibiotics.  This 

finding confirms that the microbiota of miR-21-/- mice is protective in DSS-induced 

colitis.  However, to seek further confirmation of this finding it would be interesting 

to generate germ-free miR-21-/- mice and to challenge them with the DSS model of 

colitis.  This would rule out any influence from PAMPs aberrantly released due to 

antibiotic killing of the microbiota which may trigger inflammation.  

 

The final step of this study sought to elucidate how miR-21 expression might 

influence the microbiota.  Firstly we assessed any role for sIgA, which is a major 

player in the shaping of the composition of bacteria communities in the gut albeit 

through relatively poorly understood mechanisms 271.  Certain IgA clones have been 

shown to selectively bind harmful pathogenic bacteria in models of IBD and act in a 

protective manner by promoting restoration of a correct microbial balance 272.  To 

determine whether miR-21 might affect secretion of IgA in to the gut lumen, sIgA 

levels in the stools of WT and miR-21-/- mice were assessed, however there was no 

significant difference between the groups of mice.  Next we assessed whether miR-21 

might regulate the production of mucins from the epithelium, as the composition of 

the mucous layer and effective mucus secretion are crucial for maintaining a 

homeostatic balance of gut bacteria 41,255,273.  In order to assess whether or not the 

mucus barrier in miR-21-/- mice was different to that of WT mice, colonic sections 

from control WT and miR-21-/- mice and WT and miR-21-/- mice treated with 

antibiotics were stained with the broad mucus stain Alcian blue and the mucus present 

was quantified using ImageJ software.  This analysis demonstrated that there was no 

significant difference between WT and miR-21-/- in the mucus layer.  There was more 

mucus observed in water controls compared to DSS treated mice, although this 
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difference was not statistically significant.  Alcian blue is a broad glycan stain that 

will dye all mucins present in the tissue.  In the gut, Muc2 is the most abundant mucin 

and so, whilst our experiments indicate that the secretion of this mucin is likely 

unchanged, other mucins might be lost by broad staining in this manner 274.  With this 

in mind, the miR-21 target, MARCKS, which is involved in regulation of mucin 

secretion, was identified from comparative database searches.  MARCKS has been 

shown to regulate secretion of the mucin Muc5AC in airways 249.  We hypothesized 

that miR-21 deletion may allow increased MARCKS expression and ultimately allow 

for favourable mucin secretion as an available nutrient to support an altered 

microbiota.  Using a colon explant model, it was demonstrated that miR-21 deletion 

does indeed allow for enhanced MARCKS expression in response to both DSS and 

LPS, but that basally its expression is actually lessened.  Previous studies have also 

identified a role for the miR-21 target RhoB in regulating epithelial barrier 

permeability. Of course, intestinal barrier permeability has been well established to be 

associated with microbial dysbiosis. In a study of miR-21-/- mice, enhanced RhoB 

expression was associated with heightened barrier integrity and reduced colitis 

severity 133,252.  In our analysis using colon explants, we have also demonstrated an 

increase in RhoB expression in miR-21-/- mice in response to DSS treatment.  This 

would lead to an enhanced epithelial barrier needed to maintain a healthy microbiota, 

as it has been shown that a “leaky” gut leads to deleterious alterations in the intestinal 

microbiota 275,276.   

 

In summary, our findings demonstrate that miR-21 expression is deleterious in the 

DSS model of IBD, and that the intestinal microbiota is crucial to the course of this 

disease progression.  Our findings identify a novel role for miR-21 in regulating the 

composition of the intestinal microbiota.  
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4. miR-21 limits infection by Listeria monocytogenes 
 

4.1. Introduction 
 

Macrophages form a crucial part of our body’s defence, with the ability of 

macrophages to engulf and digest invading pathogens, termed phagocytosis, being 

fundamental to the control of infection 277.  Bacterial pathogens are sensed through the 

expression of PRRs on phagocytes, including TLRs expressed on the phagocyte cell 

surface and membranes of vesicular compartments that recognize PAMPs, 29,278.  The 

sensing of these PAMPs leads to the activation of multiple signalling pathways which 

result in the production of cytokines to alert nearby immune cells as well as 

phagocytosis and intracellular killing of the ingested microbe 279.  

 

The initial stage of phagocytosis involves triggering of intracellular signalling 

pathways leading to actin polymerization, cytoskeleton rearrangements which causes 

remodelling of the cell surface to form plasma membrane extensions. These 

extensions referred to as pseudopods lead to formation of a phagocytic cup which 

subsequently encloses around the bacterium so that it becomes engulfed into the cell 

in an enclosed structure referred to as the phagosome.  The phagosome subsequently 

undergoes a series of maturation steps which involves fusion with endosomal vesicles 

and fission vesicles, moving through early, intermediate and late stages culminating in 

formation of the mature phagolysosome which has acquired the full bactericidal 

repertoire, including acidification and ability to generate bacteriocidal free radicals 13.  

In this way, macrophages play a critical role in host responses to intracellular 

pathogens and the clearance of infections which significantly contribute to the high 

morbidity and mortality rates associated with infectious diseases worldwide.  

However, certain intracellular bacteria have evolved strategies which allow them to 

exploit these intracellular niches.  Listeria is a gram-positive pathogen responsible for 

the group of systemic infections known as listeriosis, associated with a fatality rate of 

30% or more and the second leading cause of death due to food-borne infection101.  

Listeria have evolved to escape from the phagolysosome through the expression of a 

hemolysin, LLO, and subsequently grow and replicate within the cytosol of 
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macrophages. The ability of bacteria like Listeria to establish an intracellular niche 

and evade immune surveillance typifies the struggle between infectious agents and the 

host immunity and is critical to the outcome of infection 102. 

 

As previously mentioned in this thesis, miRNA have emerged as critical regulators of 

host immune responses 109,111,114 and have been implicated in the regulation of 

immune cell function including the fine-tuning of PRR signalling 116,130,131. Although, 

there is growing understanding that regulation of miRNA expression is a crucial part 

of the host response to bacterial infection, knowledge of their cellular expression in 

response to bacteria and the impact of this on the outcome of infections is limited.  

Furthermore, modulation of miRNAs has emerged as a novel strategy employed by 

bacterial pathogens to manipulate host cell pathways and survive within host cells.  

MiR-21 was shown to regulate expression of the anti-inflammatory cytokine IL-10 in 

macrophages in response to bacterial LPS, by targeting PDCD4, a negative regulator 

of IL-10 translation 129,144.  A study of asthma showed that miR-21 negatively 

regulates immune responses in dendritic cells, by controlling the production of pro-

inflammatory IL-12 161,164. In addition, miR-21 has also been implicated in positively 

regulating the phenomenon of efferocytosis whereby activated macrophages ingest 

dying cells and prevent further inflammation 165.  MiR-21 has been previously been 

shown under certain contexts to act as a break in the differentiation of macrophages to 

an M2-like phenotype, allowing a more robust bactericidal M1 macrophage to 

emerge. Although the role of miR-21 in the host response to bacterial pathogens is 

relatively unexplored, this implies a potentially important role for miR-21 in the 

control of infection 162.  

 

The aim of this chapter was to explore the significance of miR-21 expression during 

bacterial infection in vivo using the miR-21-/- mouse, and more specifically using 

primary bone-marrow-derived macrophages (BMDMs), to elucidate its role 

phagocytosis of invading bacteria, in particular the intracellular pathogens L. 

monocytogenes and Salmonella enterica subsp. Typhimurium (S. Typhimurium UK-

1).    
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4.2. Results 

4.2.1. miR-21 is induced by TLR4 stimulation in RAW264.7 macrophages and 
BMDMs 

 

Previous studies have demonstrated that miR-21 is induced in response to LPS 129,280.  

In order to confirm these reports, the macrophage like cell line RAW 264.7 was 

initially employed.  miR-21 was induced early in the experiment, with the induction 

waning slightly before reaching its peak at 10-fold induction at 24 hours (Fig. 4.1A) .  

Subsequently, WT BMDMs were generated and treated with LPS.  These cells are a 

very representative macrophage for experimental studies and the model of choice for 

this project.  Upon treatment with LPS, miR-21 is induced in BMDMs peaking at 20-

fold induction at 4 hours and remaining at this level through to 8 hours before 

dropping at 24 hours (Fig. 4.1B).  This was in agreement with previous observations 

regarding miR-21 induction in these cell types 129.  

 

4.2.2. miR-21 expression alters TLR-stimulated cytokine secretion in BMDMs 
 

LPS binding to TLR4 induces multiple signalling events which lead to the 

transcription, translation and secretion of cytokines.  As miR-21 has been 

demonstrated to regulate the production of these crucial immune mediators, it was 

decided to explore the effect of miR-21 deletion on cytokine production.  With this in 

mind, BMDM were generated from WT and miR-21-/- mice and cytokines secretion 

measured in response to LPS (Fig. 4.2).  LPS induced IL-10, IL-6 and TNF-α 

secretion was assessed in both WT and miR-21-/- BMDMs after the course 24 hours 

treatment.  The most consistent timepoints, 1h and 24h, are presented here (Fig 4.2).  

Previous reports have described a role for miR-21 in allowing translation of the anti-

inflammatory cytokine IL-10 via degradation of PDCD4.  In keeping with this 

observation, IL-10 secretion was observed to be reduced in BMDMs deficient in miR-

21 (Fig. 4.2A) though this difference was not statistically significant.  The secretion of 

pro-inflammatory cytokine IL-6 was heightened in the miR-21-/- cells, but this effect 

was inconsistent and not statistically significant (Fig. 4.2B).  However, there was a 

significant increase in the levels of TNF-α by miR-21-/- BMDMs relative to WT cells, 

which was detectable at both 1h and 24h in keeping with previously published studies 

(Fig. 4.2C).  Other TLRs have been shown to influence miRNA expression and signal 
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for cytokine secretion in response to infection or damage, and so it was decided to 

explore the effect of stimulation of TLR1/2 and TLR3 using the synthetic ligands 

Pam3CSK4 and Poly (I:C) respectively (Fig. 4.3).  After 24 hours treatment, IL-10 

secretion was reduced in miR-21-/- macrophages relative to WT cells upon treatment 

with stimulation of both TLR1/2 and TLR3 (Fig. 4.3A).  IL-6 levels were very similar 

in both WT and miR-21-/- macrophages with both agonists, aside from a slight 

reduction apparent in the Poly (I:C) treated miR-21-/- cells (Fig. 4.3B) in contrast to 

the previous LPS stimulation in Figure 4.2.  TNF-α levels were higher in miR-21-/- 

macrophages treated with Pam3CSK4 compared to WT cells, but unchanged in 

response to the TLR3 agonist Poly (I:C) (Fig. 4.3C).   

 

4.2.3. miR-21 expression alters LPS induced cytokine secretion in BMDCs. 
 

Dendritic cells (DCs) are a vital link between the innate and adaptive immune system 

through their capacity to sense danger signals and present antigen to T cells.  In order 

to sense these danger signals DCs, like macrophages, express a variety of PRRs 

including TLR4.  As DCs have a distinct but overlapping role in the immune response 

to gram-negative pathogens, experiments were carried out to assess if their cytokine 

response was affected by miR-21 expression, as was the case in BMDMs.  Bone 

marrow-derived DCs (BMDCs) were cultured from WT and miR-21-/- progenitor cells 

to this end.  Upon LPS treatments, similar cytokine levels were obtained as to those 

seen in BMDMs after 24 hours stimulation (Fig. 4.4).  Cells lacking miR-21 again 

displayed reduced IL-10 secretion relative to WT cells, and again not quite reaching 

statistical significance (Fig. 4.4A).  IL-6 levels were no different between WT and 

miR-21-/- BMDCs and consistent with data obtained in experiments with BMDMs 

(Fig. 4.4B), miR-21-/- cells secrete significantly higher levels of TNF-α than WT cells 

after 24 hours treatment with LPS (Fig. 4.4C).  Given the importance of DCs to the 

shaping of adaptive responses via T cell polarization, the Th1 polarizing cytokine IL-

12 was also measured.  miR-21 has previously been shown to target the mRNA of the 

p35 subunit of this cytokine, and indeed in BMDCs miR-21 deletion allows 

significant IL-12 secretion to occur relative to WT controls after 24 hours treatment 

with LPS (Fig. 4.5).  This is consistent with previous reports demonstrating miR-21 

limiting the inflammatory Th1 response in the lung 161,164.   



 133 

 
 

 

4.2.4. miR-21 restricts LPS-induced TNF-α secretion in vivo. 
 

In order to test the relevance of the previous in vitro observations in vivo, the LPS-

induced sepsis model was used to test the levels of cytokine induction in mice (Fig. 

4.6).  WT and miR-21-/- mice were injected for 4 hours (Fig. 4.6A and B) or 24 hours 

(Fig. 4.6C and D) with 15mg/kg LPS, and circulating serum cytokines were 

measured.  After 4 hours, IL-10 levels were similar between WT and miR-21-/- mice, 

but significantly higher levels of TNF-α were detectable in the serum of the miR-21-/- 

animals.  Unsurprisingly, higher absolute levels of IL-10 and TNF-α were detectable 

after 24 hours, and again there was a significantly higher level of TNF-α detectable in 

the serum of the miR-21-/- mice (Fig. 4.6D).   
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Figure 4.1 miR-21 is induced by TLR4 stimulation in RAW264.7 macrophages and BMDMs. 

A) RAW 264.7 cells were plated at 5x105/ml in 12 well plates and incubated overnight at 37°C in FCS-

supplemented DMEM media. The following day, the media on the cells was replaced with either fresh 

media, or fresh media containing 100ng/ml LPS and incubated for various times. MiR-21 levels in the 

lysates were quantified using the ΔΔCt method relative to U6. Data presented are representative of an 

individual experiment. B) BMDMs were plated at 5x105/ml in 12 well plates and incubated overnight 

at 37°C in FCS-supplemented DMEM media with 10% L929 media. The following day, the media on 

the cells was replaced with either fresh media or fresh media containing 100ng/ml LPS and incubated 

for various times. MiR-21 levels in the lysates were quantified using the ΔΔCt method relative to 

untreated controls using U6 as an endogenous control. Data presented are representative of an 

individual experiment. Data are presented as mean±SD, n=3, relative quantitation (RQ) relative to 0h 

control. 
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Figure 4.2 Comparison of cytokines secretion in WT versus miR-21-/-BMDMs in response to LPS. 

Wild-type (WT) or miR-21-/- BMDMs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 10% L929 media. The following day, the 

media on the cells was replaced with either fresh media or fresh media containing 100ng/ml LPS and 

incubated for various times. Supernatants were collected and analysed for the presence of IL-10 (A), 

IL-6 (B) and TNF-α (C) by ELISA . Data are presented as mean±SD, n=3.  P values were calculated 

using student’s T test (* p<0.05, ***p<0.001). 
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Figure 4.3 Comparison of cytokines secretion in WT versus miR-21-/-BMDMs in response to 
other TLR agonists. 

Wild-type (WT) or miR-21-/- BMDMs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 10% L929 media. The following day, the 

media on the cells was replaced with either fresh media or fresh media containing 1µg/ml Pam3CSK4 

or Poly (I:C) and incubated for various times. Supernatants were collected and analysed for the 

presence of IL-10 (A), IL-6 (B) and TNF-α (C) by ELISA . Data are presented as mean±SD of two 

independent experiments. 
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Figure 4.4 Comparison of cytokines secretion in WT versus miR-21-/- BMDCs in response to LPS. 

Wild-type (WT) or miR-21-/- BMDCs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 20% GM-CSF enriched media. The 

following day, the media on the cells was replaced with either fresh media or fresh media containing 

100ng/ml LPS and incubated for 1h and 24h. The concentrations of IL-10 (A), IL-6 (B), TNF-α (C) 

were measured by ELISA.  Data is expressed as mean±SEM, n=3. P values were calculated using 

Student’s T test such that * indicates p<0.05). 
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Figure 4.5 Comparison of IL-12p70 secretion in WT versus miR-21-/- BMDCs in response to LPS. 

Wild-type (WT) or miR-21-/- BMDCs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 20% GM-CSF enriched media. The 

following day, the media on the cells was replaced with either fresh media or fresh media containing 

100ng/ml LPS and incubated for 1h and 24h. The concentration of IL-12p70 was measured by ELISA.  

Data is expressed as mean±SEM, n=3. P values were calculated using Student’s T test such that * 

indicates p<0.05).  
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Figure 4.6 Comparison of serum cytokine response of WT versus miR-21-/- mice in response to 
intraperitoneal LPS challenge.  

Wild-type (WT) and miR-21-/- mice were challenged with LPS 15mg/kg for 4 (A and B) or 24 (C and 

D) hours before being sacrificed using CO2 and cervical dislocation.  Blood was extracted by terminal 

bleed and centrifuged to obtain serum.  The concentrations of IL-10 (A,C) and TNF-α  (B,D) in the 

serum were measured by ELISA.  Data is expressed as mean±SEM, n≥3. P values were calculated 

using Student’s T test such that * indicates p<0.05).  
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4.2.5. miR-21 is induced in BMDMs in response to bacterial infection in a time 
dependent manner. 

 

Having confirmed that miR-21 is induced upon stimulation of TLR4 with purified 

LPS, experiments were conducted infecting BMDMs with live gram positive and 

gram-negative bacteria (Fig. 4.7).  L. monocytogenes EGDe and S. Typhimurium UK-

1 were chosen as model organisms. Both strains induced miR-21 expression at early 

times [2-4 hours post-infection (p.i.)], with Salmonella inducing its expression 10-fold 

at early time points during infection before subsequently receding to levels below 

untreated controls 24 hours p.i..  Listeria induced miR-21 to a lesser extent and at a 

later time, but this response also proceeded to wane and return to baseline levels at 24 

hours p.i.. This was in contrast to the sustained expression of miR-21 seen in LPS-

treated BMDMs. 

 

4.2.6. miR-21-deletion increases TNF-α secretion in response to Listeria 
infection  

 

Having established that miR-21 is induced during bacterial infection, cytokine release 

in response to infection was assessed in WT and miR-21-/- BMDMs and BMDCs after 

24 hours infection (Fig. 4.8).  Surprisingly, no differences were observed between WT 

and miR-21-/- BMDMs in cytokine levels 24h p.i. with Salmonella or Listeria.  

Listeria induced high levels of IL-10 in contrast to Salmonella (Fig. 4.8A), and 

similar secretion levels of IL-6 were also evident for both infections (Fig. 4.8B).  No 

TNF-α was detected 24 hours p.i. with Salmonella, however the consistent difference 

in secretion seen between WT and miR-21-/- BMDMs treated with LPS was evident 

after Listeria infection.  These experiments were also performed in BMDCs (Fig. 4.9).  

Data from BMDCs were more variable, and so while there was a difference in TNF-α 

secretion post-Salmonella infection this was not deemed to be significant (Fig. 4.9C).  
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Figure 4.7 miR-21 is induced in macrophages following bacterial infection. 

BMDMs were plated at 5x105/ml in 12 well plates and incubated overnight at 37°C in FCS-

supplemented DMEM media with 10% L929 media.  The following day, the cells were washed with 

warm PBS and the media was replaced with antibiotic-free DMEM. The cells were then infected with 

Salmonella or Listeria at an MOI of 50. After 15 min, the cell monolayers were washed and the media 

was replaced with media containing gentamicin to kill extracellular bacteria. At the end of the 

infection, the cells were lysed and miR-21 expression quantified using the ΔΔCt method relative to 

untreated controls using U6 as an endogenous control.  Data presented are representative of an 

individual experiment. Data are presented as mean±SD, n=3, relative quantification (RQ) relative to 0h 

control. 
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Figure 4.8 Comparison of cytokine secretion by WT versus miR-21-/- BMDMs in response to 
bacterial infection. 

Wild-type (WT) or miR-21-/- BMDMs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 10% L929 media.  The following day, the 

cells were washed with warm PBS and the media was replaced with antibiotic-free DMEM. The cells 

were then infected with Salmonella or Listeria at an MOI of 100. After 15 min, the cell monolayers 

were washed and the media was replaced with media containing gentamicin to kill extracellular 

bacteria. After 24h, the The concentrations of IL-10 (A), IL-6 (B), TNF-α (C) in the supernatant were 

measured by ELISA.  Data are presented as mean±SD, n=3. P values were calculated using Student’s T 

test such that * indicates p<0.05). 
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Figure 4.9 Comparison of cytokine secretion by WT versus miR-21-/- BMDCs in response to 
bacterial infection. 

Wild-type (WT) or miR-21-/- BMDCs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 10% GM-CSF containing media.  The 

following day, the cells were washed with warm PBS and the media was replaced with antibiotic-free 

DMEM. The cells were then infected with Salmonella or Listeria at an MOI of 100. After 15 min, the 

cell monolayers were washed and the media was replaced with media containing gentamicin to kill 

extracellular bacteria. After 24h, the concentrations of IL-10 (A), IL-6 (B), TNF-α (C) in the 

supernatant were measured by ELISA.  Data are presented as mean±SD, n=3.  
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4.2.7. miR-21 controls bacterial burden post-Listeria monocytogenes infection 
 

At the outset of this project, the role of miR-21 in the process of infection by 

intracellular pathogens was relatively unexplored.  In order to address this, the two 

model bacteria above were used to infect WT and miR-21-/- BMDMs and BMDCs.  

The well described gentamicin protection assay was employed, whereby cells are 

incubated together with the pathogen for a brief period before being washed and 

cultured in media containing the broad spectrum antibiotic gentamicin to kill 

extracellular bacteria 281.  BMDMs were tested to explore their capacity to kill 

invading bacteria intracellularly over the course of 24 hours (Fig. 4.10).  In WT 

BMDMs, colony forming units (CFUs) of both Salmonella (Fig. 4.10A) and Listeria 

(Fig. 4.10B) were reduced over the course of the experiment and found to be 

significantly reduced after 24 hours.  To test the role of miR-21 in this system, 

timepoints of 30 minutes (0.5 hours) and 2 hours were chosen to represent the initial 

bacterial uptake and beginning of intracellular killing respectively.  WT and miR-21-/- 

BMDMs and BMDCs were infected with Salmonella (Fig. 4.11) and uptake and 

intracellular killing were assayed.  In BMDMs, there was no difference in 

LogCFU/ml at either timepoint (Fig. 4.11A and B) and the same was the case in 

BMDCs (Fig. 4.11C and D).  The same experiments were performed using Listeria 

(Fig. 4.12) and in this case there was a marked increase in bacterial CFUs (expressed 

as LogCFU/ml) present in BMDMs lacking miR-21 after both 30 minutes and 2 hours 

(Fig. 4.12A and B). This was also observed in miR-21-/- BMDCs at the same 

timepoints (Fig. 4.12C and D).  As BMDMs and BMDCs displayed similar 

phenotypic responses to LPS stimulation and infection, it was decided to proceed 

solely with BMDMs.  
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Figure 4.10 Assessment of intracellular killing capacity of BMDMs. 

