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Summary

Bovine mastitis 1s an inflammation-driven disease of the mammary gland that is
associated with €2 billion in yearly losses to the European dairy industry.
Streptococcus uberis is now ranked amongst the most prevalent mastitis-causing
pathogens throughout the EU and in North America. Mastitis develops when bacteria
on entering the mammary gland, encounter mammary epithelial cells and resident
monocytes, triggering local and systemic inflammation. The innate response clears
bacteria. but often results in significant tissue damage to the gland. Little is known,
however, about how the immune response is regulated or resolved. Here, we
examined the hypothesis that microRNAs (miRNAs), short non-coding RNAs which
post-transcriptionally regulate gene expression, are central regulators of the
transcriptional networks induced in the host response to a bovine mastitis pathogen,
Streptococcus uberis. We first used next generation sequencing (NGS) to profile
expression of bovine miRNAs in primary mammary epithelial cells challenged in
vitro with S. uberis. We discovered 21 potentially novel bovine miRNAs, 2 of which
had 100% identity to known miRNAs in other species, ssc-miR-664-3p (pig) and hsa-
miR-219-1 (human). Ten miRNAs were differentially regulated in response to the
pathogen. This miRNA response to the S. uberis is markedly different, however, to
lipopolysaccharide (LPS) -induced miRNA expression. Target prediction analysis of
differentially expressed miRNAs found that genes enriched in immune signalling
pathways were preferentially targeted. The results suggested that differentially
expressed miRNAs identified in this study are likely central regulators of the innate
immune response to Gram-positive bacteria. To confirm this hypothesis in vivo, milk

and blood CD14+ monocytes were FACS isolated from Holstein-Friesians infected



with S. uberis. Both mRNA and miRNA were isolated and sequenced. Hierarchical
clustering of genes from milk-isolated monocytes (MIMs) revealed that control and
infected animals clearly separated at 36 and 48 hpi. More than 3,500 genes underwent
transcriptional change during infection. Pathway analysis revealed that upregulated
genes in MIMs were significantly enriched for roles in inflammatory and other innate
immune pathways (TLR, NLR and RIG-I signalling). Down-regulated genes were
significantly associated with metabolic pathways. Ninteen miRNAs were
differentially expressed in response to infection in MIMs. Pathway analysis revealed
that predicted targets of down-regulated miRNAs were highly enriched for roles in
innate immunity (FDR < 3.4E™®), while up-regulated miRNAs preferentially targeted
genes involved in metabolism. We concluded that during S. uberis infection miRNAs
are key amplifiers of monocyte inflammatory response networks and repressors of
metabolism. By mining our database of mRNA and miRNA expression data, and
integrating miRNA target predictive software, we selected bta-miR-200a as a
potential regulator of IL8. Bta-miR-200a expression inversely correlated (-0.28864)
with IL8 expression and was predicted by miRanda v3.3a to have a preferential
binding site on positions 190-196 in the 3° UTR of IL8. This interaction was validated
by transfecting synthetic mimics of bta-miR-200a and testing for IL8 downregulation
by qPCR. In conclusion, these findings strongly suggest that bovine miRNAs are
central regulators of the innate immune signalling, and play a key role in regulating
the links between metabolism and inflammation. We have discovered over 30 novel
bovine miRNAs including two human homologs. Regulatory miRNAs identified here,
may have potential practical applications in veterinary medicine and could aid in
identifying pathogen specific biomarkers of infection or targets for novel vaccination

strategies.
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CHAPTER 1: Introduction
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1.1 Bovine mastitis

Bovine mastitis is an inflammatory condition of the bovine mammary gland
induced by the innate immune system responding to invasive bacteria which have
overcome the anatomical barrier of the teat canal (Wellnitz and Bruckmaier 2012). A
number of factors contribute to the complex aetiology of mastitis, including the
pathogen, the host, and the environment. The innate immune response mediates
clearance of bacterial pathogens from the mammary gland and is a key determinant of
the outcome of an intra-mammary infection. A host of innate immune mediators
including local immune cells, recruited immune cells and epithelial cells, all play
important combinatorial roles in clearing infection through the production of
cytokines and other inflammatory mediators (Zhong, Tien et al. 2006, Yang, Zerbe et

al. 2008, Swanson, Stelwagen et al. 2009).