BMDMs were plated at 5x105/ml in 12 well plates and incubated overnight at 37°C in FCS-
supplemented DMEM media with 10% L929 media.  The following day, the cells were washed with 
warm PBS and the media was replaced with antibiotic-free DMEM. The cells were then infected with  
Listeria (A) or Salmonella (B) at an MOI of 100. After 15 min, the cell monolayers washed and the 
media was replaced with media containing gentamicin to kill extracellular bacteria.  At the end of each 
timepoint, the cells were lysed in 100µl ice cold water and scraped. The cell lysate was then serially 
diluted and these dilutions plated on LB agar plates. The plates were incubated at 37°C overnight and 
colonies formed were enumerated the following day and converted into Log CFU/ml. Data are 
presented as mean±SD, n=3. P values were calculated using one-way ANOVA using the Newman-
Keuls post-test to compare multiple groups such that ** indicates p<0.01, *** indicates p<0.001). 
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Figure 4.11 Comparison of uptake and intracellular killing capacity of WT versus miR-21-/- 
phagocytes upon Salmonella infection. 

Wild-type (WT) or miR-21-/- BMDMs (A and B) and BMDCs (C and C) were plated at 5x105/ml in 12 

well plates and incubated overnight at 37°C in FCS-supplemented DMEM media with 10% L929 

media.  The following day, the cells were washed with warm PBS and the media was replaced with 

antibiotic-free DMEM. The cells were then infected with Salmonella at an MOI of 100. After 15 min, 

the cell monolayers washed and the media was replaced with media containing gentamicin to kill 

extracellular bacteria.  After a total of either 30 min (Uptake) or 2h (intracellular killing), the cells were 

lysed in 100µl ice cold water and scraped. The cell lysate was then serially diluted and these dilutions 

plated on LB agar plates. The plates were incubated at 37°C overnight and colonies formed were 

enumerated the following day and converted into Log CFU/ml. Data are presented as mean±SD, n=3.  
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Figure 4.12 Comparison of uptake and intracellular killing capacity of WT versus miR-21-/- 
phagocytes upon Listeria infection. 

Wild-type (WT) or miR-21-/- BMDMs (A and B) and BMDCs (C and D) were plated at 5x105/ml in 12 
well plates and incubated overnight at 37°C in FCS-supplemented DMEM media with 10% L929 
media or GM-CSF containing media respectively.  The following day, the cells were washed with 
warm PBS and the media was replaced with antibiotic-free DMEM. The cells were then infected with 
Listeria at an MOI of 100. After 15 min, the cell monolayers washed and the media was replaced with 
media containing gentamicin to kill extracellular bacteria.  After a total of either 30 min (Uptake) or 2h 
(intracellular killing), the cells were lysed in 100µl ice cold water and scraped. The cell lysate was then 
serially diluted and these dilutions plated on LB agar plates. The plates were incubated at 37°C 
overnight and colonies formed were enumerated the following day and converted into Log CFU/ml. 
Data are presented as mean±SD, n=3. P values were calculated using Student’s T test such that * 
indicate p<0.05, ** indicates p<0.01, and *** indicates p<0.001). 
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4.2.8. Loss of miR-21 expression does not influence the basal expression of 
M1/M2 markers in BMDMs. 

 

In order to explore the divergent phenotype of the miR-21-/- macrophage in response 

to Listeria infection, experiments were performed to establish if miR-21 expression 

influenced the polarity of the BMDMs generated in our system.  With this in mind, 

the expression of a panel of M1/M2 markers was assessed basally in WT and miR-21-

/- BMDMs by qPCR (Fig. 4.13).  The data obtained in these experiments was highly 

variable. In the M1 panel, WT BMDMs displayed lower TNF-α and higher NOS2 

expression (with no IL-12p40 being detectable in WT or miR-21-/- cells) (Fig. 4.13A-

C).  In the M2 panel, there was no difference in the levels or Arg1 of YM-1 

expression, and an increase in the expression of mannose receptor (also known as 

CD206 or MRC) though the latter effect was extremely variable from experiment to 

experiment (Fig. 4.13D-F).   

 

4.2.9. miR-21 deletion does not impact on several bacterial killing mechanisms.  
 

Having established that miR-21 expression was important for controlling Listeria 

infection, experiments were performed to establish whether or not this was due to a 

reduced capacity to destroy invading bacteria.  The formation of free radicals from 

cellular redox processes is crucial part of the intracellular host defence against 

invading bacteria.  To examine if miR-21 had a role in the generation of these 

radicals, WT and miR-21-/- BMDMs were treated with LPS and infected with Listeria.  

Nitric oxide (NO) is a crucial mediator of defence against Listeria infection 282.  

Levels of the NO induced are commonly estimated by measuring the breakdown 

product NO2
- (nitrite) in biological samples using a Greiss reaction as an analogue of 

the unstable gaseous radical 283.  WT and miR-21-/- BMDMs were treated with LPS 

and Listeria and supernatant nitrite levels were assessed at various times (Fig. 4.14).  

NO was inducible at 2 and 24 hours in response to LPS (Fig. 4.14A) and furthermore 

the levels present in the supernatants of WT and miR-21-/- were found to be similar.  

WT and miR-21-/- BMDMs infected with Listeria displayed similar absolute levels of 

NO production and once again there was no difference between WT and miR-21-/-

cells (Fig. 4.14B).  The other important radical species induced in macrophages in 
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response to infection or TLR stimulation is radical oxygen species (ROS).  The 

induction of ROS was assessed in response to LPS treatment and Listeria infection 

(Fig. 4.15).  In response to LPS, ROS species were induced just over 2-fold compared 

to untreated controls after 90 minutes and almost 3-fold after 24 hours in WT 

macrophages.  miR-21-/- cells exhibited a slight reduction in ROS induction after 90 

mins (1.9 fold vs 2.2) but this was not significant, and at 24 hours the reverse was the 

case (Fig. 4.15A).  Infection with Listeria failed to induce ROS production after 90 

minutes, and induction at 24 hours was highly variable.  Neither timepoint during the 

course of the infection pointed to a difference between the response of WT and miR-

21-/- BMDMs (Fig. 4.15B).  

 

4.2.10. miR-21 expression does not impact on LDH release following infection.  
 

As it did not appear that miR-21 expression had an impact on mechanisms of bacterial 

killing, it was deemed important to explore the possibility that it affected macrophage 

survival in response to infection.  WT and miR-21-/- BMDMs were infected with both 

Listeria and Salmonella and cell death was measured by lactate dehydrogenase (LDH) 

release.  As expected, at both 4 and 24 hours Salmonella induced significant cell death 

(~60% and 80% respectively).  Listeria also induced cell death but at a much more 

modest level.  There was no difference in levels of cell death exhibited by WT and 

miR-21 -/- BMDMs in either infection (Fig. 4.16). This suggested that the difference 

in bacterial burden was not simply due to increased macrophage cell death upon loss 

of miR-21 expression. 

 

4.2.11. Loss of miR-21 does not impact phagosome maturation 
 

Uptake of bacteria by phagocytic cells leads to the formation of a phagosome which 

undergoes maturation and fuses with intracellular lysosome to form a phagolysosome 

capable of destroying the invading bacterium.  The expression of several markers of 

phagocytic maturation were measured to assess whether the heightened bacterial 

burden exhibited in miR-21-/- phagocytes was due to an alteration of this process of 

maturation (Fig. 4.17).  WT and miR-21-/- BMDMs were infected with increasing 

MOIs of Listeria and the expression of the early endosome markers EEA1 and Rab 5 
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as well as the late endosome marker Rab 7 was assessed by Western blot.  EEA1 was 

difficult to detect cleanly but its expression seemed to be equivalent in WT and miR-

21-deficient cells.  This was also the case for the Rab5 and 7 proteins.  Confocal 

microscopy was employed to see if the numbers of EEA1-positive phagosomes was 

altered in a miR-21-/- BMDMs upon Listeria infection (Fig. 4.18).  Representative 

images show EEA1-positive puncta upon Listeria infection (Fig. 4.18A) which were 

quantified to reveal similar numbers in WT and miR-21-/- cells (Fig. 4.18B).  To 

further assess if altered phagosome activity could explain the increased bacterial 

burden, WT and miR-21-/- BMDMs were infected with a mutant Listeria strain 

deficient in Listerioslysin O, a pore-forming toxin which allows escape from the 

phagosome.  Upon infection with this ΔLLO mutant, miR-21-/- macrophages retained 

their higher burden relative to WT cells (Fig. 4.19). This suggested that the increased 

bacterial burden was due to an impairment in the steps between initial uptake and 

phagolysosome formation, as it would be expected that Listeria strains lacking LLO 

would be destroyed in a functional phagolysosome, as has been reported in the 

literature 284. However as we had just ruled out differences in phagosome maturation 

as shown by similar levels of expression of phagosome markers, we next looked at 

steps in the process prior to this, specifically initial uptake of the bacteria. 
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Figure 4.13 Comparing expression of M1/M2 expression markers in WT and miR-21-/- BMDMs.  

Wild-type (WT) or miR-21-/- BMDMs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 10% L929 media.  The following day, the 

cells were lysed and the basal expression of TNF-α (A), NOS2 (B), IL-12p40 (C), Arg1 (D) YM-1 (E) 

and Mannose receptor or MRC (F) were assessed by Sybr Green qPCR analysis using the ΔΔCt 

method relative to untreated controls using Rps13 as an endogenous control. Data are presented as 

mean±SD, n≥3., relative quantification (RQ) relative to WT.  
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Figure 4.14 Comparing WT and miR-21-/- BMDM NO production.  

Wild-type (WT) or miR-21-/- BMDMs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 10% L929 media.  The following day, the 

cells were washed with warm PBS and the media was replaced media containing 100ng LPS (A) or 

with antibiotic-free DMEM. The cells were then infected with Listeria at an MOI of 100 (B). After 15 

min, the cell monolayers washed and the media was replaced with media containing gentamicin to kill 

extracellular bacteria.  At the end of the treatment, nitrite concentrations were measured by Greiss 

reaction. Data are presented as mean±SD, n≥3.  
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Figure 4.15 Comparing WT and miR-21-/- BMDM ROS production.  

Wild-type (WT) or miR-21-/- BMDMs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 10% L929 media.  The following day, the 

cells were washed with warm PBS and the media was replaced media containing 100ng LPS (A) or 

with antibiotic-free DMEM. The cells were then infected with Listeria at an MOI of 100 (B). After 15 

min, the cell monolayers washed and the media was replaced with media containing gentamicin to kill 

extracellular bacteria.  1h before the end of each treatment, cells were stained with CellRox.  ROS 

production was assessed by flow cytometry. Data are presented as mean±SD, n=3 relative mean 

florescence intensity folded over untreated WT control. 



 154 

 
Figure 4.16 Comparing WT and miR-21-/- BMDM cell death in response to infection.  

Wild-type (WT) or miR-21-/- BMDMs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 10% L929 media.  The following day, the 

cells were washed with warm PBS and the media was replaced media containing antibiotic-free 

DMEM. The cells were then infected with Listeria or Salmonella at an MOI of 100.  After 15 min, the 

cell monolayers washed and the media was replaced with media containing gentamicin to kill 

extracellular bacteria.  Supernatants were taken at 4 and 24h and LDH levels were measured.  Data are 

presented as mean±SD of percentage cell death relative to a lysed positive control, n=3.  
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Figure 4.17 Loss of miR-21 expression does not impact phagosome maturation.  

Wild-type (WT) or miR-21-/- BMDMs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 10% L929 media.  The following day, the 

cells were washed with warm PBS and the media was replaced media containing antibiotic-free 

DMEM. The cells were then infected with Listeria at MOIs of 10, 50 and 100.  After 15 min, the cell 

monolayers washed and the media was replaced with media containing gentamicin to kill extracellular 

bacteria.  After an additional 15 minutes (30 min total) the cells were lysed.  For protein analysis, the 

lysates were resolved by SDS-PAGE, transferred on to a PVDF membrane and probed for EEA1, Rab5 

and Rab7 protein expression. Representative of three independent experiments.   
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Figure 4.18 Confocal analysis of phagosome formation in WT and miR-21-/- BMDMs infected 
with Listeria. 

Wild-type (WT) or miR-21-/- BMDMs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 10% L929 media.  The following day, the 

cells were washed with warm PBS and the media was replaced with antibiotic-free DMEM. The cells 

were then infected with Listeria at MOI 100 for 15 mins.  The cell monolayers were then washed and 

the media was replaced with media containing gentamicin to kill extracellular bacteria.  After a total of 

30 mins the cells were fixed with paraformaldehyde before immunostained for EEA1 (A).  Phagosome 

formation was assessed using Imaris software. 5 fields were examined with a minimum of 80 cells 

assessed.  Data are presented as mean±SD where error bars indicate the range. Representative of two 

independent experiments.  
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Figure 4.19 Comparison of intracellular killing capacity of WT versus miR-21-/- 
phagocytes upon infection with a listeriolysin deficient Listeria mutant strain. 

Wild-type (WT) or miR-21-/- BMDMs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 10% L929 media.  The following day, the 

cells were washed with warm PBS and the media was replaced with antibiotic-free DMEM. The cells 

were then infected with ΔLLO Listeria at an MOI of 100. After 15 min, the cell monolayers washed 

and the media was replaced with media containing gentamicin to kill extracellular bacteria.  After 2h 

(intracellular killing), the cells were lysed in 100µl ice cold water and scraped. The cell lysate was then 

serially diluted and these dilutions plated on LB agar plates. The plates were incubated at 37°C 

overnight and colonies formed were enumerated the following day and converted into Log CFU/ml. 

Data are presented as mean±SD, n=3. P values were calculated using Student’s T test such that * 

indicate p<0.05.  
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4.2.12. miR-21 regulates uptake of particles, possibly via modulation of actin. 
 

Given that miR-21 null cells display enhanced Listeria burden after a very brief 

window of infection (30 minutes, Fig. 4.12A), it seemed reasonable that miR-21 may 

be involved in regulating the initial uptake process.  To examine this, initially we 

assessed uptake of an inert particle, specifically dextran particles conjugated to FITC 

(FITC-dextran). WT and miR-21-/- BMDMs were incubated with FITC-dextran and 

uptake of this fluorescent particle was assessed by flow cytometry (Fig. 4.20).  Uptake 

of these particles was significantly enhanced in miR-21-/- relative to WT counterparts 

(Fig. 4.20A).  This was also apparent in heterogenous ex vivo peritoneal exudate cells 

(PECs) indicating potential for in vivo relevance (Fig. 4.21).  To further investigate 

this process, WT and miR-21-/- BMDMs were treated with the actin inhibitor 

cyochalasin D to inhibit actin polymerisation before being infected with Listeria to 

see if the increased bacterial burden in miR-21-/- cells would then be reduced or levels 

returned to those of WT cells (Fig. 4.22).  Interestingly, the previously demonstrated 

increase in burden in the miR-21-/- BMDMs was lost at both 30 minutes (Fig. 4.22A) 

and 2 hours (Fig. 4.22B).  This suggested that the increased bacterial burden seen in 

miR-21-/- macrophages is indeed due to altered levels of uptake of Listeria. 

 

4.2.13. miR-21 represses the regulation of actin-modulating proteins. 
 

As the previous data suggested that miR-21 expression influences initial uptake, we 

investigated whether there were any predicted targets of miR-21 which are required 

for this part of the process. A number of miR-21 targets involved in actin regulation 

and phagocytosis were identified in the literature.  MARCKS and RhoB were the 

most interesting among them, and offered an interesting point of overlap with our 

work investigating miR-21 in colitis, in which we found that there is increased 

expression of both targets in colonic tissue of miR-21-/- mice. Thus these are verified 

targets of miR-21.  As such, WT and miR-21-/- BMDMs were probed for expression 

of these two modulators both basally and post-Listeria infection (Fig. 4.23).  

MARCKS and RhoB were both expressed in substantially higher levels in miR-21-/- 

BMDMs basally (Fig. 4.23A, compare lane 1 and 2) with MARCKS expression 

enhanced upon Listeria (Fig. 4.32A, lanes 3 and 4).  This was assessed by 
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densitometry (Fig. 4.23B).  Along with this observation, MARCKS expression was 

significantly enhanced at the mRNA level after infection in miR-21-/- BMDMs (Fig. 

4.32C).  At the mRNA level, RhoB was marginally higher basally and enhanced post 

infection in miR-21-/- cells (Fig. 4.23D).  
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Figure 4.20 MiR-21-deficient macrophages display increased uptake of FITC-dextran.  

Wild-type (WT) and miR-21-/- BMDMs were incubated with media containing 1mg/ml FITC-dextran 

for 1h at 37°C. Uptake of FITC-dextran was determined by measuring the median fluorescence 

intensity by flow cytometry and data expressed relative to WT (Relative FITC-dextran uptake) with a 

corresponding histogram representative of median florescent intensity. Data are expressed as means ± 

SD, n=3. P values were calculated using Student’s T test such that * indicates p<0.05. 
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Figure 4.21 MiR-21-deficient PECs display increased uptake of FITC-dextran.  

Wild-type (WT) and miR-21-/- PECs were incubated with media containing 1mg/ml FITC-dextran for 

1h at 37°C. Uptake of FITC-dextran was determined by measuring the median fluorescence intensity 

by flow cytometry and data expressed relative to WT (Relative FITC-dextran uptake) with a 

corresponding histogram representative of median florescent intensity. Data are expressed as means ± 

SD, n=3. P values were calculated using Student’s T test such that * indicates p<0.05. 
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Figure 4.22 Comparison of uptake and intracellular killing capacity of cytochalasin D treated 
WT and miR-21-/- BMDMs upon Listeria infection. 

 
Wild-type (WT) or miR-21-/- BMDMs were plated at 5x105/ml in 12 well plates and incubated 

overnight at 37°C in FCS-supplemented DMEM media with 10% L929 media.  The following day, the 

cells were washed with warm PBS and the media was replaced with antibiotic-free DMEM. The cells 

were then pre-treated with 10µM cytochalasin D for 30 mins before being infected with Listeria at an 

MOI of 100. After 15 min, the cell monolayers washed and the media was replaced with media 

containing gentamicin to kill extracellular bacteria.  After a total of either 30 min (A) or 2h (B), the 

cells were lysed in 100µl ice cold water and scraped. The cell lysate was then serially diluted and these 

dilutions plated on LB agar plates. The plates were incubated at 37°C overnight and colonies formed 

were enumerated the following day and converted into Log CFU/ml. Data are presented as mean±SD, 

n=3. 
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Figure 4.23 MiR-21 represses expression of the pro-phagocytic proteins MARCKS and RhoB.  

(A) Immunoblot analysis of basal MARCKS and RhoB protein expression in untreated wild-type (WT) 
and miR-21-/- BMDMs. (B) Densitometry of immunoblot analysis. (C and D) BMDMs were infected 
with L. monocytogenes at an MOI 100 for 15 mins and subsequently cultured with media containing 
gentamycin (100ug/ml) for a further 105min. At 2h post-infection, the RNA was isolated and assayed 
by qRT-PCR for (C) MARCKS and (D) RhoB expression using Rps13 as an endogenous control, with 
WT 0h serving as relative quantification (RQ) datum point. Data are expressed as means ± SD, n=3.  P 
values were calculated using Student’s T test such that * indicate s p<0.05. 



 164 

 

4.2.14. Listeria dissemination is increased in miR-21-/- mice post-intraperitoneal 
infection.   

 

In addition to the in vitro studies above, the affect of miR-21 deletion was assessed in 

mice using different modes of infection.  WT and miR-21 mice were infected with 

Salmonella both intraperitoneally and by oral gavage (Fig. 4.24) and bacterial 

dissemination was assessed by enumerating CFUs present in the spleens (Fig. 4.24A 

and C) and livers (Fig. 4.24B and D) of the mice at the end of the infection.  There 

was no difference in dissemination of Salmonella by either route.  These models were 

both employed in the context of Listeria infection (Fig. 4.25) where bacterial burden 

was increased in the spleens and livers of miR-21-/- mice compared to WT mice via 

the intraperitoneal route (Fig. 4.25A and B). This increase was not as apparent in mice 

infected via oral gavage (Fig. 4.25C and D).  
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Figure 4.24 Comparing bacterial dissemination in WT versus miR-21-/- mice via intraperitoneal 
and oral infection with Salmonella. 

 

Intraperitoneal infection: Wild-type (WT) or miR-21-/- mice were infected with Salmonella by 

intraperitoneal infection of 1x106 CFU bacteria in 100µl PBS. The mice were monitored and sacrificed 

three days post-infection and their organs including spleen (A) and liver (B) were harvested. The 

organs were then homogenised, and dilutions of the homogenates were plated on LB agar plates which 

were incubated overnight at 37°C. The following day, the colonies were enumerated and converted into 

LogCFU/organ. Data are presented as mean±SEM, n≥4.  

Oral infection: Wild-type (WT) or miR-21-/- mice were fasted overnight before being infected with 

Salmonella by oral gavage of 5x107 CFU bacteria in 100µl PBS. The mice were monitored and 

sacrificed 6 days post-infection their organs including spleen (A) and liver (B) were harvested. The 

organs were then homogenised, and dilutions of the homogenates were plated on LB agar plates which 

were incubated overnight at 37°C. The following day, the colonies were enumerated and converted into 

LogCFU/organ. Data are presented as mean±SEM, n=5.  
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Figure 4.25 Comparing bacterial dissemination in WT versus miR-21-/- mice via intraperitoneal 
and oral infection with Listeria. 

Intraperitoneal infection: Wild-type (WT) or miR-21-/- mice were infected with Listeria by 
intraperitoneal infection of 1x106 CFU bacteria in 100µl PBS. The mice were monitored and sacrificed 
three days post-infection and their organs including spleen (A) and liver (B) were harvested. The 
organs were then homogenised, and dilutions of the homogenates were plated on BHI agar plates 
which were incubated overnight at 37°C. The following day, the colonies were enumerated and 
converted into LogCFU/organ. Data are presented as mean±SEM, n=6.  

Oral infection: Wild-type (WT) or miR-21-/- mice were fasted overnight before being infected with 
Listeria by oral gavage of 5x107 CFU bacteria in 100µl PBS. The mice were monitored and sacrificed 6 
days post-infection their organs including spleen (A) and liver (B) were harvested. The organs were 
then homogenised, and dilutions of the homogenates were plated on BHI agar plates which were 
incubated overnight at 37°C. The following day, the colonies were enumerated and converted into 
LogCFU/organ. Data are presented as mean±SEM, n=3.  
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4.3. Discussion 
 
This chapter set out to explore the role of miR-21 in bacterial infection and the 

cytokine release pertaining to these infections.  A novel regulatory role for miR-21 

has been demonstrated, whereby it limits this intracellular niche by inhibiting initial 

uptake of bacteria within macrophages, thereby reducing the severity and outcome of 

infection and possible resultant inflammation.  

 

Initial experiments set out to confirm some previously established roles miR-21 plays 

in macrophages.  The induction of miR-21 in response to the TLR agonist LPS was 

confirmed in two cell types: the RAW264.7 macrophage-like cell line and in 

BMDMs.  miR-21 was more robustly induced in the latter cell type, and they were 

chosen as our model system of choice for a number of reasons.  Chief among these 

reasons was the availability of the miR-21-/- mouse and the capacity to generate 

macrophages lacking miR-21 without using pharmacological inhibition.  In addition, 

primary cells are regarded as being a more physiologically relevant cell type than 

immortalised cell lines which often display phenotypic and genetic idiosyncrasies 

specific to their line.   

 

Having confirmed miR-21 induction in response to LPS as demonstrated in previous 

publications, we wished to establish the impact of miR-21-deletion on cytokine 

release after stimulation with the same bacterial PAMP.  miR-21 has previously been 

shown to enhance secretion of the anti-inflammatory cytokines IL-10 via degradation 

of PDCD4 transcript allowing translation of the IL-10 mRNA transcript.  After 24 

hours stimulation with LPS, macrophages lacking miR-21 did indeed display an 

impaired capacity to produce IL-10 as predicted though perhaps not as dramatically as 

might have been anticipated.  In addition to IL-10 translation, miR-21 has been shown 

to regulate TLR induced signalling pathways which culminate in translocation of the 

transcription factor NF-κB into the nucleus and transcription of various genes, 

generally pro-inflammatory.  Included in this list of NF-κB regulated genes are the 

cytokines IL-6 and TNF-α.  Accordingly, in response to LPS, IL-6 levels appeared to 

be slightly increased in the miR-21-/- relative to that of the WT.  This would be 

consistent with some of the literature, however this readout was not hugely consistent 
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throughout these experiments.  Indeed, inconsistency is often associated with this 

particular cytokine which, while its is generally considered to be pro-inflammatory, is 

in fact pleotropic as evidenced by several anti-inflammatory functions it fulfils 

including in the DSS model of IBD where is promotes epithelial healing 254.  miR-21 

and IL-6 have been shown to be closely linked in cancer, with a pathway involving 

STAT3 being linked to enhancement of EMT transition.  In two studies involving IL-

6 induction in an inflammatory context, deletion or inhibition of miR-21 has been 

shown to allow increased IL-6 secretion which would agree with our observation 
155,280. Upon LPS stimulation TNF-α levels were seen to be significantly increased in 

cells lacking miR-21 compared to their WT counterparts, again in agreement with 

previous literature citing miR-21’s inhibition of NF-κB 129,155.  These results indicate 

that miR-21 is indeed an anti-inflammatory agent in LPS treated macrophages, and 

are in agreement with two publications which appeared during the course of the thesis 
155,280 However, macrophages sense danger and pathogens via multiple receptors and 

so it was deemed prudent to ascertain whether or not this cytokine secretion profile 

was shared upon activation of other TLRs.  Accordingly, WT and miR-21 BMDMs 

were treated with agonists of the plasma membrane bound TLR2/1 heterodimer and 

endosomal TLR3.  The same IL-10 secretion profile was observed following 

stimulation of both TLRs as before indicating the miR-21 plays a similar role in 

inflammation resolution in response to danger sensed by these receptors.  The IL-6 

response was less clear, with little difference between WT and miR-21-/- cells post-

TLR2/1 stimulation and a reduction in the knockout following TLR3 stimulation.  

Given that during the course of this study IL-6 has been reported to be elevated with 

miR-21 deficiency this effect was unexpected, but perhaps in keeping with its nature 

as a pleiotropic agent 155.  The enhanced levels of TNF-α secretion evidenced in LPS 

treated miR-21-/- BMDMs were again present upon TLR2/1 stimulation but not in 

TLR3 stimulation.  These receptors share some elements of their signalling pathways 

for NF-κB induction so it was anticipated that the TNF-α phenotype would be shared.  

TLR3 senses dsRNA which is released by damaged cells but also a hallmark of viral 

infection, and indeed miR-21 has been shown to be co-opted by hepatitis C (HCV) to 

evade anti-viral immunity by suppressing interferon signalling 285.  However, other 

studies have shown miR-21 to be among the least strongly induced miRNA in viral 

infection so perhaps its relevance in this system is limited 286,287.   
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Dendritic cells are key cells of both the innate and adaptive immune response, and 

their cytokine secretion profile is an important part of polarizing T cells for different 

functional outcomes.  Again the availability of the miR-21 null mouse was exploited 

to culture BMDCs and assess their phenotypic traits in response to TLR stimulation 

and infection.  In response to LPS, miR-21-/- BMDCs exhibited the same differences 

in IL-10 and TNF-α output as seen in the BMDMs, and IL-6 levels were no different 

to that of WT BMDCs.  In addition, it had been previously reported that miR-21 can 

target the p35 subunit of IL-12, a key cytokine for polarizing naïve T cells towards a 

pro-inflammatory IFN-γ secreting Th1 cell, and that miR-21-/- DCs displayed an 

enhanced secretion of this cytokine with a negative impact in models of lung 

inflammation 161,164.  This was also the case in our experiments, and it has interesting 

implications regarding the IBD phenotype described in the previous chapter which 

will be discussed later.   

 

The relevance of miR-21 as an anti-inflammatory mediator in TLR stimulation in vivo 

was assessed using the LPS-induced sepsis model and measuring cytokine release.  

Previous publications had demonstrated that PDCD4-deficient mice were resistant to 

LPS-induced lethality models and that this action was part due to increased IL-10 

reducing inflammation 129.  Given that this pathway is part of miR-21’s anti-

inflammatory action, deletion of miR-21 would be predicted to reduce IL-10 and 

predispose these mice to increased inflammation.  This hypothesis was proved to be 

partly correct, with miR-21-/- not displaying the decreased IL-10 anticipated by 

previous studies and our own observations but displaying and enhanced TNF-α 

secretion profile.  This indicated that the miR-21-/- mice did indeed have a more 

inflammatory phenotype but that this was not due to a loss of IL-10 signalling.  This 

data was in agreement with a study published by Barnett et al during the project, 

where it is demonstrated that with a higher dose of LPS (25mg/kg versus 15mg/kg 

used here) that miR-21-/- mice have a significantly impaired survival phenotype over a 

number of days 155.  Interestingly, they also demonstrated that this phenotype was 

specific to this model of sepsis, and that miR-21 expression did not have a significant 

bearing on the caecal ligation puncture (CLP) model where a huge variety of 

intestinal microbes and antigens are released in to the peritoneum to be detected by 

macrophages therein.   
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The primary aim of this project was to explore miR-21’s role in bacterial infection.  

miR-21 has previously been reported to be induced in various immune cells following 

infection by several bacteria including Helicobacter pylori (relevant to gastric 

inflammation and cancer), Salmonella and Mycobacterium leprae 288-290.  This ties 

into other work showing its induction by TLR sensing of PAMPs, which are after all 

bacterial signals.  However, little functional study in infection has been carried out on 

miR-21 specifically compared to other immunomodulatory miRNA such as miR-146a 

and miR-155.  Two model organisms were chosen to conduct these studies: S. 

Typhimurium UK-1 and L. monocytogenes EGDe.  These are well-characterised 

experimental organisms and allowed the study of both gram-negative and gram-

positive infections.  miR-21 was robustly induced by Salmonella as previously 

reported but this induction waned after 24 hours.  A previous study reported miR-21 

was still induced 2-fold at this timepoint but in a different macrophage cell line.  Our 

observation is more in keeping with the miR-21 induction timeline seen in BMDMs 

with LPS, the major PAMP present as part of Salmonella’s cell wall.  Listeria also 

induced miR-21 though to a lesser extent than the gram-negative Salmonella.  Listeria 

has previously been shown to induce miRNA expression in a MyD88 and TLR2 

dependant manner, but miR-21 expression was not reported so this is a novel 

observation 291.  This miR-21 induction is likely through TLR2 sensing peptidoglycan 

and lipoteichoic acid but Listeria also expresses a form of endotoxin (LPS) which 

may bind TLR4 292.   

 

To establish if this induction of miR-21 resulted in a functional difference in 

macrophage behaviour, BMDMs lacking miR-21 were generated to examine the 

impact of infection on cytokine secretion in response to infection.  It was surprising 

that no difference in IL-10, IL-6 or TNF-α was observed between WT and miR-21-/- 

macrophages following 24h infection with Salmonella given the clear effects 

observable using purified bacterial ligands in the previous experiments.  Indeed, in the 

case of Salmonella infection there was very little observable cytokine secreted at all.  

This may be due to issues of toxicity as Salmonella induce cell-death at earlier 

timepoints.  It was anticipated that miR-21 would have an impact on TNF-α secretion 

in the case of Listeria due to the well-known role of this cytokine in the immune 

response to the pathogen, as well miR-21’s demonstrable influence on its secretion in 

response to LPS 293.  Whilst there was a significant elevation in TNF-α secretion in 
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the miR-21-/- macrophages it was not as pronounced as demonstrated with LPS 

treatment. There was no significant difference in IL-10 or IL-6 secretion. This 

observation was also apparent in BMDCs, as well as a lack of observable TNF-α 

levels.  This difference in cytokine secretion phenotype observed between purified 

ligands and live bacterial infection may be explained in a number of ways, chief 

amongst them being the many additional pathways that become activated by 

introducing a whole organisms rather than a single immunogenic element.  For 

instance, Listeria is a potent activator of the PRR Nod2 which is important for 

modulating host defence mechanisms post-TLR stimulation 102,294.  These additional 

pathways may impact on miR-21’s role in cytokine production in this context.  In 

addition, it is worth restating that miRNA function is complex due to the multitude of 

mRNA transcripts each miRNA can target, and this may well be responsible for the 

loss of translation of phenotype here. 

 

The most basic function of the innate immune response is the destruction of invading 

pathogens, and one of the most important processes used to achieve this is ingestion 

by phagocytosis and subsequent intracellular killing of the aforementioned invader.  

Several bacteria have evolved strategies to use the phagocytic process to gain entry in 

to the cell, before either subverting the intracellular killing process to suit their 

requirements or escaping it completely to replicate within the cell.  Different miRNA 

have been implicated at various stages of these processes and so experiments were 

performed to establish if miR-21 might also regulate them.  WT BMDMs were 

cultured and infected with the two chosen model organisms, both of which exhibit 

evolved immune evasion strategies, to determine effectiveness of intracellular killing.  

Bacterial loads steadily decreased over 24 hours, until very small number of CFUs 

were detectable at the end of the experiment, indicating that these primary 

macrophages are effective intracellular killers of both Salmonella and Listeria.  The 

gentamicin protection assay was used in this experiment, and it was decided to use the 

standard timepoints to measure uptake and killing (namely 30 mins and 2 hours) 281.  

WT and miR-21-/- BMDMs and BMDCs were infected with Salmonella, and it was 

clear that the deletion of miR-21 had no impact on the uptake or killing of the bacteria 

in either cell type.  However, upon infection with Listeria, there was a significant 

difference between WT and miR-21-/- cells both at the very early 30 minute timepoint 

and after 2 hours.  It was decided to focus on the Listeria phenotype primarily for the 
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remainder of the project. The increased Listeria burden displayed by the miR-21-/- 

cells was initially surprising for a number of reasons.  Based on published studies, we 

had hypothesised that as miR-21 is ostensibly an anti-inflammatory mediator, 

phagocytic cells lacking miR-21 would likely be more pro-inflammatory and as a 

result more bacteriocidal. These observations led us to question the status of the miR-

21-/- macrophage on the M1/M2 spectrum relative to WT cells.  There is a conflicting 

existing literature regarding miR-21’s role in M1/M2 polarization, with some reports 

suggesting that miR-21 is in fact associated with negatively regulating anti-

inflammatory M2 polarization in certain contexts 144,162,295.  A panel of M1/M2 

markers was assessed by qPCR, as is standard in the field, in WT and miR-21-/- 

BMDMs in their basal state.  These results indicate that there is no particular skewing 

of macrophage polarization basally upon miR-21 deletion.  The data was quite 

variable between experiments, and there wasn’t a consistent difference across 

markers. For instance, in the M1 markers TNF-α expression was slightly higher in the 

miR-21 deficient macrophages but the opposite was seen in the case of NOS2 

expression, and there was an increase in the M2 marker MRC.  The studies previously 

published in this area showed miR-21 had an impact on active polarization with 

different stimuli, and this may account for the conflicting data obtained from cells in 

their basal state.   

 

Upon internalization of bacteria, the phagosome matures in to a highly acidic 

bacteriocidal phagolysosome capable of destroying the ingested material.  Part of the 

process of generating this bacteriocidal environment is the development of radical 

ions which damage the bacterial DNA and induce cell death.  miR-21 has been 

associated with alterations in production of the free radicals NO and ROS in the 

context of cancer, and so it was hypothesised that a reduced capacity to produce these 

mediators as part of a functioning phagolysosome may explain the increased bacterial 

burden observed in miR-21-/- cells 151,153,154.  These radicals can also be released by a 

phagocytosing cell causing damage to surrounding tissue but also, in the case of NO, 

causing dilation of surrounding vasculature to allow infiltration of immune cells and 

subsequent inflammation to clear the encountered infection.  To investigate this, WT 

and miR-21-/- BMDMS were treated with LPS or infected with Listeria and NO 

generation was estimated in the supernatants.  There was a time dependant increase in 

NO detectable in the supernatants of macrophages treated with LPS (LPS or LPS 
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combined with IFN-γ being the archetypal NO inducting stimuli) but there was no 

observed difference in this increase between WT and miR-21-/- cells.  NO is a 

particularly important mediator of host defence against Listeria, as demonstrated by 

studies which deleted the key NO producing enzymes and showed impaired bacterial 

clearance capacity 282,296,297.  A similar level of increase in NO was detectable after 

infection with Listeria as had been observed in response to LPS, and similarly there 

was no alteration to this increase upon deletion of miR-21.  The other main form of 

free radicals employed by the immune system in response to infection are ROS which 

both directly damage bacteria as in a still not fully established manner as well as 

influencing cytokine production and host cell gene expression 298,299.  miR-21 has 

been demonstrated to increase ROS levels in the context of cancer, and so we 

hypothesised that its deletion may lead to a less bacteriocidal phagosome 151.  

However, there was no difference observed in basal ROS between WT and miR-21-/- 

nor when ROS was induced by LPS treatment.  Listeria infection failed to induce 

ROS after both 4 and 24 hours and this was seen to be common to both WT and miR-

21-/- BMDMs.  This lack of ROS induction was surprising given the important role it 

plays in mediating host defence against intracellular pathogens and that previous 

studies have shown it to be induced following infection 300,301.  However, these 

experiments were performed in different cell types and with different conditions 

which may account for the differing observations.   

 

At this point it was deemed prudent to establish if the WT and miR-21-/- cells were 

undergoing different rates of cell death in response to bacterial infection.  Salmonella 

is a known cause of inflammatory cell death in macrophages, activating the NLRC4 

inflammasome to and induce pyroptosis 302.  Listeria too can induce cell death in 

macrophages via an intermediate mechanism that is akin to necrosis 303.  The 

activation of caspase 1 by Listeria is thought to be a macrophage defence mechanism, 

and so it was important to ascertain what might be occurring in our system 304.  miR-

21 itself has been linked to alteration of cell survival/cell death patterns in cancer: 

being an oncomiR, it is often associated with prolonging cell survival through its 

targeting of tumour suppressors.  WT and miR-21-/- BMDMs were infected with 

Salmonella and Listeria and LDH release was measured as a readout for inflammatory 

cell death.  As expected, Salmonella induced rapid inflammatory cell death, with 

almost 90% death occurring after 24 hours.  Listeria infection also induced some cell 
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death, but at much more modest levels than Salmonella as anticipated.  There was no 

difference in cell death between WT and miR-21-/- in any condition tested, which led 

us to assume that altered cell survival was not responsible for the enhanced bacterial 

burden phenotype we encountered in the miR-21 deficient cells.  LDH assays have 

been used to monitor Listeria infected cells in the past but as stated previously the 

primary mode of cell death is not pyroptotic but necrotic and occurs after several 

hours of cytosolic bacterial replication 303,305.   

 

Satisfied that our phenotype was not caused due to altered cell viability, the question 

of why miR-21 seemed to control burden of Listeria returned to the phagosome and 

how miR-21 deletion might impact on its normal function.  Impaired phagosome 

maturation is associated with increased survival of intracellular bacteria, and so we 

hypothesised that miR-21 may positively regulate this process and its deletion may 

lead to abrogated maturation 306 13 15.  Phagosome maturation is characterized by the 

binding of different markers to the phagosome as it transitions through early, 

intermediate and late stages.  To assess whether or not these markers were present at 

similar levels in WT and miR-21-/- macrophages, cells were infected with various 

MOIs of Listeria and assessed by Western blot for the early endosome markers EEA1 

and Rab 5 as well as the late endosome marker Rab 7.  The expression of these 

markers was stable across all infectious levels and similar to that of the untreated 

controls across both WT and miR-21-/- cells, indicating that miR-21 does not directly 

or indirectly influence the expression of these effector proteins.  To further establish 

this, phagosome formation was quantified by immunostaining EEA1 in Listeria 

infected cells measuring the puncta formation.  These puncta were formed in equal 

measure in both WT and miR-21 cells, suggesting that the once the phagosome is 

formed there is no difference between the two.   

 

Listeria expresses its own form of hemolysin called LLO.  This thiol-activated 

cholesterol-dependent cytolysin or pore-forming toxin punctures the phagosome 

vacuole allowing the bacterium to escape from the intracellular killing mechanisms 

that become prohibitive to growth and replication, and instead reach the niche of the 

cytosol where is can replicate and go on to infect other cells 16,305.  By altering the 

capacity of Listeria to produce LLO, the bacteria are trapped within the phagosome to 

be killed by the acidification and exposure to free radicals previously described.  To 
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confirm whether miR-21 was influencing phagosome maturations, we compared 

bacterial burdens of WT Listeria and the LLO mutant, to see if the inability of the 

mutant to escape the phagosome by Listeria altered the observed miR-21-/- increased 

bacterial burden phenotype. WT and miR-21-/- BMDMs were infected with the ΔLLO 

mutant strain or WT parent strain.  It was observed that the phenotype persisted, with 

enhanced bacterial burden with the ΔLLO strain in the miR-21-/- cells compared to 

WT macrophages.  This was an interesting observation which led to two possible 

conclusions.  The first possible conclusion is that miR-21-/- macrophages have such an 

impaired killing capacity so that even when Listeria are unable to escape the 

phagosome they still survive and replicate more readily then bacteria unfortunate 

enough to end up in a WT cell.  Although we had accumulated several lines of 

evidence that indicated that miR-21-/- macrophages had no defects in the production 

of common bacteriocidal mechanisms or phagosome formation.  The other conclusion 

to be drawn was that perhaps miR-21 is acting upstream of this event and influencing 

the initial uptake of the bacteria and formation of the phagocytic cup which is 

eventually pinched off to form the early phagosome.  This conclusion is initially 

supported by the observation of the phenotype as early as 30 minutes post-infection. 

 

Several miRNAs have previously been demonstrated to regulate the process of 

phagocytosis, with examples of both pro- and anti-phagocytic actin.  miR-1 for 

instance has been shown to negatively regulate phagocytosis in RAW263.7 

macrophages by targeting elements of the clathrin pathway 307.  miR-107 is 

downregulated by LPS, allowing macrophage motility via cyclin dependant kinase 

expression to facilitate actin mobilization 308. Other miRNA positively regulate 

phagocytosis, such as miR-34a 309.  We hypothesised that miR-21 might belong in the 

former camp of negative phagocytosis regulators.   

 

To test this hypothesis, experiments were conducted using the commonly employed 

FITC-dextran uptake assay in which uptake by a population of cells is assessed using 

flow cytometry.  miR-21-/- BMDMs took up significantly more FITC-dextran than 

their WT counterparts, indicating that miR-21 may indeed play a role in regulating the 

uptake of Listeria as hypothesised.  This observation was also confirmed in PECs, a 

heterogenous population of phagocytic innate immune cells that act as an effective ex 

vivo of macrophage/monocyte function.  
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Phagocytosis and in particular initial uptake, is dependent primarily on the actin 

cytoskeleton, and a series of cytoskeletal rearrangements triggered following receptor 

activation.  In order to ascertain the importance of this actin rearrangement step in the 

observed miR-21-/- phenotype, the actin filament formation inhibitor cytochalasin D 

was utilized.  WT and miR-21-/- cells pre-treated with this potent mycotoxin inhibitor 

of actin polymerisation displayed far lower absolute numbers of invading bacteria as 

would be expected, but crucially the increased burden previously associated with 

miR-21-/- cells was lost. Macrophages express a variety of phagocytic receptors which 

bind to particles, pathogens and components of dying cells and signal for actin 

rearrangement to facilitate their uptake.  These include FcγRs and complement 

receptor 3 (CR3), which bind to immunolglobulin G (IgG)-opsonised particles and 

complement-coated particles respectively as well as mannose receptor (CD206/MRC) 

which binds C type lectins 310.  A key mediator of actin rearrangements are the 

RhoGTPases, which have been shown to be important for the initial formation of the 

phagocytic cup, which engulfs the invading pathogen 277.  We identified several 

targets of miR-21 involved in phagocytosis and actin rearrangement including the 

RhoGTPase, RhoB, which has been reported to operate in coordination with Cdc42 
133,167,311-315.  

Macrophages have been shown to express high levels of the myristoylated, alanine-

rich, C kinase substrate (MARCKS), an actin cross-linking protein 312.  In particular, 

this increased MARCKS expression is found in areas of the cell where actin filaments 

associate with the plasma membrane, and its expression is associated with regulation 

of cell motility 312,316.  A study by Carballo et al. implicated MARCKS in the 

regulation of the phagocytosis ofzymosan, specifically, in the rate of initial uptake.  

The authors observed significant differences in the rate of zymosan uptake between 

MARCKS-deficient cells and WT cells, with lower rates of uptake in particular at 

45min and 60min 312.  This difference disappeared at a later time point (120 minutes). 

MARCKS has recently been shown to be a target of miR-21 in epithelial cells, where 

its expression influences mucin secretion 249,317.  Given that macrophages also express 

MARCKS, we wondered whether miR-21 may target MARCKS thereby regulating 

initial uptake by phagocytes.  Indeed, we observed increased expression of MARCKS 

in miR-21-/- BMDM compared to WT cells.  Furthermore, we show that MARCKS is 

induced in miR-21-/- BMDM following infection with Listeria.  
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Intracellular bacteria frequently allow their engulfment by macrophages so that they 

can shelter from components of the host immune system. Following internalisation, 

intracellular pathogens utilize sophisticated strategies to avoid destruction by these 

cells, enabling them to overcome host cell defences and replicate successfully. They 

block intracellular killing by inhibiting phagosome maturation, or express effector 

proteins which allow them to escape into the cytosol 279.  Listeria is among the 

archetypal bacteria employing these mechanisms, expressing LLO as previously 

discussed.  Subsequently, Listeria induces actin tails through expression of an actin 

polymerising protein, ActA that facilitate its propulsion through the cell cytosol 

towards the cell membrane, where it forms protrusions into neighbouring cells 

allowing its internalization and facilitating cell-cell 318.  As a result of these bacterial 

strategies, there is an even greater pressure for host measures to counteract these 

immune evasion mechanisms in order to clear the infection.  The ability of miR-21 to 

reduce internalization of Listeria by macrophages significantly impacts the outcome 

of infection in mice, with miR-21-/- mice displaying a significantly higher bacterial 

burden compared to WT mice. The increased dissemination of Listeria to livers and 

spleens of mice following intraperitoneal infection is in direct agreement with our 

previous observation that miR-21-/- resident peritoneal macrophages display increased 

phagocytosis of particles.  Interestingly, this phenotype did seem to be particular to a 

model where macrophage uptake was required, as it was not recapitulated in the oral 

gavage model of infection which entails entry through IEC adherence and invasion.  