Intensive selection for milk production traits has resulted in a decline in the udder
health of a number of dairy breeds, including the Holstein-Friesian, and has been
negatively correlated with a high incidence of mastitis (Hansen, Lund et al. 2002).
Worldwide, mastitis is estimated to cost the dairy industry over €2.5 billion per
annum. Recent reports have determined that the cost per animal averages between $80
and $120 per animal each year in the U.S. (Henk Hogeveen 2011) and €72 per animal
in Ireland (Berry and Amer. 2005). Despite widespread implementation of control
strategies, financial losses incurred due to mastitis include increased veterinary
treatment costs, withdrawal periods, milk loss, sub-fertility, infertility, and animal
welfare issue. This re-occurring financial loss, combined with high incidence rates,
has begun to seriously limit the competitiveness of the dairy sector, making mastitis

an economic priority (Denis, Parlane et al. 2006). Furthermore, existing control

20



methods, primarily antibiotic treatment, are becoming increasingly ineffective,
ethically undesirable, and unpopular both within the scientific community and by the

increasingly well-informed consumer.

1.1.2 Mastitis causing pathogens

Mastitis or inflammation of the mammary gland is typically described in
bovine as clinical or sub-clinical. Clinical mastitis is associated with an inflammatory
reaction to bacterial infection, resulting in swelling, heat, elevated somatic cell count
(cell population in milk consisting of mixed white blood cells), severe tissue damage,
and sometimes death. Sub-clinical mastitis is often associated with little or no
swelling, and a small sustained increase in somatic cell count. The causal pathogenic
agents of mastitis are wide-ranging. Bacteria, yeast, fungi and algae are all known to
be capable of causing mastitis (Bannerman, Paape et al. 2004, Petzl, Zerbe et al. 2008,
Wellnitz and Bruckmaier 2012). The most common mastitis-causing pathogens in the
bovine are bacteria from three groups, coliforms (Escherichia coli), staphylococci
(Staphylococcus aureus), and streptococci (Streptococcus uberis) (Oviedo-Boyso,
Valdez-Alarcon et al. 2007, Wellnitz and Bruckmaier 2012). Clinical mastitis is
usually caused by a virulent bacterial strain such as E. coli (Porcherie, Cunha et al.
2012), but many commensally residing bacteria can be mastitis-causing. Sub-clinical
mastitis/chronic mastitis, is more difficult to describe in clinical terms as symptoms
are often mild or absent. The mammary gland can have a latent infection or the
bacteria may subvert the innate response and remain unrecognised. In many cases
bacterial colonies will be very difficult to clear, and as a consequence a small

elevation in the somatic cell count may persist (Tassi, McNeilly et al. 2013).
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S. uberis has emerged as a major bacterial mastitis-causing pathogen in rural regions
world-wide, including Ireland (Barrett, Healy et al. 2005), New Zealand (Petrovski,
Williamson et al. 2011), North America (Luther, Almeida et al. 2008, Olde Riekerink,
Barkema et al. 2008) and the United Kingdom. Originally seen as an environmental
bacterium, being ubiquitous throughout the dairy environment (Zadoks, Tikofsky et
al. 2005), S. wuberis has also been described as a contagious bacterial species
transmitting from animal to animal (Zadoks, Allore et al. 2001). Natural reservoirs
include the skin, GI tract, gut, and animal bedding. Outbreaks of mastitis have been
associated with multiple strains of S. wberis and several of these strains have
subsequently been isolated from clinical cases and used in bacterial challenge studies.
Examples include S. wberis 233 (Swanson, Stelwagen et al. 2009) S. uberis 0140]
(Denis, Parlane et al. 2006) and S.uberis UT888 (Chen, Dego et al. 2011). The
complete genome of S. uberis 0140] was sequenced by Ward et al in 2009, with the
aim of elucidating what makes this strain so well-adapted to invasion of the mammary
gland (Ward, Holden et al. 2009). Strain 0140J has also been used in at least eight
independent mastitis studies dating back to 1988, making it one of the most
thoroughly characterised mastitis-causing S. uberis strains (Hill 1988, Hill, Finch et
al. 1994, Lang, Lefebure et al. 2009, Leigh, Egan et al. 2010). For this reason, S.
uberis 0140] was chosen as the pathogen for the in vitro challenge study in this thesis.
A related strain (0140), originally isolated by Dr A.J. Bramley in 1979 (Bramley,
King et al. 1979) was used in the in vivo challenge in collaboration with US
Department of Agriculture (USDA) National Animal Disease Center (NADC). S.
uberis 0140 was chosen because of studies carried out by our collaborators (Nelson,

Reinhardt et al. , Bannerman, Paape et al. 2004, Harp, Waters et al. 2006), their
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familiarity with the infection kinetics of this strain and prior experience with a

successful mastitis-causing infection in the trial herd.