The in vivo phenotype did however mirror the in vitro observation that this effect does 

not appear to extend to phagocytosis of Salmonella.  

 

In this chapter, we confirm several previously reported aspects of miR-21 biology in 

relation to TLR activation and induction by infection.  In addition, a novel role for 

miR-21 during the host response to intracellular bacterial infection has been 

uncovered, whereby miR-21 regulates the fundamental process of phagocytosis. By 

targeting MARCKS and RhoB-mediated uptake of Listeria by macrophages, miR-21 

limits the intracellular niche of Listeria and significantly impedes the pathogenesis of 

infection.   
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5. Final discussion and future perspectives 
  

Since the initial characterization of miRNA and RNA interference, over two decades 

of research have yielded many insights in to the working of cells and the complex 

layers of regulation that govern their function.  The study of miRNA in the context of 

immune pathways is a more recent development, however many insights have begun 

to emerge into their importance to the function of immune cells in health and in 

disease states.  miR-21 has been demonstrated to be a highly important miRNA in this 

context, performing many roles in different cells and acting to prevent inflammation 

on the one hand, but promoting carcinogensis and cancer progression on the other.   

 

This study has identified two novel functions of miR-21 in the regulation of intestinal 

health and disease, specifically during intestinal inflammation and infection. Firstly, 

we show that miR-21 is a novel regulator of the intestinal microbiota, which 

subsequently impacts on the development of intestinal inflammation, as shown using 

the murine DSS-induced colitis model. Secondly, we demonstrate a novel role for 

miR-21 in the regulation of macrophage phagocytosis, with induction of miR-21 

during infection with the facultative intracellular pathogen Listeria monocytogenes 

appearing to limit the entry of this bacterium, denying it the opportunity to form an 

intracellular niche.  

 

Our initial studies with the miR-21-/- mouse indicated that there is indeed a role for 

miR-21 in colitis as suggested by the numerous observations that its expression was 

elevated in colitis.  As miR-21 is generally considered to be an anti-inflammatory 

mediator, it came as a surprise to us that the knockout mouse exhibited a protected 

phenotype.  The hypothesis we entered in to the project with was that a deficiency in 

miR-21 would lead to a reduction in the levels of the archetypal anti-inflammatory 

cytokine IL-10 and enhanced inflammation.  This was based on reports of IL-10-/- 

mice exhibiting spontaneous colitis 251.  Interestingly, we did observe the expected 

reduction in IL-10 but it was not followed by increased inflammation.  The fact that 
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IL-10 therapies have yet to show efficacy in human IBD hints that perhaps it is not the 

crucial effector that the field anticipated 319.   

 

Our discovery that miR-21 expression is deleterious in a murine model of DSS-

induced colitis via modulation of the intestinal microbiota is a fascinating insight into 

a miRNA function that has only just recently begun to be explored in earnest.  While 

several studies have been published recently which highlight the importance of 

miRNA to the maintenance of intestinal homeostasis, few demonstrate an influence 

for miRNAs over the gut microbiota.  One such paper, by Biton et al, demonstrated 

the importance of total miRNAs in governing intestinal immunity using a gut specific 

Dicer1 knockout mouse 235.  With this tool they demonstrated that the absence of all 

gut miRNAs resulted in an impaired intestinal barrier within these mice.  Another 

crucial paper in the miRNA field was published by Liu et al illustrating the capacity 

of miRNA to influence the shape of the intestinal microbiota 256.  This paper 

demonstrated that secreted host miRNA have the capacity to influence gene 

expression in commensal microbes present in the gut lumen, regulating growth signals 

in bacteria such as Fusobacteria nucleatum and Escherichia coli (E. coli).  Using an 

IEC-specific Dicer1 knockout mouse, similar to the study by Biton et al, the authors 

showed that miRNA deletion led to a significant dysbiosis of the intestinal microflora 

corresponding to a more severe reaction to induction of colitis with DSS which could 

be rescued by transfer of WT feces which contained multiple host secreted miRNA.   

 It is likely that an additional underlying mechanism for the dysbiosis observed in the 

Dicer-KO mouse, is the influence of the impaired barrier function directly on the 

microbiota, as it is known the integrity of the intestinal barrier and the gut microbiota 

are intimately connected. Indeed, Biton et al demonstrated reduced mucin secretion in 

colon-specific Dicer-KO mice. Intestinal mucins are an important part of the intestinal 

barrier, with the mucus layer forming a physical barrier which segregates the luminal 

contents including pathogenic and commensal organisms from the intestinal 

epithelium. Mucins also provide a source of nutrition for members of the gut 

microbiota, aiding their colonisation within the gut environment. Biton et al showed 

that this reduced mucin secretion was specifically due to the loss of transcription 

factor KLF5 inhibition by miR-375 which was essential for Goblet cell development 

as confirmed using a miR-375 knockout mouse.  This result lent credence to the idea 

that individual miRNA could have profound impacts on fundamental intestinal 
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homeostatic function as had been seen in other systems 235.  The authors went further 

and described immunological mechanisms for homeostatic modulation of miR-375 

whereby the Th2 cytokine IL-13 induced miR-375 which in turn promoted induction 

of the Th2 facilitating epithelial cytokine thymic stromal lyphoprotein (TSLP).  This 

pathway was crucial for defence against helminth parasites, indicating a powerful 

miRNA mediated mechanism for intestinal homeostasis.   

 

Our own data suggests that miR-21 has a role in shaping the microbiota which is 

deleterious in DSS-induced colitis.  This discovery is highly novel, and demonstrates 

the importance of the microbiota in this disease model.  The precise mechanisms 

governing the shift towards a less colitogenic microbiota in the miR-21-/- mice are yet 

to be fully elucidated, but there are several promising targets which are likely to help 

shed light on this process.  Chief amongst them is the putative modulation of the 

mucus barrier.  As demonstrated here, miR-21 has the capacity to directly target 

MARCKS, a protein that has already been shown to influence mucin secretion and 

have relevance in colitis 250,317,320.  The alteration of the make-up of the mucus layer 

can have a substantial impact on the composition of the commensal microbiota, as 

resident bacteria can employ the layer as a scaffold niche as well as a souce of 

nutrition in the form of mucin glycans.  Even non-mucolytic bacteria have been 

shown to preferentially colonize altered mucous layers, such as commensal E. Coli 

which expand in the mucus layer during regrowth post antibiotic treatment.  With this 

in mind, we hypothesize that miR-21 expression may influence the composition of the 

mucus layer, specifically the production of Muc5AC (a known MARCKS regulated 

mucin) and by doing so alter the available niche for different microbial populations to 

flourish.  This idea is supported by the identification of taxa present in higher 

abundances in the miR-21-/- microbiota which are specialised for mucin degradation 

for nutrient acquisition.  The prime example of this demonstrated in our data is 

Bifidobacteria which are present in higher abundances at several phylogenetic levels 

in the miR-21-/- microbiota and are adapted for nutrient acquisition from mucin 

glycoproteins 41,321.  In order to test this hypothesis, it would be interesting to use 

immunohistochemistry to assess whether or not MARCKS and/or Muc5AC are 

alternatively expressed in miR-21-/- tissue.  These experiments have been attempted, 

so far unsuccessfully, and work is ongoing   
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The papers by Biton et al and Liu et al, demonstrate the capacity of miRNA to 

regulate all aspects of intestinal health and disease: the mucus layer, the intestinal 

epithelium, local immunity and of course the microbiota.  In the paper published by 

Liu et al, miR-21 was seen to be present in mouse feces, though they did not go on to 

explore any putative function in their study.  Other recent studies have shown that the 

microbiota can be disturbed by deletion of bacterial sensors such as NLRP6 216.  

Given that miR-21 regulates bacterial sensing through modulation of TLR4 signalling 

we hypothesised that it might play a role in the shaping the microbiota.   

 

Another aspect of miR-21’s role in colitis which our study has confirmed is the direct 

negative regulation of the tight-junction regulating actin polymerisation protein RhoB.  

A concurrent study by Shi et al demonstrated that elevated RhoB expression in miR-

21-/- gave rise to enhanced barrier integrity during colitis which contributed to the 

protective colitis phenotype 133,252.  Our data is in agreement with this observation. 

However, this further suggests an underlying mechanism for the altered microbiota 

present in our miR-21-/- mice, given the already established links between barrier 

integrity and the microbiota.  It has been demonstrated that certain probiotic bacteria, 

such as Bifidobacterium, protect from barrier permeability in obesity driven 

inflammation and our observation may represent more evidence of this cross talk in 

occurrence 322.  It is plausible to speculate that in a healthy individual, a higher 

commensal proportion of Bifidobacterium may signal to increase barrier integrity by 

suppressing miR-21 and allowing RhoB to maintain a functional barrier.  Conversely, 

a microbiota that is less diverse and lacking these beneficial regulatory microbes may 

allow aberrant signalling to upregulate miR-21 and allow the barrier to become 

compromised.  Shi et al also noted that miR-21 expression led to higher IEC 

apoptosis which also contributed to the breakdown of barrier integrity.  As it has been 

stated previously, miR-21 is an oncomiR which is associated with halting cell death 

and facilitating the carcinogenic endothelial to mesenchymal transiton (EMT) 
139,143,148-150.  This apparent contradiction is a feature of miRNA’s capacity to regulate 

multiple targets.   

 

The role of miR-21 in modulating immune cell activation in this model is very 

interesting as previously mentioned with regards IL-10.  Our study has demonstrated 

that miR-21 deletion leads to a decrease in IL-10 secretion both in DSS treated colons 
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and in primary macrophages and dendritic cell cultures.  In addition, we have 

demonstrated that TNF-α secretion is enhanced in miR-21-/- macrophages, consistent 

with various studies which report a role for miR-21 in regulating NF-κB activity 
129,155.  Furthermore, we also confirm that miR-21 negatively regulates IL-12 

expression in dendritic cells, an observation which has been observed in models of 

lung injury, asthma and mycobacterial infection 161,164,167.  The accumulating evidence 

of the anti-inflammatory action of miR-21 seemed to be somewhat at odds with our 

observations and the observations of Shi et al that miR-21 deletion was protective in 

colitis.  A further study by Wu et al has shown that miR-21 deletion has a divergent 

phenotype in different models of colitis 323.  In this paper, the miR-21 protective 

phenotype is confirmed once again, but the opposite phenotype is observed in the 

TNBS and T cell transfer models of colitis, with CD4+CD45RBhigh T cells displaying 

a tendency to skew towards a Th1 phenotype which would be predicted by miR-21’s 

suppression of the Th1 polarizing cytokine IL-12.  The latter observation is interesting 

as Shi et al report reduced T cell infiltration and reduced TNF-α secretion in the DSS 

model of colitis. 

 

This divergence of phenotype raises interesting questions about miR-21’s role in 

disease.  Despite its many anti-inflammatory properties, miR-21 has been shown to 

contribute to inflammation in a number of other diseases where its ablation has been 

shown to be protective, including colitis-associated colorectal cancer and psoriasis 
171,253.  The authors of the study implicating miR-21 in attenuation of TNBS colitis 

symptoms suggest that their results indicate that miR-21 may be having different 

effects in the pathogenesis of IBD, which is after all a highly complex multi-factorial 

disease.  Our findings contribute to this literature, and it would be very interesting to 

examine the effect of antibiotic-depletion of the microbiota on the TNBS-coiltis 

phenotype observed by Wu et al.  We would argue that miR-21 plays a deleterious 

role in the maintenance of barrier integrity and host-microbe cross talk and that this 

effect may be missed in a model which so strongly polarizes T cell responses.  

Additional models of bacterially induced colitis may help clarify these observations, 

such as the Citrobacter reodentium induced colitis model (which unfortunately failed 

to elicit a response in our facilities) or the Helicobacter hepaticus induced colitis 

model.  The latter is particularly interesting as H. hepaticus is a commensal bacteria 

ordinarily found in conventional mouse microflora.  This model mimics microbial 
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dysregulation and loss of immunosupression by the addition of anti-IL-10R 

antibodies, and so might be a highly relevant model in light of our findings and the 

findings of the other groups who have published in this area.  

 

In the second part of this thesis, we examined the influence of miR-21 expression on 

innate immune cell function, specifically in response to infection with the pathogenic 

bacteria Salmonella and Listeria.  We describe a novel mechanism for miR-21 in 

regulating the immune response to Listeria infection, specifically controlling this 

prevalent pathogen’s entry in to phagocytes where the bacteria is ideally adapted to 

replicate and spread to cause systemic infection which is deleterious to the host. We 

show that miR-21 expression significantly impacts on Listeria’s ability to exploit this 

intracellular niche, and furthermore impacts the outcome of infection. 

 

As has been described throughout this thesis, miR-21 negatively regulates signalling 

by TLRs, particularly TLR4, which induce miR-21 as part of a negative feedback 

mechanism to dampen the inflammatory signals they generate to prevent excessive 

inflammation.  To date, much of the work demonstrating this had been performed in 

vitro using immortalised cell lines and primary cells in which miR-21 was inhibited 

by siRNA technology. An advantage to our study was the fact that we had access to a 

specifically generated miR-21 deficient mouse, allowing us to directly characterise 

the role of miR-21 both in vitro using primary cells and in vivo in the mouse model 

itself. In this way, we sought to confirm previous findings of a role for miR-21 in 

regulating TLR responses to bacterial ligands as well as explore other aspects of the 

immune response of innate immune cells important during live bacterial infection.   

 

Our initial results in RAW 246.7 macrophages and in BMDMs confirmed that miR-21 

is indeed a TLR4 inducible gene.  Its induction profile was similar to previous reports 

in the literature, where miR-21 is induced in a time dependant manner, with its 

induction being slightly delayed relative to the reported induction of other miRNA by 

the same stimuli 129,131.  miRNA regulation is complicated when compared to ordinary 

Pol II transcription of protein–coding genes due to the requirement  of second 

processing of primary transcripts in to mature active molecules.  This delay in 

induction of miR-21 has been shown to be due to a delay in processing the mature 

form of the miRNA from pri-miR21 by the enzymes Drosha and Dicer, with the rate 
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of transcription of the pri- form outstripping this processing step in certain contexts 
144,324.   

 

Cytokines are crucial effectors of the innate and adaptive immune system, and 

miRNAs have been shown to be important in promoting their expression and 

secretion as well as, in the case of miR-21 in particular, suppressing cytokine 

expression when the inflammation elicited by their activity is no longer required.  

This miRNA-mediated effect on cytokine activity can take place intracellularly, as is 

the case in the suppression of TLR4 signalling by miR-155. Here, miR-155 

suppresses the regulatory protein SHIP1 to allow amplification of TLR4 signalling 

which in turn signals to secrete more pro-inflammatory cytokines such as IL-1β, TNF-

α, IL-6 etc.  Another example of negative regulation in an intracellular manner comes 

in the form of miR-146a which is strongly induced by TLR4 stimulation, and acts to 

dampen the signalling from TLR4 that gives rise to its own expression, targeting 

downstream signalling molecules such as TRAF6 325.  In a similar context, miR-21 

has an important role in allowing translation of IL-10 to dampen down systemic 

inflammation following its own NF-κB-dependant induction by TLR4.  Our own 

results were in agreement with these previous studies, with miR-21-/- -derived 

macrophages and dendritic cells secreting less IL-10 and more TNF-α upon 

stimulation with LPS. However, there were some time dependant differences which 

were notable between our findings and previous reports, in particular, the equalization 

of IL-10 levels at 24 hours which was not the case in our hands 155.  These 

observations also carried through to stimulation of TLR2 which shares several 

signalling pathways in common with TLR4 and is an important receptor for sensing 

gram-positive bacteria such as L. monocytogenes.  These cytokines were also assessed 

after in vivo infection and miR-21 was again confirmed to be anti-inflammatory in its 

repression of TNF-α secretion in the serum of WT mice relative to miR-21-/- mice.  

However, IL-10 secretion was found to be unaltered perhaps indicating that its 

regulation is secondary to that of TNF-α in this model of sepsis.  There was no 

consistent effect demonstrated regarding IL-6 secretion, which is interesting in a 

number of ways.  IL-6 is a NF-κB-regulated gene and so it would be predicted to 

behave like TNF-α in this system.  Indeed in other studies employing miR-21-/- cells 

an increase in IL-6 with TLR4 stimulation has been observed consistently 155.  miR-21 

induction by IL-6 has been shown to be a key mechanism for EMT (along the so-
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called IL-6/STAT3/miR-21 axis) so it was surprising that there was no reciprocal 

regulation lost upon miR-21 deletion  141,143,149.   

 

More surprising than this however, was the failure of the miR-21-/- -dependent IL-10 

and TNF-α phenotype to fully translate into models of infection.  While there was an 

increased level of TNF-α release by miR-21-/- macrophages in response to Listeria 

infection, the IL-10 phenotype was not demonstrated to hold true to the previous 

observations.  This observation is closely aligned with those in the paper previously 

referred to by Barnett et al, in which miR-21-/- mice display a significant increase in 

mortaility in an LPS sepsis model, which is not replicated using the bacterial CLP 

model.  The authors suggest that this may be due to the time of delay of miR-21 

expression in this CLP model (miR-21 is not observed until 48 hours) and that the 

anti-inflammatory role of miR-21 may actually be harmful in sepsis.  This argument 

references the “2-hit” model of sepsis which states that the mortality associated with 

sepsis is caused not just by the initial hyperinflammatory response but by the 

subsequent period of immunosuppression which allows primary infections to take 

hold of the host or opportunistic secondary infections to occur.  They also suggest that 

antagonising miR-21 might be therapeutically beneficial to allow a sufficiently robust 

immune response to clear these infections.  Our observations regarding miR-21 

expression post-infection are different, although they are also in a single cell culture 

system rather than in the whole animal.  Salmonella and Listeria both induced miR-21 

at early times (2-4 hours) before this faded towards 24 hours post-infection.  This 

induction peaks earlier and fades faster than in LPS treated cells, which is interesting 

in the context of the different levels of regulation mentioned earlier.  Furthermore, 

infection with live bacteria likely triggers a greater number of cellular machinery 

components more rapidly to process a pre-existing pool of miR-21 precursors than a 

single PRR signal before fading with bacterial degradation. In contrast, a more 

sustained PRR signal might induce more de novo transcription of the miR-21 gene.  It 

would be interesting to assess induction of miR-21 after exposure to non-virulent heat 

killed bacteria to assess whether uptake of PAMP covered particles induces the 

miRNA to the same extent as a live bacterium.  This would also be interesting in the 

context of cytokine secretion, where differences in IL-10 and TNF-α levels observed 

post-PRR stimulation are not recapitulated upon infection with live bacteria.  Perhaps 

a heat-killed bacterium would not override these PRR driven differences.  Our study 
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together with that of Barnett et al have demonstrated that miR-21’s anti-inflammatory 

action through cytokine secretion may not be as straightforward as previously thought 

due to the complexity of signalling elicited by live pathogens.   

 

The initial response of many innate immune cells upon detection of a foreign entity 

(pathogen, particle or dying cell) is to phagocytose it and destroy it.  There are many 

downstream consequences of this process, such as the cytokine release discussed 

above and the presentation of antigen to the adaptive immune system in order to 

ensure a robust immune response.  However, some pathogens have adapted to take 

advantage of this process and develop a niche inside phagocytic immune cells.  We 

have discovered a novel role for miR-21 in the context of infection with the 

facultative intracellular pathogen L.monocytogenes.  miR-21 limits uptake of Listeria 

within macrophages, thereby depriving this intracellular pathogen of its cellular niche 

from which it is protected from the external immune environment, and can happily 

replicate and spread to neighbouring cells, ultimately causing the systemic infection 

which leads to severe listeriosis.   

 

Our initial observation that Listeria were present in higher numbers in miR-21-/- 

macrophages and dendritic cells was counter to our initial expectations. It was 

anticipated that deletion of miR-21 would result in a more bacteriocidal M1-like 

macrophage due to the loss of anti-inflammatory that is entailed (elevated TNF-α 

expression for instance). The literature on this is mixed, with reports of miR-21 acting 

as a brake on PGE2-induced M2 macrophage polarization contrary to the anticipated 

phenotype described above 162.  In addition, RAW264.7 macrophages have been 

reported to display an increased M1-like phenotype upon transfection with an miR-21 

mimic in a study where miR-21 was suggested to be a causative agent in deleterious 

macrophage polarization in acute kidney injury 295.  Thus, we sought an explanation 

for the apparent failure of miR-21-/- cells to control bacterial infection in our model.  

Initially, WT and miR-21-/- BMDMs were assessed for evidence of M1/M2 

differentiation, but there was little consistent data obtained from these experiments.  

To better understand miR-21’s potential role in the phenotype, comparison of WT and 

miR-21-/- BMDMs conventionally polarized with either LPS (M1) or IL-4 (M2) 

would be a more appropriate experiment, and indeed this is currently being 

investigated by other members of the Corr lab and the Sheedy lab.   
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The increased bacterial burden in cells upon loss of miR-21 was not simply due to 

increased cell death in WT cells, a there was no observable difference in loss of cell 

viability upon infection with either Listeria or Salmonella, though the latter did cause 

far higher pyroptotic cell death as measured by LDH assay.  It would be interesting to 

assay this effect using AnnexinV staining in order to further differentiate different 

forms of cell death, particularly in light of miR-21’s contradictory roles in this area 

and the particular form of semi-necrotic cell death instigated by Listeria. 

 

We next looked to the steps of the phagocytic process, initially focussing on the 

phagosome itself, which is crucial to successful clearance of an infection. Indeed, 

phagosome maturation and the bacterial killing associated with it are vital processes 

in innate immune cells.  Defective phagosome function is associated with several 

disease states including chronic autoimmune polyarthritis caused by DNA escaping 

from ineffective macrophage phagosomes and leading to a break down in self 

tolerance 326. Among the primary killing mechanisms elicited by phagocytes are 

induction of the free radicals ROS and NO.  miR-21 has been associated with altered 

NO production previously and it is a key mechanism for anti-Listeria defence  153.  

Interestingly, with regard to the first chapter of this thesis, miR-21 is positively 

correlated with increased macrophage infiltration and expression of the NO producing 

enzyme NOS2, which might imply that miR-21 deficiency would correlate with a 

reduction of this NO producing enzyme 327.  However we could detect no role for 

miR-21 in either NO or ROS induction that led us to believe this contributed to the 

observed increased bacterial burden in miR-21 deficient cells.  The ROS assay 

employed was based on standard practice in the O’ Neill laboratory, and it is possible 

that Listeria induced ROS induction has been missed as it has been reported that 

intracellular ROS production can be induced by Listeria as early as 20 minutes post-

infection 328.  

 

Literature implicating miRNA in the process of phagosome formation and maturation 

is sparse. However there are some reports of miRNA being hijacked or interfered with 

by invading pathogens to subsequently alter phagosome conditions.  For instance, 

miR-17-5p was recently reported to arrest the maturation of mycobacterial 

phagosomes in part by targeting ULK1, subsequently reducing the ability of host cells 
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to kill intracellular BCG 329.  In our study, it was initially hypothesised that the 

increased burden of Listeria detected in miR-21-/- BMDMs and BMDCs was due to an 

impairment of phagosome processing.  However, following investigation, we 

observed no difference in phagosome maturation in WT vs miR-21-/- BMDMs, 

indicating that miR-21 is not involved in this part of the process.  

 

As described previously, miRNA have been demonstrated to regulate the process of 

phagocytosis, and we hypothesised that miR-21 might be a negative regulator of 

phagocytosis in order to limit the uptake of Listeria, as such denying it of the 

intracellular niche in which Listeria have adapted to replicate effectively 16.  Listeria 

has been shown to subvert the classical immune role of phagocytic cells to allow them 

reach peripheral organs and disseminate freely.  Indeed experiments have been 

conducted showing that mice infected with Listeria display reduced dissemination to 

and infection of major organs (such as the spleen, liver and brain) compared to mice 

inoculated with macrophages that had previously been infected with Listeria 330.  On 

this basis, we further hypothesised that as miR-21 did not appear to have a role in the 

process of ensuring efficient bacterial killing, it may act earlier to stop Listeria 

establishing its intracellular niche.  This idea is supported by our in vivo data, where 

the heavily phagocyte dependant intraperitoneal infection model was seen to lead to 

higher dissemination in the absence of miR-21, indicating that miR-21 controls the 

uptake of the bacteria by peritoneal macrophages to limit their systemic infection.  

Indeed our own FITC-dextran uptake assays in PECs confirm that this mechanism is 

likely to occur in this context. 

 

Actin mobilization is absolutely integral to phagocytosis of particles, with actin 

rearrangements being required for the cytoskeletal rearrangements needed for 

engulfment.  Following pre-treatment of BMDMs with the actin inhibitor cytochalasin 

D, the previous enhanced burden phenotype was lost, indicating that actin regulation 

is a key determinant in our system. In our investigation into how miR-21 might be 

regulating actin rearrangements and initial engulfment of Listeria, we identified 

several miR-21 targets predicted to regulate actin filament formation and 

rearrangements that are critical to formation of the phagocytic cup and subsequent 

engulfment. These targets were RhoB and MARCKS. MARCKS in particular has 

been shown to be involved in the phagocytosis of zymozan by macrophages, in 
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particular at early time points, so we considered it to be a leading candidate for further 

investigation 311.  Deletion of miR-21 allowed the expression of RhoB, Cdc42 and 

MARCKS to increase dramatically with Listeria infection.  This demonstrates that 

miR-21 acts to control these actin mediators to limit bacterial invasion of phagocytes, 

as well as subsequent dissemination as was demonstrated in an in vivo model of 

infection.  During Listeria infection, following escape from the phagosome, cytosolic 

Listeria use the bacterial factor ActA to induce actin polymerisation and formation of 

distinctive actin tails which propel the bacteria through the cell cytosol, eventually 

coming into contact with neighbouring cells16.   It would be interesting to investigate 

if the dysregulated actin mobilization mechanisms in the miR-21-/- allow for enhanced 

comet tail formation and greater cell-cell spread by Listeria.   

 

It was curious that these mechanisms did not translate in to a similar phenotype upon 

infection with Salmonella.  Phagocytosis is a complex process with many receptors 

and it is possible that miR-21-/- cells also express a receptor which preferentially binds 

one bacterium or the other and causes differential signalling to be elicited 

downstream.  Another consideration, which may explain the difference between 

Listeria and Salmonella, is the relative size of the bacteria which has a bearing on the 

nature of the phagocytic process which occurs 10.  Salmonella are significantly larger 

than Listeria (0.7-1.5 by 2.0-5.0 µm versus 0.4-0.5 by 0.5-2.0 µm) and this may lead 

to an overwhelming receptor binding by comparison to Listeria infection.  This 

process is likely mediated by the C type lectin receptor MRC (CD206 or mannose 

receptor) which has also been demonstrated to be responsible for FITC-dextran 

uptake.  Another possible explanation is that Salmonella induced cell death to such a 

great extent in our system that differences may have been buffered out as a result.  

 

Overall, this work has confirmed several roles for miR-21 in different immune 

contexts, as well as describing two novel roles for this miRNA in homeostatic 

gastrointestinal regulation and gram-positive infection.  The main findings are 

summarised in Figure 5.1.  This study provides further insights in to the established 

immunological role of miR-21, as well as the emerging field of host miRNA-

microbiota interactions. MiR-21’s capacity to modulate the host response to bacteria 

in different contexts is interesting when one wishes to assess miR-21’s potential as a 

therapeutic target.  
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Figure 5.1 MiR-21 in infection and IBD 

MiR-21 induction in response to various bacterial stimuli, and DSS treatment has a number of 

downstream consequences for the cells and organs in question.  The reduction of RhoB in colitis by 

enhanced miR-21 expression has been demonstrated to lead to impaired barrier integrity and enhanced 

disease.  This study has shown that miR-21 influences the composition of the intestinal microbiota, and 

that this too impacts on the disease, possibly due to the barrier integrity alteration.  In addition, this 

study has demonstrated an anti-inflammatory role for miR-21 in bacterial infection with Listeria, where 

miR-21 suppresses phagocytosis to prevent the formation of an intracellular niche and subsequent 

dissemination.  The suppression of pro-phagocytic actin modifying molecules RhoB and MARCKS 

may play a role in this effect. 
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There are several existing examples of studies which explore therapeutic manipulation 

of miR-21 in inflammatory diseases, reviewed extensively elsewhere 144.  These 

studies have for the most part sought to block miR-21 in the diseases in question 

(models of kidney disease and psoriasis for example), and the interventions have led 

to protection in the models employed 171,331.  The work presented in this thesis adds to 

the existing literature on miR-21 in inflammatory disease.  The finding that miR-21 

deletion protects mice in a model of IBD initially seemed to suggest that blocking 

miR-21 therapeutically in patients may be a successful strategy to aid in treatment of 

this disease.  However, whilst our work and the work of other groups has 

demonstrated this effect with DSS-colitis, other models have shown that the reverse is 

true and that the anti-inflammatory roles of miR-21 are important when certain 

pathways in IBD are more active (such as the T and B cell response initiated by the 

TNBS model of acute colitis).  As with all potential miRNA modulating therapeutics, 

this underscores the need for a through understanding of the miRNA’s role in that 

disease and what off-target effects may occur.  In this example, the use of targeted 

delivery may allow specific, cell-type dependant modulation of miR-21 to maximise 

therapeutic potential.  In addition, morpholino oligonucleotide technology may 

present a means of limiting problem by allowing the targeting of specific 

miRNA:mRNA interactions (e.g. limiting miR-21 repressing RhoB expression and 

allowing a more intact barrier) 144.   

 

A particularly interesting aspect of this is the microbiota modulating capacity of miR-

21 which may impact of the disease.  Altering the microbiota (or the more accurately 

the microbiota products that aid host homeostasis or lead to disease) has become a 

field of intense interest in recent years as our understanding of the host-microbe 

interface has developed.  This must be borne in mind in the context of all disease 

models which are being targeted for therapeutic intervention, as alteration of the 

microbes present may enhance or limit efficacy of the treatment.  It also points to 

further complexity in miR-21’s role in homeostasis and the response to infection, as 

our data suggests that miR-21 negatively shape the microbiota in the context of IBD 

but also limits the capacity of certain GI tract pathogens to gain access to host cells 

and cause more severe infection.  Several existing immunotherapies for inflammatory 

disease which block pro-inflammatory pathways (such as TNF-α) come with an 

increased risk of infection as a result of the immunosuppression involved, and this 
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may prove to be a particularly complex challenge for miRNA therapies as highlighted 

by the results presented here 332.   

 

The study of potential uses for miRNA in a therapeutic context is not limited simply 

assessing whether or not modulating individual miRNA can be beneficial for patients.  

MiRNA can also reveal target mRNAs which may be involved in disease, and our 

work and that of others perhaps demonstrates that RhoB and MARCKS may be 

interesting in both IBD and in understanding Listeria and its modes of infection.  In 

addition, the potential of miRNA to act as biomarkers is an established idea and their 

study may aid to more effective diagnoses and the ability to demarcate subtleties 

which can differentiate a patients disease in a precise manner. MiR-21 has been 

shown to be deleterious in mouse models of inflammation induced CAC and in 

patients with the disease 253. Given that miR-21 is so heavily involved in cancer 

progression, it is interesting to consider whether it may serve as a marker for a 

transition from inflammatory disease to a cancer diagnoses, especially in IBD and 

CAC.  Longitudinal studies of the miR-21 expression status in such patients would be 

interesting in this regard.  It is possible that tumour progression may be initiated 

gradually through repeated cycles of miR-21 induction to begin inflammation 

resolution and repair in chronic diseases such as IBD.  

 

Overall it is clear that miR-21 is a highly impactful molecule in homeostasis and 

disease and that control of its expression in different contexts is crucial for effective 

homeostasis.  The results presented in this thesis add to out understanding of miR-

21’s role in IBD and in the innate immune response to infection by GI tract 

pathogens, as well as revealing an intriguing and novel role in modulating the 

commensal microflora of the gut which may have consequences throughout the whole 

organism.  Elucidation of the mechanisms governing this effect may open up a range 

of possible miRNA:microbiota interactions with great potential for future discoveries 

and therapeutic interventions.  
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7. Appendices 
7.1.  Conference attendance 
 

Irish Epithelial Physiology Society 9th Annual Meeting, Kilkenny, Ireland  

October 27th 2016 

– Oral presentation 

 

Next Generation Immunology Conference, Weizmann Institute of Science, Rehovot, 

Israel 

February 14-16th 2016 

– Poster presentation 

 

Irish Society for Immunology Annual Meeting, Trinity Biomedical Sciences Institute, 

Dublin, Ireland 

September 17- 18th 2015 

– Poster presentation  

 

Toll 2015, Marbella, Spain 

September 30 – October 3rd 2015 

– Poster presentation 

 

Second Joint Symposium between The Weizmann Institute of Science and Trinity 

College Dublin, Weizmann Institute of Science, Rehovot, Israel 

June 9-11th 2015 

– Oral presentation 
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Irish Epithelial Physiology meeting, Kilkenny, Ireland  

– Oral presentation 

 

Regulators of intestinal Host-Microbe interactions 
This project seeks to understand if miR-21 may be involved via host-microbiome cross-talk in the gut. 

Using miR-21-deficient mice, we have demonstrated that wild-type mice co-housed with miR-21-/- 

mice gain a partial protection in an acute DSS colitis model. In addition, germ-free mice recolonized 

with the microbiota of miR-21-/- mice are partially protected from DSS colitis. Using 16S rRNA 

sequencing, we have generated data which suggests the microflora of the the miR-21-/- mouse is altered 

in composition and that this may be due to altered barrier function and/or altered mucin secretion.   

In addition, miR-21 expression is important for limiting infection of macrophages by the gram-positive 

pathogenic bacterim Listeria monocytogenes.   

 

Next Generation Immunology Conference, Weizmann Institute of Science, 

Rehovot, Israel 

– Poster Presentation 

 

Investigating the potential role of miR-21 in host-microbiome interactions 
 
D.G.W. Johnston1, E. Elinav2, L.A.J. O’Neill1, S.C. Corr3 
1Trinity Biomedical Science Institute, Trinity College Dublin, Pearse St, Dublin 2, Ireland 
2Dept. of Immunology, Wolfson Building, Weizmann Institute of Science, Rehovot, Israel 
3 Moyne Institute of Preventative Medicine, Trinity College Dublin, Dublin 2, Ireland 

Abstract 
 In recent years, increasing numbers of studies have shown that the composition and 

localization of the host microflora is important for an organism’s homeostatic function. Perturbations in 

microflora composition and compartmentalization can lead to altered metabolism, altered homeostasis 

and disease. The mechanisms which govern the interaction between host and commensal microbes are 

not well understood, nor are the conditions which may cause an organism’s microflora to be altered.  

MicroRNA-21 (miR-21) is a well-characterized microRNA which post-transcriptionally regulates the 

expression of many genes in response to multiple stimuli. It is widely expressed in cells and tissues that 

interact with commensal bacteria such as those of the gastrointestinal (GI) tract and is induced upon 

ligand binding of many cell surface receptors including pattern recognition receptors. MiR-21 has been 

shown to have a deleterious role in mouse models of colitis and colitis associated colorectal cancer, and 

its expression is elevated in the colons of patients with inflammatory bowel disease (IBD).  

Our project seeks to understand if miR-21 may be involved via host-microbiome cross-talk in the gut. 

Using miR-21-deficient mice, we have demonstrated that wild-type mice co-housed with miR-21-/- 

mice gain a partial protection in an acute DSS colitis model. In addition, germ-free mice recolonized 

with the microbiota of miR-21-/- mice are partially protected from DSS colitis. Using 16S rRNA 
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sequencing, we have generated preliminary data which suggests miR-21 may negatively regulate the 

abundance of the bacteria Rikenellaceae, a bacteria found in low abundance in IBD cohorts compared 

to healthy controls. Further work is needed to confirm these effects and elucidate a possible mechanism 

by which miR-21 might be acting in this system. 

 
 

Irish Society of Immunology Annual meeting, Dublin, Ireland 

September 2015 

– Poster presentation 

 
MicroRNA-21 regulates phagocytic responses during infection with Listeria  
 
Johnston, D.G.W, O’Neill, L.A. and Corr, S.C.  

School of Biochemistry and Immunology, Trinity College Dublin, Ireland.  

Keywords: miR21, Listeria, phagocytosis 

 
microRNAs (miR) are considered fine tuners of immunity with altered expression leading to disease. 

miR-21 in particular, negatively regulates responses to bacterial lipopolysaccharide (LPS) via 

production of anti-inflammatory IL-10. We investigated the role of miR21 during infection with the 

food-borne pathogen Listeria monocytogenes,	which invades through the intestinal epithelium causing 

the potentially fatal disease, listeriosis. L. monocytogenes is the fourth most common cause of 

meningeal infection and it predominately affects pregnant, newborn and immunocompromised 

individuals, with a mortality rate of 20% or higher. In addition, L. monocytogenes is  a model organism 

for the study of intracellular parasitism and the associated immune response. We analysed the role of 

miR-21 during phagocytosis of Listeria by professional phagocytes. Bone marrow-derived 

macrophages (BMDM) and dendritic cells (BMDC) were generated from wild-type and miR-21-/- mice 

and infected with L. monocytogenes. miR-21-/- cells of each lineage display significantly increased 

bacterial burden early during infection however there was no difference at later timepoints. This 

indicates a role for miR-21 in regulating phagocytosis, with loss of miR-21 leading to increased uptake 

of bacteria. This was further confirmed by analysis of uptake of FITC-dextran beads by BMDMs and 

BMDCs, which was increased upon loss of miR-21. Additionally, we measured the cytokine output of 

different cell types in response to bacterial ligands. Most notably, miR-21-/- macrophages and DCs 

display elevated levels of phagocytosis- associated IL-12.These data suggest a novel role for miR-21 in 

negatively regulating phagocytosis of L. monocytogenes and highlight its potential as a target for 

amelioration of listeriosis. 
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Toll 2015, Marbella, Spain 

– Poster presentation 

 

MicroRNA-21 regulates phagocytic responses during infection with Listeria  
 
Johnston, D.G.W, O’Neill, L.A. and Corr, S.C.  

School of Biochemistry and Immunology, Trinity College Dublin, Ireland.  

 

microRNAs (miR) are considered fine tuners of immunity with altered expression leading to disease. 

miR21 in particular, negatively regulates responses to bacterial lipopolysaccharide (LPS) via 

production of anti-inflammatory IL-10. We investigated the role of miR21 during infection with the 

food-borne pathogen Listeria monocytogenes,	which invades through the intestinal epithelium causing 

the potentially fatal disease, listeriosis. L. monocytogenes is the fourth most common cause of 

meningeal infection and it predominately affects pregnant, newborn and immunocompromised 

individuals, with a mortality rate of 20% or higher. In addition, L. monocytogenes has long been used 

as a model organism for the study of intracellular parasitism and the associated immune response. We 

analysed the role of miR21 during phagocytosis of Listeria by professional phagocytes. Primary bone 

marrow-derived macrophages and dendritic cells were generated from wild-type and miR21-deficient 

mice and infected with L. monocytogenes. miR21-deficient cells of each lineage display significantly 

increased bacterial burden early during infection however there was no difference in bacterial load 

during late infection. This indicates a role for miR21 in regulating phagocytosis, with loss of miR21 

leading to increased uptake of bacteria. This was further confirmed by analysis of uptake of FITC-

dextran beads by macrophages and DC, which was increased upon loss of miR21. To further 

investigate this role for miR21 during infection, we analysed the cytokine profiles of WT and miR21-

deficient cells to L. monocytoegenes and bacterial pathogen associated molecular patterns (PAMPS). 

Most notably, miR21-deficient macrophages and dendritic cells display a heightened response to 

Listeria infection and bacterial LPS, as shown by elevated levels of the pro-inflammatory and pro-

phagocytic cytokine IL-12p70. The p35 subunit of IL-12p70 is a direct target of miR-21. These data 

suggest a novel role for miR-21 in negatively regulating phagocytosis of L. monocytogenes and 

highlight its potential as a therapeutic target for amelioration of listeriosis. 

 

 

Second Joint Symposium between The Weizmann Institute of Science and 

Trinity College Dublin, Weizmann Institute of Science, Rehovot, Israel 

– Oral presentation 
 

The Role of miR-21 in Gut Homeostasis and Disease 
Johnston, D.G.W, O’Neill, L.A. and Corr, S.C.  

School of Biochemistry and Immunology, Trinity College Dublin, Ireland.  
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MicroRNA(miR)-21 is a widely expressed post-translational regulator of mRNA expression involved 

in regulation of several immune signaling pathways. It has been shown to be directly involved in the 

negative regulation of TLR4 signalling in macrophages as well as being implicated in a variety of 

disease states. Inflammatory bowel disease (IBD) and colorectal cancer are two such diseases that are 

both marked by miR-21 overexpression. Our study aims to elucidate the role of miR-21 in 

gastrointestinal homeostasis and disease using various disease models and in vitro approaches. We 

have confirmed that miR-21 knock-out mice are protected from DSS induced colitis compared to wild-

type controls in various conditions. In addition, using co-housing and cross fostering models, we have 

generated preliminary data suggesting that miR-21 knock-out mice may have an altered microbiota 

which contributes to their protection in this disease model. We hope to further explore this idea in the 

Weizmann. We have observed that bone marrow derived macrophages and dendritic cells generated 

from miR-21 knock-out mice progenitors secrete significantly higher levels of interleukin-12p70 (IL-

12p70) in response to various TLR agonists than wild type controls. As it is well known that IL-12p70 

is an inducer of Th1 cells, and that Th1 cells are implicated in IBD, there is an interesting conflict in 

these results which we are currently exploring.  
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7.2. Publications 
 

MicroRNA-21 Limits Uptake of Listeria monocytogenes by Macrophages to Reduce 

the Intracellular Niche and Control Infection 
• MicroRNA-21 Limits Uptake of Listeria monocytogenes by Macrophages to Reduce the 

Intracellular Niche and Control Infection 
Front. Cell. Infect. Microbiol., May 2017 Johnston DGW, Kearney J, Zaslona Z, Williams MA, O’ 

Neill LAJ and Corr SC 

• Toll-Like Receptor Signalling and the Control of Intestinal Barrier Function. Methods 

Mol Biol. 2016: Johnston DGW and Corr SC  

• Pyruvate kinase M2 regulates Hif-1α activity and IL-1β induction and is a critical 

determinant of the warburg effect in LPS-activated macrophages. Cell Metabolism. 2015:  
Palsson-McDermott EM, Curtis AM, Goel G, Lauterbach MA, Sheedy FJ, Gleeson LE, van den Bosch 

MW, Quinn SR, Domingo-Fernandez R, Johnston DG, Jiang JK, Israelsen WJ, Keane J, Thomas C, 

Clish C, Vander Heiden M, Xavier RJ, O'Neill LA.  
• MyD88 adaptor-like (Mal) regulates intestinal homeostasis and colitis-associated 

colorectal cancer in mice. Am J Physiol Gastrointest Liver Physiol. 2014: Aviello G, Corr SC, 

Johnston DG, O'Neill LA, Fallon PG.  
• Differential role of Dok1 and Dok2 in TLR2-induced inflammatory signaling in glia. Mol 

Cell Neurosci. 2013: Downer EJ, Johnston DG, Lynch MA.  
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MicroRNA-21 Limits Uptake of
Listeria monocytogenes by
Macrophages to Reduce the
Intracellular Niche and Control
Infection
Daniel G. W. Johnston1, 2, Jay Kearney 1, Zbigniew Zasłona1, Michelle A. Williams2,
Luke A. J. O’Neill 1 and Sinéad C. Corr 2*

1 School of Biochemistry and Immunology, Trinity Biomedical Sciences Institute, Trinity College Dublin, Dublin, Ireland,
2 Department of Microbiology, Moyne Institute of Preventive Medicine, School of Genetics and Microbiology, Trinity College
Dublin, Dublin, Ireland

MiRNAs are important post-transcriptional regulators of gene expression. MiRNA

expression is a crucial part of host responses to bacterial infection, however there

is limited knowledge of their impact on the outcome of infections. We investigated

the influence of miR-21 on macrophage responses during infection with Listeria
monocytogenes, which establishes an intracellular niche within macrophages. MiR-21

is induced following infection of bone marrow-derived macrophages (BMDMs) with

Listeria. MiR-21−/− macrophages display an increased bacterial burden with Listeria
at 30 min and 2 h post-infection. This phenotype was reversed by the addition of

synthetic miR-21 mimics to the system. To assess the immune response of wildtype

(WT) and miR-21−/− macrophages, BMDMs were treated with bacterial LPS or

infected with Listeria. There was no difference in IL-10 and IL-6 between WT and

miR-21−/− BMDMs in response to LPS or Listeria. TNF-α was increased in miR-21−/−

BMDMs stimulated with LPS or Listeria compared to WT macrophages. We next

assessed the production of nitric oxide (NO), a key bactericidal factor in Listeria
infection. There was no significant difference in NO production between WT and

miR-21−/− cells, indicating that the increased bacterial burden may not be due to

impaired killing. As the increased bacterial load was observed early following infection

(30 min), we questioned whether this is due to differences in uptake of Listeria
by WT and miR-21−/− macrophages. We show that miR-21-deficiency enhances

uptake of FITC-dextran and FITC-Escherichia coli bioparticles by macrophages. The

previously observed Listeria burden phenotype was ablated by pre-treatment of

cells with the actin polymerization inhibitor cytochalasin-D. From analysis of miR-21

targets, we selected the pro-phagocytic regulators myristoylated alanine-rich C-kinase

substrate (MARCKS) and Ras homolog gene family, member B (RhoB) for further

investigation. MARCKS and RhoB are increased in miR-21−/− BMDMs, correlating with

increased uptake of Listeria. Finally, intra-peritoneal infection of mice with Listeria led
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to increased bacterial burden in livers of miR-21−/− mice compared to WT mice. These

findings suggest a possible role for miR-21 in regulation of phagocytosis during infection,

potentially by repression of MARCKS and RhoB, thus serving to limit the availability of

the intracellular niche of pathogens like L. monocytogenes.

Keywords: microRNA, Listeria, macrophage, phagocytosis, miR-21, MARCKS

INTRODUCTION

Macrophages are important effector cells of the innate immune
system and represent the first line of defense against invading
bacterial pathogens (Benoit et al., 2008). Professional phagocytic
cells of the innate immune system, macrophages encounter and
engulf invading pathogens, cellular debris and other potential
deleterious substances. Their expression of pattern recognition
receptors (PRRs) (Takeuchi and Akira, 2010), both on the
cell membrane and in the cytosol, allows them recognize
potentially harmful bacteria. Following recognition of invading
bacteria, intracellular signaling pathways are initiated leading
to actin polymerization and formation of the phagocytic cup
which subsequently encloses around the bacterium to form the
phagosome. The phagosome subsequently undergoes a series of
maturation steps which involves fusion with endosomal vesicles
and fission vesicles, moving through early, intermediate and late
stages culminating in formation of the mature phagolysosome
which has acquired the full bactericidal repertoire (Weiss
and Schaible, 2015). These include ability to generate reactive
nitrogen intermediates such as nitric oxide (NO) and production
of reactive oxygen species (ROS). In this way, macrophages play
a critical role in host responses to intracellular pathogens and
the clearance of infections which significantly contribute to the
high morbidity and mortality rates associated with infectious
diseases worldwide. However, certain intracellular bacteria have
evolved strategies which allow them to exploit these intracellular
niches. Listeria monocytogenes is the causative agent of the group
of systemic infections known as listeriosis, associated with a
fatality rate of 20% or more and the third leading cause of death
among food-borne bacteria (Ramaswamy et al., 2007). Listeria’s
ability to establish itself intracellularly where it can avoid host
responses, creates a more favorable environment that ensures
their pathogenesis. Indeed, L. monocytogenes have evolved to
escape from the phagolysosome through the expression of a
hemolysin, LLO, and subsequently grow and replicate within the
cytosol of macrophages. The ability of Listeria to establish an
intracellular niche and evade immune surveillance typifies the
struggle between infectious agents and the host immunity and is
critical to the outcome of infection (Corr and O’Neill, 2009).

MiRNA have emerged as critical regulators of host immune
responses. MiRNA are short, non-coding RNAs that have
been shown to affect numerous cellular processes in a post-
transcriptional manner (Bartel, 2004; He and Hannon, 2004;
Almeida et al., 2011). The role of miRNAs in immunity
has been an area of intense research in recent years, and
many have been implicated in the regulation of immune cell
function including the fine-tuning of PRR signaling (Baltimore
et al., 2008; O’Neill et al., 2011; Quinn and O’Neill, 2011).

Although, there is growing understanding that regulation of
miRNA expression is a crucial part of the host response to
bacterial infection, knowledge of their cellular expression in
response to bacteria and the impact of this on the outcome of
infections is limited. Furthermore, modulation of miRNAs has
emerged as a novel strategy employed by bacterial pathogens
to manipulate host cell pathways and survive within host cells.
MiR-21 is one of the most highly expressed miRNAs in many
mammalian cell types (Krichevsky and Gabriely, 2009). MiR-
21 is induced by inflammatory stimuli in particular in myeloid
cells including monocytes, macrophages and dendritic cells,
however the functional outcome of this is not well characterized.
However, gradually a picture has developed of miR-21 as
an anti-inflammatory miRNA that serves to curb excessive
responses and begin the resolution phase of inflammation. It
was shown to regulate expression of the anti-inflammatory
cytokine IL-10 in macrophages in response to bacterial LPS,
by targeting PDCD4, a negative regulator of IL-10 translation
(Sheedy et al., 2010; Sheedy, 2015). A study of asthma showed
that miR-21 negatively regulates immune responses in dendritic
cells, by controlling the production of pro-inflammatory IL-
12 (Lu et al., 2009, 2011). In addition, miR-21 has also
been implicated in positively regulating the phenomenon of
efferocytosis whereby activated macrophages alter their behavior
to take up dying cells and prevent further inflammation
(Das et al., 2014). MiR-21 has previously been shown under
certain contexts to act as a break in the differentiation
of macrophages to an M2-like phenotype, allowing a more
robust bactericidal M1 macrophage to emerge. Although the
role of miR-21 in the host response to bacterial pathogens
is relatively unexplored, this implies a potentially important
role for miR-21 in the control of infection (Wang et al.,
2015).

In the current study, we sought to elucidate the importance
of miR-21 during infection, in particular to regulate the immune
response to L. monocytogenes. The ability of pathogens to
establish an intracellular niche is dependent in part, on their
uptake by macrophages. Here we show that miR-21 is induced
in response to infection of macrophages with L. monocytogenes
to regulate the amount of phagocytosis thereby limiting the
intracellular niche of this pathogen. To our knowledge, this is the
first report of a role formiR-21 as a host-strategy to curb infection
with L. monocytogenes.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Listeria monocytogenes EGDe (BUG1600, ATCC BAA-679) were
grown in brain heart infusion (BHI, Oxoid), aerobically at
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37◦C shaking (200 rpm). All experiments performed using L.
monocytogenes were performed in ClassII Biohazard facilities.

Mice
MiR-21-deficient (miR-21−/−) mice were developed by Taconic
Artemis using a Cre/lox approach. Briefly, miR-21 was modified
by the insertion of two loxP sites that enable excision of the
floxed miR-21 segment through Cre-mediated recombination.
Chimeric offspring were backcrossed onto the C57BL/6J
background for a total of 8 generations. Homozygous deletion of
miR-21 was confirmed by PCR genotyping. Homozygous miR-
21−/− andWT littermates were used for animal studies. Animals
were maintained in ventilated cages at 21 ± 1◦C, humidity
50 ± 10% and with a 12 h-light/12 h-dark light cycle under
specific pathogen-free conditions, in line with Irish and European
Union regulations. Food and water were available ad libitum
throughout all of the experiments. All experiments involving use
of mice or mouse tissue were subject to ethical approval by the
Animal Research Ethics Committee (AREC), a Level 2 ethics
committee responsible for reviewing the proposed use of animals
in teaching and research at Trinity College Dublin, and were
carried out in accordance with the recommendations of the Irish
Health Products Regulatory Authority, the competent authority
responsible for the implementation of Directive 2010/63/EU
on the protection of animals used for scientific purposes
in accordance with the requirements of the S.I No 543 of
2012.

Isolation of Bone Marrow-Derived
Macrophages
Tibia and femur from 6 to 8 week-old C57BL/6J and
genetically-matched miR-21−/− mice were collected in ice
cold PBS. Bones were sterilized with 70% ethanol, cleaned
and flushed with a 25-G needle using cold DMEM (Gibco)
supplemented with 10% FCS and 1% penicillin-streptomycin
(Sigma Aldrich). Following red-blood cell lysis, cells were
seeded onto non-cell culture coated 10 cm dishes in complete
DMEM containing 20% M-CSF containing L929 media and
incubated 37◦C with 5% CO2 for 6 days. Subsequently,
BMDMs were seeded at 5 × 105 cells/ml in 12-well tissue
culture plates (Sarstedt) in DMEM containing 10% L929 and
10% FCS.

Isolation of Resident Peritoneal
Macrophages
Resident macrophages, peritoneal exudate cells (PECs) were
isolated from 6 to 8 week-old C57BL/6J and genetically-matched
miR-21−/− mice by washing the peritoneum with 3 mL sterile
PBS. The recovered cells were centrifuged at 300 g for 5 min and
resuspended in complete medium. 12-well tissue culture plates
were seeded at 5 × 105 cells/ml (Sarstedt) in DMEM containing
10% FCS.

Transfection of Bone Marrow-Derived
Macrophages
BMDMs were seeded at 3 × 105 cells/ml in 12-well tissue
culture plates (Sarstedt) in DMEM containing 10% L929 and 10%

FCS. The following day cells were transfected with 20 nmoles
Mission R⃝ miR-21 mimic or negative control RNA (Sigma) for 24
h using RNAiMax transfection reagent (ThermoFisherScientific).

Phagocytosis/Cellular Uptake Assays
Twenty-four hour following seeding, L. monocytogenes were
added at MOI 100:1 for 15 min, and media subsequently
replaced with DMEM containing gentamicin (100 mg/ml). At
0.5 or 2 h, monolayers washed and lysed and subsequently
plated on to BHI agar plates for determination of rates of
phagocytosis, expressed as Log CFU/ml (or as CFU/cell as
in Supplementary Figure 1). For FITC-dextran uptake assays,
BMDMs or PECs were plated at 5 × 105 cells/ml, in a 12-
well tissue culture plate (Sarstedt) for 24 h. Cells were then
incubated with 1 mg/ml FITC-dextran at 37◦C for 1 h. Control
cells were left untreated, or were treated and incubated at
4◦C. At the end of the incubation, the cells were collected
for assessment of FITC-dextran uptake by flow cytometry (BD
Fortessa flow cytometer). For VybrantTM Phagocytosis assays
(Molecular Probes), BMDMs were plated at 5 × 105 cells/ml in
a 96-well plate and incubated with FITC-E. coli Bioparticles R⃝

for 2 h according to the manufacturer’s instructions before
extracellular FITC was quenched using trypan blue and
fluorescence assayed using a FLUOstar Optimamicroplate reader
at emission ∼520 nm and excitation ∼480 nm. Cytochalasin-
D was used at 10 µM for 30 min pre-treatment in some
assays.

Enzyme Linked Immunosorbent Assay
(ELISA)
BMDMs were treated with LPS (Alexis) at 100 ng/ml or
infected with L. monocytogenes at MOI 100:1 for 24 h. After
an initial infection with L. monocytogenes for 15min, media
was subsequently replaced with DMEM containing gentamicin
(100mg/ml). Murine IL-10, IL-6, and TNF-α production was
detected in macrophage supernatants by ELISA according to
the manufacturer’s procedure (R&D Duoset). Optical density
was measured at 450 nm and cytokine concentrations were
determined using a standard curve, expressed as pg/ml.

Quantitative Real-Time PCR (qPCR)
Total RNA was extracted from BMDMs using a PureLink
RNA extraction kit (Applied Biosystems) according to the
manufacturer’s instructions. Total RNA was reverse transcribed
with a high-capacity cDNA archive kit (Applied Biosystems)
and the cDNA was amplified using both Taqman and
SYBR green-based real-time PCR on a 7,300 real-time PCR
system (Applied Biosystems). Primer sequences are listed
in Table 1. Relative quantification (RQ) of mRNA levels
were determined by the 2−!!CT method comparing genes
of interest to endogenous controls (U6 or Rps13). MiR-21
and U6 primers and probes were obtained from Applied
Biosystems.

Nitric Oxide (NO) assay
To estimate NO release in response to L. monocytogenes, BMDMs
were infected at MOI 100:1 for 15 min, the media was then
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TABLE 1 | Primers used for Sybr-Green qPCR*.

Primer

pair

Forward Reverse

MARCKS 5′-CTCCTCCTTGTCGGCGGC

CGG-3′
5′-GGCCACGTAAAAGTGAAC

GGC-3′

RhoB 5′-GACGGCAAGCAGGTGGA

G-3′
5′-ATGGGCACATTGGGGCA

G-3′

Rps13 5′-GGCCCACAAGCTCTTTCC

TT-3′
5′-GACCTTCTTTTTCCCGCA

GC-3′

replaced with DMEM containing gentamicin (100 mg/ml) for
a further 1 h 45 min or 23 h and 45 min, and subsequently
the nitrate present in the supernatants of macrophages at 2 h
post-infection was measured using a Griess reaction according
with the manufacturer’s instructions (Promega). To estimate NO
release in response to LPS, BMDMs were treated with LPS (100
ng/ml) for 2 or 24 h. Optical density was read between 520 and
550 nm and the nitrate present in each sample was quantified
using a standard curve.

Immunoblotting
BMDM cell lysates were obtained following infection with
L. monocytogenes or from untreated samples. BMDMs were
infected at MOI 100:1 for 15 min, and the media was then
replaced with DMEM containing gentamicin (100 mg/ml) for
a further 105 min. Samples were clarified, denatured with
SDS loading buffer, and boiled for 5 min. A total of 40mg
protein lysate was fractionated on 12% SDS-PAGE, transferred to
polyvinylidene fluoride membranes (Millipore) and probed with
primary Abs to murine MARCKS (1:2,000 dilution, ab51100,
Abcam), murine RhoB (1:1,000 dilution, sc-180, Santa Cruz)
or murine β-actin (1:10,000 dilution, Clone AC-74, Sigma),
incubated with horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology) and visualized using
WesternBright ECL HRP substrate (Advansta), BD ChemiDoc
system and ImageLab software.

In vivo L. monocytogenes Infection
Mice were intra-peritoneally or orally infected with L.
monocytogenes at 1 × 106 CFU or 5 × 107 CFU respectivly.
3 days of 6 days p.i., respectively, livers were harvested and
homogenized in PBS. Serial dilutions of this homogenate were
plated on to BHI agar plates for determination of dissemination
levels. Levels were expressed as Log CFU/liver.

MiRNA Database Analysis
A combination of miRBase, miRWALK2.0 and TargetScan were
used to identify potential miR-21 targets along with consultation
of the literature.

Statistical Analysis
Numerical results are given as arithmetic means ± standard
deviations. Statistical differences were analyzed by GraphPad
Prism 5.0 statistical software (GraphPad Software Inc., SanDiego,
USA) or Student’s t-test. P-values of less than 0.05 (p ≤ 0.05) are
considered statistically significant.

RESULTS

MiR-21 Is Induced during Infection of
Macrophages with Listeria and Its
Expression Influences Bacterial Burden
Previous studies have shown that miR-21 expression in
macrophages is induced by stimulation with bacterial TLR
agonists such as LPS (Sheedy et al., 2010). To gain insight
into the role of miR-21 during infection, we infected WT and
miR-21−/− BMDMs with the intracellular bacterial pathogen
L. monocytogenes and assayed the bacterium’s intracellular
survival. Strikingly, BMDMs deficient for miR-21 had a
significantly higher bacterial burden than WT macrophages
after 2 h infection with high bacterial loads (Figure 1A). MiR-
21 expression was significantly induced in WT BMDMs upon
infection with L. monocytogenes (Figure 1B). The difference
in bacterial burden observed after 2 h was also apparent
after only 30 min infection (Figure 1C). In order to confirm
miR-21’s importance in L. monocytogenes infection, WT and
miR-21−/− BMDMs were transfected with synthetic miR-
21 mimics, and a significant reduction of bacterial burden
was observed in WT cells, as well as a reduction of
bacterial burden in the miR-21−/− cells toward WT levels
(Figure 1D). These results suggest that miR-21 plays an
important role during infection and aids control of Listeria by
macrophages.

Loss of MiR-21 Alters Cytokine Expression
in Response to LPS but Not Listeria
To assess the effect of miR-21 on the immunological response
of macrophages during infection, we treated WT and miR-
21−/− BMDMs with LPS or infected with L. monocytogenes,
and after 24 h determined the level of cytokine secretion.
Although not significant, we observed a decrease in IL-10
secretion by miR-21−/− cells in response to stimulation with
LPS (Figure 2A). This is in agreement with previous studies
implicating miR-21 in IL-10 regulation (Sheedy et al., 2010).
Furthermore, we observed a trend toward an increase in
IL-6 secretion (Figure 2B) and significantly increased TNF-
α secretion (Figure 2C) in cells lacking miR-21. We next
determined the effect of miR-21 expression on cytokine responses
during infection of macrophages with L. monocytogenes. We
observed an increase in IL-10 secretion, counter to previous
reports involving TLR ligands, a very high level of IL-6 secretion
in both WT and miR-21−/− cells and a significant increase
in TNF-α secretion by miR-21−/− macrophages, though the
difference was less significant than that present post LPS
stimulation (Figures 2D–F). This suggests that miR-21’s capacity
to affect multiple processes may present amore complex dynamic
during infection. This idea is supported by recent work by
Barnett et al. who reported varying survival and cytokine
secretion profiles among different sepsis models in miR-21−/−

mice, where the more physiological cecal ligation puncture
model showed no differences between WT and miR-21−/− mice
in contrast to an LPS-induced sepsis model (Barnett et al.,
2016).
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FIGURE 1 | MiR-21 is induced during L. monocytogenes infection of

macrophages and its expression influences bacterial burden. BMDMs

were infected with L. monocytogenes at MOIs of 10, 50, and 100 for 15 min

and subsequently cultured with media containing gentamicin (100 ug/ml). (A)

At 2 h post-infection, the number of intracellular bacteria in WT and

miR-21−/− BMDMs was determined and expressed as Log CFU/ml. (B) At

2 h post-infection the RNA was isolated from WT BMDMs and mature miR-21

expression was assayed by qPCR and data expressed as relative expression

from triplicate samples. (C) At 0.5 h the number of intracellular bacteria in WT

and miR-21−/− BMDMs was determined and expressed as Log CFU/ml. (D)

WT and miR-21−/− BMDMs were transfected with a miR-21 mimic or

negative control for 24 h before subsequent Listeria infection. At 2 h

post-infection, the number of intracellular bacteria was determined and

expressed as Log CFU/ml. Data are expressed as means ± SD, n = 3 (except

D where n = 2 for miR-21−/− BMDMs), and are representative of at least three

independent experiments. *Designates a p-value < 0.05 by Students t-test.

Loss of MiR-21 Expression Does Not
Impact Production of Bacteriocidal Nitric
Oxide in Response to Infection
We next explored the possibility that miR-21 induction may
regulate the antibacterial activities of macrophages. As the
oxygen-free radical NO is an important factor produced within
macrophages to mediate intracellular killing of phagocytosed
bacteria, we assayed the effect of loss of miR-21 expression on
their production in response to infection with L. monocytogenes.
To determine if reduced production of NO was responsible for

FIGURE 2 | MiR-21-deficiency alters cytokine response to LPS and

Listeria. BMDMs were incubated with LPS at 100 ng/ml for 24 h and levels of

(A) IL-10, (B) IL-6, and (C) TNF-α in the supernatants measured by ELISA.

BMDMs were infected with L. monocytogenes at an MOI 100 for 15 min and

subsequently cultured with media containing gentamicin (100 µg/ml) and at

24 h post-infection the levels of (D) IL-10, (E) IL-6, and (F) TNF-α in the

supernatants measured by ELISA. Data are expressed as means ± SD, n = 3,

and are representative of at least three independent experiments. *Designates

a p-value < 0.05 and ***Designates a p-value < 0.001 by Students t-test.

the heightened bacterial load in miR-21−/− BMDMs, we infected
cells with Listeria and harvested the supernatants to measure
nitrite using the Griess reaction. We saw no significant difference
in NO production between WT and miR-21−/− macrophages
(Figure 3A). Similarly, we saw no significant difference in the
production of NO by WT and miR-21−/− macrophages in
response to LPS (Figure 3B). These data led us to the conclusion
that miR-21−/− cells are not impaired in the capacity to kill
invading bacteria and that the higher burden observed in these
cells is due to miR-21 regulation of an alternative part of the
phagocytosis process.

MiR-21 Limits Uptake of FITC-Dextran and
FITC-E. coli by Macrophages
Given that we observed an increased intracellular bacterial
burden in miR-21−/− cells as early as 30 min post-infection
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(Figure 1C), we hypothesized that miR-21 may regulate the
initial engulfment of bacteria by macrophages. To determine this,
we next examined the ability of resident peritoneal macrophages
(PECs) (Figure 4A) and BMDMs (Figure 4B) to take up FITC-
dextran. Cells were incubated with FITC-dextran for 1 h and
its uptake assayed by flow cytometry. Interestingly, there was
a significantly higher uptake of FITC-dextran in both PECs
and BMDMs (Figures 4A,B) in miR-21−/− cells compared to
WT macrophages. As dextran is not necessarily taken up by
phagocytosis, we also used a commercial phagocytosis kit to
assay FITC-E. coli particle uptake by macrophages and saw that
there was a significant increase in uptake by miR-21−/− cells
relative to WT (Figure 4C). Pre-treatment of cells with the actin
polymerization inhibitor cytochalasin-D ablated the previously
demonstrated increase in bacterial burden demonstrated post-
L. monocytogenes infection at both 30 min and 2 h (Figure 4D).
These results indicated that miR-21 may regulate the phagocytic
process by mediation of actin polymerization.

MiR-21 Represses the Pro-Phagocytic
Proteins MARCKS and RhoB
We next analyzed various databases of predicted and validated
miR-21 target genes for factors which may influence initial
uptake during phagocytosis.We identifiedmyristoylated alanine-
rich protein kinase C substrate (MARCKS), which has been
shown in other studies to regulate actin polymerization and
formation of the phagocytic cup. We observed a higher basal
protein level of MARCKS in miR-21−/− BMDMs compared
to WT macrophages (Figures 5A,B). Infection had no effect
of the level of MARCKS protein in both WT and miR-
21−/− macrophages (Figures 5A,B). There was no difference
in the level of MARCKS mRNA basally between WT and
miR-21−/− macrophages, however, infection increased the
mRNA level of MARCKS in miR-21−/− macrophages, and
this increase was significantly higher than in WT macrophages
following infection (Figure 5C). We next analyzed another
target of miR-21, Ras homolog gene family member B (RhoB),
which has previously been reported to influence cytoskeletal
changes during phagocytosis (Zhang et al., 2005; Quinn et al.,
2009). We observed that the protein level of RhoB is higher
basally in miR-21−/− BMDMs compared to WT macrophages
(Figures 5A,B). Infection had no effect on the protein level
of RhoB (Figures 5A,B). Although not significant, there was
a trend toward increased RhoB at the mRNA level basally
in miR-21−/− macrophages and also following infection with
L. monocytogenes (Figure 5D). Taken together these data
suggest that miR-21 targets MARCKS and RhoB, demonstrating
that miR-21 interacts with known actin mediators. Although
further work is required to show this, it may be that this
represents a host strategy to limit the intracellular niche of
L. monocytogenes.

MiR-21 Controls Intraperitoneal Listeria
Infection In vivo
In order to test the hypothesis that induction of miR-21 during
infection with Listeria is a host strategy to limit the intracellular

FIGURE 3 | MiR-21-deficiency does not impact on NO− production in

response to infection with Listeria. (A) BMDMs were treated with LPS (100

ng/ml) before the supernatant was harvested and NO− production was

assayed by Griess reaction. (B) BMDMs were infected with L. monocytogenes
at an MOI 100 for 15 min and subsequently cultured with media containing

gentamicin (100µg/ml). At 2 and 24 h post-infection the supernatant was

harvested and NO− production was assayed by Griess reaction.

niche of this bacterium, thereby reducing its pathogenesis and the
ability of L. monocytogenes to establish an infection, we compared
the outcome of intra-peritoneal infection of WT and miR-21−/−

mice. We observed reduced levels of dissemination by Listeria to
internal organs, as shown by a significant reduction in bacterial
burden in the livers (Figure 6A) of WT mice, compared to miR-
21−/− mice. This difference was not apparent in mice infected
by oral gavage, which might indicate that the dissemination is a
macrophage led phenotype (Figure 6B).

DISCUSSION

Macrophages form a crucial part of our body’s defense, with
the ability of macrophages to engulf and digest invading
pathogens, termed phagocytosis, being fundamental to the
control of infection (Rougerie et al., 2013). Bacterial pathogens
are sensed through the expression of PRRs on phagocytes
which recognize pathogen-associated molecular patterns
(PAMPS) such as bacterial lipopolysaccharide, including TLRs
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FIGURE 4 | MiR-21-deficient macrophages display increased uptake of FITC-dextran and phagocytosis of FITC-E. coli particles. Peritoneal exudate cells

(PECs) (A) and BMDMs (B) from WT and miR-21−/− mice were incubated with media containing 1 mg/ml FITC-dextran for 1 h at 37◦C. Uptake of FITC-dextran was

determined by measuring the median fluorescence intensity by flow cytometry and data expressed relative to WT (Relative FITC-dextran uptake) with a corresponding

histogram representative of median florescent intensity. (C) BMDMs from WT and miR-21−/− were incubated with FITC-K-12 E. coli Bioparticles for 2 h before

fluorescence was determined using a microplate reader. (D) WT and miR-21−/− BMDMs were treated with cytochalasin-D for 30 min prior to Listeria infection. At 0.5

and 2 h post-infection, the number of intracellular bacteria was determined and expressed as Log CFU/ml. Data are expressed as means ± SD, n = 3 [except (B)

where n = 2 for miR-21−/− BMDMs], and are representative of at least two independent experiments. *Designates a p-value < 0.05 by Students t-test.
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FIGURE 5 | MiR-21 represses the pro-phagocytic proteins MARCKS and RhoB. (A) BMDMs were infected with L. monocytogenes at an MOI 100 for 15 min

and subsequently cultured with media containing gentamicin (100 µg/ml) for a further 105 min. (A) At 2 h post-infection, protein lysates were prepared for immunoblot

analysis of basal and post-infection MARCKS and RhoB protein amounts. Protein levels were quantified by densitometry and expressed relative to the endogenous

control (B). RNA was isolated and assayed by qPCR for (C) MARCKS and (D) RhoB expression using Rps13 as an endogenous control. Data are expressed as

means ± SD, n ≥ 5, and are representative of at least two independent experiments. **Designates a p-value < 0.01 by Students t-test.

expressed on the phagocyte cell surface and membranes
of vesicular compartments (Janeway and Medzhitov, 2002;
O’Neill et al., 2013) This results in the initiation of appropriate
intracellular signaling pathways that trigger active phagocytosis
and also production of cytokines to alert nearby immune
cells (Kaufmann and Dorhoi, 2016). Control of bacterial
pathogens is an important function of phagocytes, however
certain intracellular bacteria have evolved strategies which
allow them to survive within macrophages and exploit this
intracellular niche. This enables propagation of infection
without immune detection and activation of antimicrobial
responses.

In this work, we have described a novel regulatory role
for miR-21, whereby it limits this intracellular niche by
inhibiting initial uptake of bacteria within macrophages, thereby
reducing the severity and outcome of infection. We demonstrate
here, that in the absence of miR-21, macrophages exhibit
an increased bacterial burden following infection with the
intracellular pathogen, L. monocytogenes. MiR-21 was induced
following infection of BMDMs with L. monocytogenes. MiR-
21 has previously been shown to be induced in response to
bacterial LPS in macrophages while it is induced in monocytes
infected with Mycobacterium leprae (Sheedy et al., 2010; Liu
et al., 2012). We were surprised to find that miR-21-deficiency
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FIGURE 6 | miR-21-deficient mice are more susceptible to Listeria

infection. (A) Mice were intra-peritoneally infected with Listeria
monocytogenes at 1 × 106 CFU and 3 days post-infection dissemination of

bacterial to livers determined and expressed as LogCFU/liver. Data are

expressed as means ± SEM, n = 6. (B) Mice were fasted overnight before

being orally infected with Listeria monocytogenes at 5 × 107 CFU and 6 days

post-infection dissemination of bacterial to livers determined and expressed as

LogCFU/liver. Data are expressed as means ± SEM, n ≥ 3. *Designates a

p-value < 0.05 by Students t-test.

in BMDMs led to a higher bacterial burden post-infection which
translated to increased bacterial dissemination and infection in
mice following i.p. infection. These results are in contrast to
previous studies showing an anti-inflammatory role for miR-21
and suggesting that macrophages with high miR-21 expression
are more M2 like (Sheedy, 2015). This would imply that miR-
21-deficiency should correspond to a more pro-inflammatory
and bactericidal phenotype. Indeed our own cytokine data
supports this model, providing evidence for the miR-21 being

a negative regulator of pro-inflammatory responses by inducing
anti-inflammatory IL-10, as well as supporting the pre-existing
studies for miR-21’s negative regulation of TNF-α (Sheedy et al.,
2010; Barnett et al., 2016). However, while these observations
were consistent with the purified ligand LPS they were not
fully consistent in an infection setting when Listeria were
used to stimulate the macrophages, though there was still
a significant increase in TNF-α secretion in the miR-21−/−

macrophages. This failure of translation of ligand effect to
physiological settings has been seen in other studies and points to
a complexity in the role of the multi-target miR-21 in infectious
settings (Barnett et al., 2016). In addition, the high bacterial
burden present in our system may lead to an overwhelming
cytokine signal, as demonstrated by the very high levels of the
key L. monocytogenes cytokine IL-6 observed in response to
infection (Dalrymple et al., 1995), which may hide potential
differences.

Fusion of the phagosome with lysosomes, to form the
phagolysosome is accompanied by acquisition of antibacterial
mechanisms including antimicrobial peptides, proteases, an
acidified environment, and the production of reactive oxygen and
nitrogen species (ROS, RNS respectively), with NO (Rougerie
et al., 2013). The production of NO during the oxidative
burst which accompanies engulfment is a key antimicrobial
mechanism of phagocytic cells, and has been shown to be
important for the clearance of L. monocytogenes (Shiloh et al.,
1999). To determine whether miR-21 may be influencing
production of these antimicrobial molecules we determined
production of NO in WT and miR-21−/− BMDM in response
to Listeria infection. NO which is produced via the enzymatic
activity of inducible nitric oxide synthase 2, has been shown
to be an important mediator of immune responses to Listeria
(MacMicking et al., 1995; Endres et al., 1997). In our study, NO
was produced at similar levels in WT and miR-21−/− BMDM
in response to both L. monocytogenes and LPS, indicating that
the increased bacterial burden in miR-21-deficient macrophages
is not due to a defect in production of RNS. It would be
interesting to assess the role of ROS in this system, as miR-21 has
been demonstrated to impact generation of these antibacterial
mediators in cancer settings (Jiang et al., 2014; Guo et al.,
2015).

As the increased bacterial burden in miR-21−/− cells was
observed as early as 30 min post-infection, we questioned
whether miR-21 may be influencing the initial engulfment
and uptake of bacteria by macrophages. By assessing uptake
of FITC-dextran by miR-21−/− and WT macrophages, we
show that miR-21 influences the capacity for macrophages to
take up fluid via pinocytosis or macropinocytosis. This was
observed in both BMDMs and resident peritoneal macrophages.
However, dextran uptake is not necessarily a phagocytic process
(Pustylnikov et al., 2014) and so we sought to confirm using
a phagocytosis-specific assay. We observed that miR-21−/−

BMDMs took up significantly higher levels of FITC labeled E. coli
particles relative to WT BMDMs using a commercially available
phagocytosis-specific kit. Phagocytosis and in particular initial
uptake, is dependent primarily on the actin cytoskeleton, and a
series of cytoskeletal rearrangements triggered following receptor
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activation. The most well characterized phagocytic receptors
on macrophages include FcγRs and complement receptor 3
(CR3), which bind to immunolglobulin G (IgG)-opsonised
particles and complement-coated particles respectively (Kerrigan
and Brown, 2009). Key mediators of actin rearrangements are
the RhoGTPases, which have been shown to be important
for the initial formation of the phagocytic cup, which engulfs
the invading pathogen (Rougerie et al., 2013). We identified
several targets of miR-21 involved in phagocytosis and actin
rearrangement including the RhoGTPase, RhoB, which has
been reported to operate in coordination with Cdc42 (Allen
and Aderem, 1995; Caron and Hall, 1998; Carballo et al.,
1999; Corradin et al., 1999; Zhang et al., 2005; Quinn
et al., 2009; Yang et al., 2013; Choi et al., 2015). We
confirmed that RhoB is present in higher amounts in miR-
21-deficient cells, and that it is induced to a higher degree
in miR-21-deficient cells at the RNA level. Further work
is required to fully elucidate the role of RhoB in this
system.

Macrophages have been shown to express high levels of the
myristoylated, alanine-rich, C kinase substrate (MARCKS), an
actin cross-linking protein (Carballo et al., 1999). In particular,
this increased MARCKS expression is found in areas of the
cell where actin filaments associate with the plasma membrane,
and its expression is associated with regulation of cell motility
(Myat et al., 1997; Carballo et al., 1999). A study by Carballo
et al. implicated MARCKS in the regulation of phagocytosis
of zymosan, specifically, in the rate of initial uptake (Carballo
et al., 1999). MARCKS has recently been shown to be a target of
miR-21 in epithelial cells, where its expression influences mucin
secretion (Vazquez-Boland et al., 2001; Li et al., 2009; Lampe
et al., 2013). Given that macrophages also express MARCKS,
we wondered whether miR-21 may target MARCKS thereby
regulating initial uptake by phagocytes. Indeed, we observed
increased protein levels of MARCKS in miR-21−/− BMDM
compared to WT cells. Furthermore, we show that mRNA
levels of MARCKS are induced in miR-21−/− BMDM following
infection with L.monocytogenes. However, as with RhoB, further
work is required to fully elucidate what role MARCKS might
play in this system, particularly as it has been demonstrated
that MARCKS and MacMARCKS deletion does not significantly
impact phagocytosis in vivo or in vitro (Underhill et al.,
1998).

Intracellular bacteria frequently allow their engulfment by
macrophages so that they can shelter from components of the
host immune system. Following internalization, intracellular
pathogens utilize sophisticated strategies to avoid destruction
by these cells, enabling them to overcome host cell defenses
and replicate successfully. They block intracellular killing by
inhibiting phagosome maturation, or express effector proteins
which allow them to escape into the cytosol (Kaufmann and
Dorhoi, 2016). Escape from the phagosome into the cytosol
is an evasion strategy employed by L. monocytogenes to avoid
immune detection. L. monocytogenes uses listeriolysin (Hly), a
thiol-activated cholesterol-dependent cytolysin to form pores
in the membrane of the phagosome allowing escape into the

cytosol (Singh et al., 2008). Subsequently, L. monocytogenes
induces actin tails through expression of an actin polymerizing
protein, ActA that facilitate its propulsion through the cell
cytosol toward the cell membrane, where it forms protrusions
into neighboring cells allowing its internalization and facilitating
cell-cell (Williams et al., 2012). As a result of these bacterial
strategies, there is an even greater pressure for host measures to
counteract these immune evasion mechanisms in order to clear
the infection. The ability of miR-21 do reduce internalization
of L. monocytogenes by macrophages significantly impacts the
outcome of infection in mice, with miR-21−/− mice displaying
a significantly higher bacterial burden compared to WT mice.
The increased dissemination of Listeria to livers of mice
following intraperitoneal infection is in direct agreement with
our previous observation that miR-21−/− resident peritoneal
macrophages display increased phagocytosis of particles.
This observation appears to be macrophage-specific as oral
gavage of WT and miR-21−/− revealed no differences in
bacterial dissemination. Peritoneal macrophages have been
demonstrated to act as a L. monocytogenes reservoir, enhancing
the infectious capability of this bacterium (Drevets, 1999).
In this study, we present a novel role for miR-21 during the
host response to intracellular bacterial infection, whereby
miR-21 regulates the fundamental process of phagocytosis. We
demonstrate that miR-21 limits the actin modulating proteins
RhoB and MARCKS, and suggest that this may important
in explaining the observed limitation of L. monocytogenes
infection by WT macrophages compared to miR-21−/−

cells.
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    Chapter 18   

 Toll-Like Receptor Signalling and the Control of Intestinal 
Barrier Function                     

     Daniel     G.  W.     Johnston     and     Sinéad     C.     Corr      

  Abstract 

   Epithelial barrier function and innate immunity are fundamental to the pathogenesis of infl ammatory and 
infectious disease. Along with plasma membranes, epithelial cells are the primary cellular determinant of 
epithelial barrier function. The mechanism by which polarized epithelia form a permeability barrier is of 
fundamental importance to the prevention of many infectious and infl ammatory diseases. Moreover, epithe-
lial cells express Toll-like receptors (TLRs) which upon recognition of conserved microbial factors such as 
lipopolysaccharide (LPS) induce epithelial responses including epithelial cell proliferation, secretion of secre-
tory IgA into the lumen and production mucins and antimicrobial peptides, thereby promoting intestinal 
barrier function. Understanding gut barrier integrity and regulation of permeability is crucial to increase our 
understanding of the pathogenesis of intestinal disease. A variety of tests have been developed to assess this 
barrier, including assessing intestinal epithelial cell proliferation or death, intestinal tight junction status and 
the consequence of intestinal barrier integrity loss such as increased intestinal permeability and susceptibility 
to bacterial infection. Using a mouse model, this chapter describes some of the methods to assess the func-
tional integrity of this epithelial barrier and the part played by a TLR signalling pathway.  

  Key words     Defence  ,   Permeability  ,   Leakiness  ,   Epithelial  ,   Barrier  ,   Tight junction  ,   Infection  ,   TLR  , 
  MAL  

1      Introduction 

 Intestinal epithelial barrier dysfunction and leaky gut are linked to 
the development of infectious and infl ammatory disease [ 1 ,  2 ]. In 
order to gain access to the host and cause disease, bacterial patho-
gens must fi rst breach the epithelial barrier, and as such, this is the 
fi rst line of defence against entry of most human pathogens. 
Intestinal epithelial cells express pattern recognition receptors 
(PRRs) including TLRs and NOD-like receptors (NLRs) which 
have an important role in the regulation of intestinal homeostasis 
and barrier integrity [ 3 ]. These PRRs recognize microbial moi-
eties and promote intestinal homeostasis through induction of 
 cytokines including IL-10, antimicrobial peptides including 
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β-defensins, epidermal growth factor receptor (EGFR) ligands 
including amphiregulin and epiregulin which promote cell prolif-
eration and tissue repair, and anti-apoptotic factors which pro-
mote epithelial restitution [ 3 ]. 

 TLR signalling also fortifi es a crucial component of the epithe-
lial barrier, intercellular tight junctions (TJ) or zonula occludens 
[ 4 ]. TJ are important structures which regulate intestinal barrier 
permeability or leakiness. TJ join epithelial and endothelial cells, 
and thereby regulate the permeability of the intestinal epithelium 
[ 2 ] (Fig.  1 ). They are dynamic structures which are regulated by 
the crosstalk of many signalling pathways, allowing absorption of 
nutrients but limiting entry of potentially harmful pathogens, tox-
ins and antigens [ 3 ]. TJ are multiprotein complexes composed of 
the transmembrane proteins occludin and claudin, and the intra-
cellular protein zonula occudens (ZO) [ 5 ] .  TJ and barrier function 
are regulated by multiple kinases which phosphorylate TJ proteins 
to determine their expression and localization and ultimately TJ 
formation [ 2 ,  6 ]. Disruption of TJ structure and increased perme-
ability as a result of specifi c mutation or aberrant regulatory signals 
can be the cause of disease due to uncontrolled entry of bacteria or 
antigens. Indeed, dysregulation of epithelial barrier function 

  Fig. 1    Epithelial tight junctions regulate the paracellular pathway and contribute to intestinal permeability       
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including altered TJ formation and “leaky gut” have been associ-
ated with the pathogenesis of a variety of infectious, infl ammatory 
and autoimmune diseases including IBD, infectious enterocolitis, 
rheumatoid arthritis, diabetic retinopathy and asthma [ 2 ,  3 ].

   There is accumulating evidence of the role played by TLR sig-
nalling pathways in the regulation of intestinal epithelial barrier 
function. Intestinal barrier function and the role of TLR signalling 
can be assessed both in vitro using models of intestinal epithelium 
such as the Caco2 adenocarcinoma cell line or in vivo in mice in 
which specifi c components of TLR signalling pathways have been 
knocked out or silenced [ 5 ,  7 ]. Using these models, TLR4 −/−  and 
MyD88 −/−  mice display reduced expression of the EGF-R ligands 
and reduced epithelial cell proliferation. MyD88 also induces the 
antibacterial peptides RegIIIγ and α-defensins thereby promoting 
defence against infection. TLR2 has been shown to regulate TJ 
formation and promote barrier integrity, through induction of 
anti-apoptotic factors which promote epithelial cell survival and 
regulate ZO-1 localization. Furthermore, the TLR2/TLR4 adap-
tor MAL plays a critical role in maintaining barrier integrity during 
infection or assault, by regulating TJ formation via PKC [ 5 ]. 

 In mice, intestinal permeability or leakiness can be determined 
by analysing the mucosal-blood fl ux of a tracer molecule such as 
FITC-dextran which is administered orally [ 5 ,  8 ]. Increased 
mucosa-blood fl ux in a knockout mouse or across an epithelial 
monolayer like Caco2 cultured on a transwell system suggests 
increased leakiness and impaired barrier function. Electrophysical 
measurements can also be used to assess permeability across intes-
tinal epithelium segments or monolayers of Caco2 [ 5 ]. Reduced 
transepithelial electrical resistance (TEER) suggests impaired bar-
rier function and increased permeability. Measurement of epithelial 
permeability is essentially a measure of how intact the interepithe-
lial TJ are and passage through the paracellular pathway. TJ forma-
tion and structure can be investigated by analysing expression of 
TJ proteins by Western blot and RT-PCR, while localization can be 
determined by immunohistochemistry [ 5 ,  8 ,  9 ]. Expression of 
antimicrobial factors and EGFR ligands can also be measured in 
this way. As TJ formation and indeed barrier integrity can also be 
impaired due to loss of epithelial cells themselves, assays can be 
used to measure both epithelial cell proliferation and apoptosis 
[ 10 ]. Finally, the functional importance of an intact epithelial bar-
rier can be shown by performing an oral infection model and 
determining bacterial dissemination from the intestinal epithelium, 
across the mucosae and to distant organs [ 5 ]. Generation of chi-
meric mice in which a TLR signalling component such as MAL has 
been knocked out specifi cally in epithelial cells can be used to con-
fi rm the importance of this TLR component in regulation of 
 epithelial barrier integrity [ 5 ,  10 ,  11 ]. In this model, bone marrow 
from a TLR knockout donor mouse is reconstituted into a WT 
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recipient mouse, so that hematopoietic cells in the WT mouse now 
lack the signalling component being investigated. In this way, you 
can test the role of the TLR component in epithelial and immune 
cells. Using the TLR adaptor MAL as an example, this chapter 
describes some of these assays and their use in assessment of intes-
tinal barrier function, specifi cally focusing on regulation of intesti-
nal permeability by epithelial TJ.  

2    Materials 

       1.     S.  Typhimurium UK-1.   
   2.    Luria Bertani (LB) broth (Merck).   
   3.    37 °C Incubator.   
   4.    Gavage needle.   
   5.    1 ml syringe.   
   6.    Sterile phosphate buffered saline (PBS) solution.   
   7.    Dissection kit.   
   8.    Stomacher bags (80 m; Seward, UK).   
   9.    Eppendorf tubes containing 900 μl sterile PBS.   
   10.    LB agar (Merck).   
   11.    Mice.      

       1.    FITC-dextran, molecular mass 4 kDa (Sigma).   
   2.    Gavage needle.   
   3.    1 ml syringe.   
   4.    Sterile phosphate buffered saline (PBS) solution.   
   5.    Acid-citrate dextrose.   
   6.    Black 96-well microplate (Nunc).   
   7.    Coloured Eppendorf tubes or similar.      

       1.    Ussing chambers: 0.6 cm 2  aperture.   
   2.    Superfusate (KBR Ringer’s solution): 140 mM Na, 5.2 mM K, 

1.2 mM Ca 2 , 0.8 mM Mg 2 , 120 mM Cl, 25 mM HCO 3 , 2.4 
mM K 2 HPO 4 , 0.4 mM KH 2 PO 4 , 10 mM glucose.   

   3.    Voltage–current clamp (VCC) (Physiological Instruments, San 
Diego, CA, USA)   

   4.    Intestinal preparation: Mouse distal colon section stripped of 
seromuscular layer.   

   5.    Amiloride.   
   6.    Secretagogues: carbachol (CCh; 100 μM basolaterally) and 

forskolin (FSK; 10 μM apically).      

2.1  Infection Model

2.2  Intestinal 
Permeability

2.3  Electrophysio -
logical Measurements
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       1.    Ileum tissue sections obtained from experimental mice: 
removed, placed in histology cassettes and stored in 4 % para-
formaldehyde prior to dehydration.   

   2.    Dehydration kit: Graded ethanol concentrations.   
   3.    Paraffi n wax (Eli Lilly) plus moulds (~6 mm).   
   4.    Polysine ®  Slides (ThermoFisher Scientifi c).   
   5.    Isocitrate buffer.   
   6.    Blocking buffer: 1 % Fc blockers (Miltenyi Biotec) and 10 % 

donkey serum (Jackson ImmunoResearch Laboratories).   
   7.    Primary Antibodies: polyclonal rabbit anti-mouse ZO-1, 

occludin and claudin-3 (Life Technologies). Store at 4 °C.   
   8.    Secondary antibody: Alexa Flour 555 donkey anti-rabbit 

(Invitrogen).   
   9.    Nuclear stain: 40-6-diamidino-2-phenylindole nucleic acid 

stain (Invitrogen).   
   10.    DeltaVision PersonalDV Deconvolution microscopy (Applied 

Precision, Issaquah, WA)   
   11.    Image J software (National Institute of Mental Health, 

Bethesda, MD).      

       1.    RNA isolation: Qiagen RNeasy Mini Kit (Qiagen).   
   2.    NanoDrop spectrophotometer (ThermoFisherScientifi c).   
   3.    Reverse Transcription reagents (Applied Biosystems): 

Multiscribe™ reverse transcriptase (RT), RNase inhibitor, 
dNTP (10 mM solution of 2.5 mM each of dATP, dCTP, 
dGTP, and dTTP), 10× RT buffer, random primers. Store all 
reagents at −20 °C.   

   4.    Probes for real-time PCR (Applied Biosystems): various tar-
gets, FAM labelled; 18S endogenous control labelled with 
VIC to allow multiplexing. Store at −20 °C.   

   5.    Endogenous Controls: 18S rRNA (Applied Biosystems). Store 
at −20 °C.   

   6.    qPCR Mastermix: 2× TaqMan Universal PCR Mastermix 
(Applied Biosystems). Store at −20 °C.   

   7.    ABI Prism 7700 Sequence Detection system (Applied 
Biosystems).      

       1.    Radioimmunoprecipitation assay buffer (RIPA buffer) for pro-
tein extraction: 50 mM Tris, pH 8, 150 mM NaCl, 0.1 % 
(w/v) SDS, 0.5 % (w/v) sodium deoxycholate and 1 % (v/v) 
NP-40 dissolved in dH 2 O, supplemented with 5 mM EDTA 
and proteinase inhibitors: aprotinin, phenylmethansulfonyl 
and leupeptin (1:1000 dilution).   

2.4  Immunohisto -
chemistry (IHC)

2.5  RT-PCR

2.6  Western Blotting
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   2.    Micro-BCA protein quantifi cation kit (Thermo Fisher 
Scientifi c).   

   3.    Sample Buffer for protein denaturation: 0.125 M Tris–HCl, 
pH 6.8, 10 % SDS 0.02 % Bromophenol blue, 10 % glycerol, 
dH 2 O. Add 5 % DTT prior to use as a reducing agent. Store 
sample buffer and DTT at −20 °C.   

   4.    12 % resolving gel (10 ml/gel): 3.25 ml H 2 O, 4 ml 30 % 
Protogel, 2.55 ml 1.5 M Tris–HCl, pH 8.8, 100 μl 10 % SDS, 
100 μl 10 % APS, 4 μl TEMED.   

   5.    5 % Stacking gel (6 ml/gel): 4.1 ml H 2 O, 1 ml 30 % Protogel, 
0.75 ml 1 M Tris–HCl, pH 6.8, 60 μl 10 % SDS, 60 μl 10 % 
APS, 6 μl TEMED ( see   Note 1 ).   

   6.    Water-saturated Butanol: 50 % Butanol, 50 % dH 2 O ( see   Note 2 ).   
   7.    Running Buffer: 0.3 % Tris (w/v), 1.44 % Glycine (w/v), 0.1 

% SDS (w/v), dH 2 O ( see   Note 3 ).   
   8.    Tris-Buffered Saline (TBS): 0.303 % Tris (w/v), 0.801 % NaCl 

(w/v), 0.037 % KCl, 0.0103 % CaCL 2  (w/v), 0.0072 % 
NaH 2 PO 4  (w/v), dH 2 O.   

   9.    Tris-Buffered Saline Tween (TBS-Tween): 0.303 % Tris (w/v), 
0.801 % NaCl (w/v), 0.037 % KCl, 0.0103 % CaCL 2  (w/v), 
0.0072 % NaH 2 PO 4  (w/v), dH 2 O, 0.05 % Tween.   

   10.    Transfer Buffer 10×: 0.303 % Tris (w/v), 1.5014 % Glycine 
(w/v), dH 2 O. Make up to 1× with 20 % methanol and 70 % 
water for use in Western blotting.   

   11.    Blocking reagent: 5 % Dried Milk in TBS-Tween (w/v), store 
at 4 °C for up to 4 days.   

   12.    Primary Antibodies: Phospho-PKC (pan) and phospho-PKC 
antibodies from sampler kit (Cell Signalling Technologies), 
PKCz (H-1) (Santa Cruz Biotechnologies), anti- hemagglutinin 
(Covance, Princeton, NJ). Store at 4 °C.   

   13.    Negative Control Antibodies: IgG control antibody, store at 4 °C.   
   14.    Secondary Antibodies: Anti-rabbit heavy+light chain and anti- 

mouse heavy+light chain (Jackson ImmunoResearch).   
   15.    Developing reagents: 20× LumoFlur ECL reagents (Cell 

Signalling Technologies) and acetate fi lm (Fuji Film). Store at 
4 °C.      

       1.    Rabbit polyclonal anti-Ki67 antibody (Abcam).   
   2.    10 % Normal goat serum (DakoCytomation).   
   3.    Mayer’s haematoxylin (Sigma-Aldrich).   
   4.    In Situ Cell Death Detection kit (Roche).   
   5.    EnVisionTM Detection System (DakoCytomation, UK).   
   6.    Leica ®  microscope (Leica ®  DM 3000 LED) equipped with 

Leica ®  DFC495 camera (Leica ®  Microsystem, Germany).      

2.7  Quantifi cation 
of Epithelial Cell 
Apoptosis
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       1.    Mice: CD45.1 +  C57Bl6, CD45.2 +  Mal   − / −   (or mice lacking 
TLR component of interest).   

   2.    Radiation Source.   
   3.    Tin foil.   
   4.    23G needles and 10 ml syringes.   
   5.    Sterile dissection kit.   
   6.    Cell culture media: DMEM with 10 % FCS and penicillin/

streptomycin, store at 4 °C.   
   7.    Sterile phosphate buffered saline (PBS) solution.   
   8.    Tuerk solution.   
   9.    240 V heat lamp and mouse restrainer for i.v. injection.   
   10.    25 G needles and 1 ml syringes.   
   11.    Flow cytometry markers: CD45.1, CD45.2 (A20, 104; BD 

Biosciences).       

3    Methods 

        1.    S. Typhimurium culture: Use a sterile pipette tip to take a sin-
gle culture from an existing plate. Place in 10 ml LB broth in a 
15 ml tube and incubate overnight in a 37 °C shaker.   

   2.    The next day, spin down the culture at 3000 ×  g  for 10 min. 
Resuspend with PBS and centrifuge again before fi nally resus-
pending in PBS to give a concentration of 5 × 10 8  CFU/ml.   

   3.    Using a gavage needle, administer 100 μl (approximately 
5 × 10 7) ) of the bacterial suspension per mouse orally. Serially 
dilute the remainder of the bacterial suspension in sterile PBS 
from 10  − 1  to 10  − 7  and spread 100 μl with a spot plate tech-
nique onto LB plates. Place in a bacterial incubator overnight 
at 37 °C with % CO 2 . Perform bacterial counts and retrospec-
tively enumerate bacteria delivered.   

   4.    Every other day, collect faecal samples from inoculated mice 
and homogenize in 1 ml sterile PBS. Serially dilute the homog-
enate from 10  − 1  to 10  − 7  in sterile PBS and spread with an 
altered spot plate technique: divide each plate into four quad-
rants and label each quadrant with a dilution ( see   Note 1 ). Add 
20 μl to each quadrant and spread by spot plate technique. 
Place in a bacterial incubator overnight at 37 °C with % CO 2 . 
The next day, perform bacterial counts.   

   5.    At the end of the experiment, cull mice and harvest organs as 
follows: Remove spleens and livers aseptically, weigh and man-
ually crush in 2 ml of PBS in a stomacher bag by rolling the 
bag with a 10 ml pipette ( see   Note 2 ). Serially dilute and plate 
onto LB agar before incubating overnight at 37 °C to enumer-
ate bacterial dissemination into these organs.   

2.8  Bone Marrow 
Chimeras

3.1  Infection Model
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   6.    Additionally, aseptically remove the large intestine and fl ush 
with sterile PBS using a 10 cm dish fi lled with PBS and a 10 ml 
syringe with a 23G needle. Separate into 1 cm samples for vari-
ous analyses:

    (a)    RNA isolation: place in RNA later and snap freeze at −80 °C.   
   (b)    Protein Isolation: snap frozen at −80 °C.   

  (c)    Immunohistochemistry: Place in 4 % paraformaldehyde 
(PFA) for subsequent dehydration and paraffi nization.   

  (d)    Electrophysiological Measurements: snap freeze at −80 °C.          

       1.    Prepare fl uorescein isothiocyanate conjugated dextran (FITC- 
dextran) for gavage, keeping away from light using coloured 
Eppendorf tubes for aliquots. Make up in sterile PBS at 12 mg 
per mouse in 100–200 μl per mouse.   

   2.    Administer FITC-dextran to the mice in the various experi-
mental groups by gavage. Mice can be either uninfected or 
orally infected with a pathogen of choice prior to gavage.   

   3.    Sacrifi ce the mice 4 h later by CO 2  asphyxiation and perform a 
terminal bleed. Immediately after the blood is collected in 
coloured Eppendorf tubes, add acid-citrate dextrose and main-
tain in the dark throughout the following steps.   

   4.    Centrifuge the samples at 4 °C for 12 min at 1000 ×  g . Remove 
the serum using a micropipette and add to a black 96-well 
microplate. In addition, prepare a serial dilution of the fl uores-
cein and add to the 96-well microplate to be used as a standard 
curve.   

   5.    Assess the concentration of fl uorescein in the blood samples by 
spectrophotofl uorometry with an excitation wavelength of 
485 nm and an emission wavelength of 535 nm.      

       1.    Intestinal epithelial layer preparation: after euthanasia, dissect 
out the distal colon with careful sharp dissection. Then remove 
the seromuscular layer by scraping that side off a pre-cooled 
glass slide.   

   2.    Equilibrate the Ussing chamber to ensure there is no electrical 
bias. Add superfusate solution to both sides of the chamber 
and allowing it to come to 37 °C and “zeroing” by applying an 
offset voltage and compensating the resistance. This is achieved 
using the built-in “fl uid resistance compensation” on the VCC.   

   3.    After zeroing is completed the epithelial preparation can be 
fi xed to the pins of the Ussing chamber, which should be fi lled 
with fresh superfusate.   

   4.    Transepithlial resistance (TER) is then measured every 5 min 
for 1 h and the average is taken and used to calculate basal 
TER and expressed in Ω/cm 2 .   

3.2  Intestinal 
Permeability

3.3  Electrophysiolo- 
gical Measurements
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   5.    To examine Cl  −   secretion, add amiloride (10 μM) to the baso-
lateral side. The secretagogues carbachol (CCh) (100 μM 
basolaterally) and forskolin (FSK) (10 μM apically) are then 
used to stimulate Ca 2+  and cAMP-mediated Cl  −   secretion, 
respectively. Normalize results and express as Δ I  sc  (μA/cm 2 ).      

        1.    Paraffi n embedding: Take the ileal section from its histology 
cassette. Pour a small drop of wax into the plastic mould and 
insert the section vertically so that is resembles a column. Fill 
the rest of the mould with paraffi n and place the labelled base 
of the original cassette on top. Allow to cool on a cold plate 
until set (~4 h).   

   2.    Sectioning: Transfer the embedded ileum sections to the cryo-
stat and allow 5 min equilibration time to reach cryostat tem-
perature (−20 °C). Cut 5 μm sections and mount sections on 
Polysine slides. Allow sections air dry for ~30 min at room 
temperature.   

   3.    Deparaffi nate sections by two washes of xylene, 5 min per 
wash. Rehydrate the sections via exposure to a decreasing etha-
nol gradient: Hydrate in 2 changes of 100 % ethanol for 3 min 
each, 95 % and 80 % ethanol for 1 min each. Rinse in PBS.   

   4.    Antigen retrieval: Heat a water bath containing appropriate 
staining dishes containing isocitrate buffer to 95 °C. Place the 
slides in the staining dishes for 30 min. Rinse with PBS twice 
with 2 min per rinse.   

   5.    Blocking: Incubate slides in 1 % Fc blockers and 10 % donkey 
serum for 30 min. Wash with PBS ( see   Note 3 ).   

   6.    Incubate with primary antibody solution (polyclonal rabbit 
anti-mouse ZO-1, occludin, and claudin-3) overnight at 4 
°C. Wash with PBS.   

   7.    Incubate in secondary antibody for 1 h at room temperature. 
Wash with PBS.   

   8.    Counterstain with 40-6-diamidino-2-phenylindole nucleic 
acid stain to visualize the nuclei.   

   9.    Collect images using a DeltaVision PersonalDV Deconvolution 
microscopy. Image the 5-mm tissue slices using Z-stack with 
0.2 mm per section (25 sections total), using 2_2 binning dur-
ing image acquisition. Image J software is used to calculate the 
sum of fl uorescence intensity from the stack and MFI from the 
epithelial regions of the tissue.      

       1.    Isolate total RNA from tissue samples according to the RNeasy 
Mini Kit manufacturer’s instructions. Assess the RNA concen-
tration using a NanoDrop spectrophotometer and equalize to 
desired concentration.   

3.4  Immunohisto -
chemistry (IHC)

3.5  RT-PCR
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   2.    Reverse Transcription (RT): Total RNA is reverse transcribed 
into cDNA with random primers to transcribe all RNA (mRNA, 
rRNA, tRNA). Prepare RT reaction mix as follows per 20 μl 
point: 2 μl 10× buffer, 1 μl dNTP, 1 μl Reverse Transcriptase, 
2 μl random primers, 0.25 μl RNase inhibitor, 1.75 μl 
H 2 O. Pipette 8 μl of this RT reaction mix into each appropriate 
labelled PCR reaction tube followed by 12 μl of RNA at 100 
ng/ml. Cap the tubes and tap or fl ick gently to mix. Centrifuge 
the tubes briefl y to force all the solution to the bottom of the 
tube. Transfer tubes to the thermal cycler and run the RT reac-
tion as follows: 10 min at 25 °C, 30 min at 37 °C, 5 min at 85 
°C, hold at 4 °C.   

   3.    TaqMan real-time PCR: Prepare individual reaction mixture 
for each mRNA target, including appropriate endogenous 
controls, as follows per 10 μl reaction (each reaction should be 
performed in duplicate): 5 μl TaqFast, 2.5 μl H 2 O, 0.5 μl 20× 
primer/probe ( see   Note 4 ). Vortex all target reaction mixtures 
and pipette 8 μl per reaction well of a MicroAmp 96-well reac-
tion plate. Add 2 μl cDNA to the appropriate reaction mix. 
Cover and seal the reaction plate before centrifuging briefl y to 
mix solution and remove air bubbles. Transfer the reaction 
plate to the ABI Prism 7700 Sequence Detection system ( see  
 Note 5 ).   

   4.    Use the endogenous control to normalize the results, accord-
ing to the comparative threshold cycle ( C   t  ) method for relative 
quantifi cation as described by the manufacturer. Calculate the 
Δ C   T   between the target and control values and calculate the 
relative expression levels with the ΔΔ C   T   method.      

       1.    Take colon sections for protein extraction as mentioned in 
Subheading  3.1 ,  step 6 . Add 400 μl RIPA buffer and leave on 
ice for 10 min before homogenizing using either a benchtop 
rotor- stator homogenizer or the Qiagen TissueLyserII system. 
Centrifuge the resulting homogenate using a benchtop micro-
centrifuge at 14,000 rpm for 10 min at 4 °C.   

   2.    Take 50 μl of the supernatant and use the Micro BCA kit to 
quantify the protein present according to the manufacturer’s 
instructions. It is likely that you will need to dilute your super-
natants between 1:25 and 1:100 to get them into the range of 
the kit standard.   

   3.    Dilute a portion of your supernatants in PBS to allow you load 
a total of 20 μg protein/well in 25–30 μl. This dilution must 
take into account a further 1:2 dilution in sample buffer. Once 
the sample buffer is added, the sample is boiled for 5–10 min. 
Samples can be stored at −20 °C or used immediately with 
prepared gels as outlined in  steps 4 – 5 . Remaining supernatant 
can be stored at −20 °C.   

3.6  Western Blotting
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   4.    Make up 12 % resolving gel and pour between plates sealed 
with plastic gasket (all thoroughly cleaned with 70 % EthOH 
beforehand) up to ~1 cm below base of the comb ( see   Note 6 ). 
Add water-saturated butanol ~1 cm over gel edge to give 
straight top. Allow set for 20 min.   

   5.    Tilt gel to drain off butanol ( see   Note 7 ). Make up 5 % stacking 
gel (keeping components on ice throughout) and pour between 
plates before adding comb to generate wells. Leave to set for 
15–20 min.   

   6.    Gently remove comb and rinse wells twice with running buffer 
( see   Note 8 ). Remove seal gaskets from plates. Place gels into 
running tank, avoiding bubbles, with wells facing in towards 
each other. Add running buffer to cover wire. Load sample 
with gel-loading tips (25–30 μl/well), empty wells should be 
loaded with sample buffer.   

   7.    Run at 25 mA/gel, unlimited voltage, for 50–60 min. Ensure 
gel is not run for too long so that proteins do not run into dye 
front.   

   8.    Remove plates and free gel by bending plate pairs apart with a 
spatula. Cut off stacking gel, wells, edges and top right hand 
corner of the gel with a razor blade or scalpel.   

   9.    Soak gels in transfer buffer three times for 5 min after a brief 
wash in TBS. Prepare transfer cassettes as follows: fi ll open 
container with transfer buffer and lay back of cassettes down 
into the container. Add soaked sponge, then two soaked fi lter 
papers followed by the gel. Cut the fi lter papers to the shape of 
the gel, including the missing top right corner. On top of this 
add a methanol activated PVDF membrane very carefully 
before adding two more soaked fi lter papers. Cut the fi lter 
papers to fi t the gel. Replace in cassette in original orientation, 
roll over with roller or 50 ml tube to remove bubbles and add 
the second sponge on top. Close the cassette. Avoid air bub-
bles throughout.   

   10.    Add cassettes to transfer tank in correct orientation as dictated 
by the manufacturer. Fill chamber to top with transfer buffer 
after adding cooling pack to rear (Ice or Polyethylene Glycol 
Pack). Run transfer for 1.5 h at 200 mA, 2 h at 150 mA or 
overnight at 30 mA.   

   11.    Wash membrane three times for 5 min in TBS-Tween before 
blocking in 5 % marvel for a minimum of 1 h ( see   Note 9 ).   

   12.    Wash the membranes three times for 5 min in TBS-Tween. 
Place the membranes into 50 ml tubes containing 5 ml of anti-
body solution containing relevant antibodies (1:1000 dilution 
in 5 % Marvel). Place the tubes on a roller overnight at 4 °C.   

   13.    The next day, wash the membranes three times for 5 min in 
TBS-Tween before placing them into tubes containing 5 ml of 
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secondary antibody solution (1:1000 in 5 % Marvel). Place the 
tubes on the roller for 1 h at room temperature.   

   14.    Wash the membranes in TBS-Tween for a total of 25 min, 
once for 15 min and twice for 5 min.   

   15.    Prepare ECL solution for developing blots (25 μl of reagent 1, 
25 μl of reagent 2 and 450 ml dH 2 O per membrane). Cut sev-
eral acetate sheets on the top right corner to maintain orienta-
tion during analysis. Develop the membranes in a darkroom 
using ECL, acetate fi lm, the ECL processor and a fi lm cassette 
( see   Note 10 ).      

       1.    Immunohistochemistry: prepare paraffi n-embedded sections 
as detailed in Subheading  3.4 .   

   2.    Deparaffi nate sections by two washes of xylene, 5 min per 
wash. Rehydrate the sections via exposure to a decreasing etha-
nol gradient: Hydrate in 2 changes of 100 % ethanol for 3 min 
each, 95 % and 80 % ethanol for 1 min each. Rinse in PBS.   

   3.    Block for non-specifi c background staining using 10 % normal 
goat serum. Cover the section and incubate for minimum 1 h.   

   4.    Wash briefl y in water before incubating overnight in anti-Ki67 
antibody (1:1000). Following this incubation counterstain 
using Mayer’s haematoxylin.   

   5.    Visualize using EnVisionTM Detection System 
(DakoCytomation, UK).   

   6.    Epithelial cell apoptosis is analysed by TUNEL assay using a 
commercial kit (In Situ Cell Death Detection kit, Roche) 
according to the manufacturer. Sections are imaged by a Leica ®  
microscope (Leica ®  DM 3000 LED) equipped with Leica ®  
DFC495 camera (Leica ®  Microsystem, Germany).      

       1.    Separate the wild-type (WT) and  Mal   − / −   recipient mice (or 
mice lacking TLR component of interest) into the appropriate 
experimental groups for bone marrow transfer. Irradiate the 
mice with a sublethal dose of 9 Gy in two doses, 3 h apart. 
Allow 24 h to elapse before reconstitution with bone marrow 
suspension.   

   2.    Extract bone marrow from donor mice legs as follows: Warm 
cell culture media and PBS. Lay out a sheet of tin foil in a bio-
safety cabinet. Isolate the femur and tibia bones and cut both 
ends. Flush the bone marrow into a 50 ml tube containing 
5 ml DMEM by placing a 10 ml syringe containing cell culture 
media with 23G needle into the larger orifi ce and depressing. 
Pool bone marrow from all donor mice of the same strain and 
count using Tuerk solution. Resuspend cells in sterile PBS for 
reconstitution at 5 × 10 7  cells/ml.   

3.7  Quantifi cation 
of Epithelial Cell 
Apoptosis

3.8  Bone Marrow 
Chimeras
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   3.    Reconstitute the bone marrow of the recipient mice with 
appropriate donor cells depending on their experimental group 
(WT > WT,  Mal   − / −   > WT, WT >  Mal   − / −   and  Mal   − / −   > 
 Mal   − / −   [donor > recipient]) by injecting 1 × 10 7  cells/mouse 
via the lateral tail veins. Begin by incubating the individual 
cage beneath a heat lamp for ~5 min. Prepare 1 ml syringes 
with 200 μl of cell suspension and top with 25G needles. Take 
each mouse and insert into the restrainer, ensuring the mouse 
is held securely. Wipe the tail with ethanol to sterilize and help 
make the veins visible. Insert the needle, bevel up, half way 
down the tail and inject the cell suspension.   

   4.    After 6 weeks reconstitution can be assessed by fl ow cytometry 
of blood for markers CD45.1 vs. CD45.2.   

   5.    Following generation of chimeras, oral infection of mice can 
be repeated to determine the role of Mal or other TLR com-
ponents in epithelial cells and thus epithelial barrier integrity.       

4    Notes 

     1.    This spot plating technique is used for effi cacy and also to 
reduce amount of agar plates required. Alternatively, perform 
bacterial enumeration using traditional spread plating tech-
nique of 100 μl per agar plate, one dilution per plate.   

   2.    This method of homogenizing organs is used for speed, as you 
do not need to sterilize a hand-held homogenizer in-between 
each sample, as one sterile stomacher bag is used per sample.   

   3.    Use a wax pen to encircle the section on the slide. This will 
keep the block/antibody solutions on the slide for a more con-
sistent incubation.   

   4.    If you wish to multiplex using multiple channels (e.g. FAM 
and VIC) replace 0.5 μl H 2 O with 0.5 μl primer/probe.   

   5.    Plates can be prepared to be run in advance and stored tempo-
rarily at 4 °C.   

   6.    Mix H 2 O, Protogel, Tris and SDS fi rst and then add APS and 
TEMED.   

   7.    Add butanol to vessel and add water on top. Shake vigorously 
until mixture becomes milky. Allow separation and use upper 
layer, store at room temperature.   

   8.    Final pH should be 8.3 but do not use a pH meter as SDS will 
damage electrode.   

   9.    This step is very fl exible: the membrane can be blocked over-
night if necessary.   
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   10.    It is best to prepare several acetates ahead of time to ensure 
you get a clear exposure. Writing the approximate exposure 
time on the acetate will allow you know what to expect for 
repeat experiments with the antibodies in use.         
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