1.1.3 Bovine mammary gland immunobiology

A diverse array of physical, cellular, and molecular factors combine to
perform the actions of the innate and adaptive immune system in the mammary gland
(Bannerman, Paape et al. 2004, Aitken, Corl et al. 2011). Immune protection against
bacterial invasion begins in the teat cistern, which is the point of entry for bacteria to
the mammary gland. The teat cistern is lined by keratin, often referred to as a ‘keratin
plug’ and is tightly closed by a sphincter muscle outside times of milking. Together,
the sphincter muscle and keratin plug provide a physical barrier that prevents bacteria
entering the mammary gland. During periods of lactation, the muscle is relaxed and
the keratin plug is lost, weakening the barrier and reducing keratin bacteriostatic
ability (Aitken, Corl et al. 2011). Located immediately above the teat cistern is the
gland cistern. This region is home to a diverse array of soluble antibacterial factors,
such as lactoferrin and complement proteins that act against bacteria which have
penetrated the teat canal. Invasive bacteria which have succeeded in entering the main
cistern are recognised by epithelial and milk resident cells, which then initiate the host

innate response (Mitterhuemer, Petzl et al. 2010).
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Figure 1.1 Bacterial infection of mammary gland. Disease causing bacteria come
from multiple sources, including environment, self, and animals in the herd. Bacteria
gain entry to the mammary gland through teat cistern, and enter into the gland cistern
where they rapidly multiply in an attempt to establish an infection. Epithelial cells line
the gland and milk resident monocytes acting in a sentinel capacity mobilise the
innate immune response upon bacterial recognition. Figure taken and adapted from

avanticell.com and (Rinaldi, Li et al. 2010).
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1.1.4 Epithelial cells in mammary gland immunobiology

Among the first cells to come in contact with invading pathogens are
mammary epithelial cells. Often referred to as sentinel cells, epithelial cells line the
alveoli, teat canal, and gland cistern. Epithelial cells directly contribute to mammary
gland immune surveillance by their expression of different combinations of cell-
surface and endosomal pattern-recognition receptors (PRRs) (Swamy, Jamora et al.
2010). Invading bacteria often present specific surface patterns referred to as
pathogen-associated molecular patterns (PAMPs). Examples of PAMPs include
lipopolysaccharide (LPS) and lipoteichoic acid (LTA). PAMPS are recognised by
PRRs, for instance Toll-like receptor 2 (TLR2) recognises LTA and peptidoglycan
from Gram-positive bacteria (Moyes, Drackley et al. 2009). Initiated through either
activated PRRs or proinflammatory cytokines, mammary epithelial cells activate pro-
inflammatory intracellular signalling cascades (often through nuclear factor kappa
light chain enhancer of activated B cells (NFkB) dependent signalling) (Rinaldi, Li et
al. 2010). Multiple immune mediators are then released, including tumour necrosis
factor a (TNF) and interleukin 8 (IL8), a chemotactic factor responsible for neutrophil
recruitment, and activation (McClenahan, Krueger et al. 2006). Local production of
acute phase proteins such as serum amyloid A3 (SAA3) and haptoglobin (Hp) has
also been described (Whelehan, Meade et al. 2011). Together these factors initiate
local physiological changes in vascular permeability, cell differentiation, and
apoptosis. These and other cytokines are detected by milk somatic cells, including
monocytes, which amplify inflammatory signals provoking acute phase protein (APP)
production which acts systemically to suppress the spread of bacteria locally

(Mitterhuemer, Petzl et al. 2010, Loor, Moyes et al. 2011).
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1.1.5 Monocytes in mammary gland immunobiology

Milk somatic cells populations include neutrophils, macrophages, and
monocytes as well as epithelial cells. The relative proportions of these populations
change in response to bacterial recognition (Leitner, Shoshani et al. 2000).
Monocytes typically make up between 10-30% of milk somatic cells; however, these
data vary between studies. Monocytes have a similar surveillance role as epithelial
cells; in addition to their effecter function. In response to bacterial infection,
monocytes are released from the bone marrow into the circulation and travel along
chemokine ligand-mediated cell migratory pathways to the mammary gland. There
they differentiate into macrophage and dendritic cell populations, often increasing
more than 10-fold (Bannerman, Chockalingam et al. 2005, Shi and Pamer 2011,
Dong, Zhao et al. 2013). Upon activation of inflammation and induction of
inflammatory mediators, neutrophils become the dominant cell type within the milk.
Neutrophils make up the majority of immune cells in an infected gland during an
infection and are tasked with directly clearing invasive bacteria via phagocytosis or
neutrophil extracellular traps (NETS) (Lippolis, Reinhardt et al. 2006, Reinhardt,
Sacco et al. 2013). Once recruited to the site of infection, monocytes and neutrophils
orchestrate antimicrobial activity to counter bacterial spread and resolve the infection

(Serbina, Jia et al. 2008, Dong, Zhao et al. 2013).
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1.1.6 Profiling the innate immune response to S. uberis derived mastitis

Several studies examining the bovine mammary gland innate immune
response to S. uberis infection have been carried out. qPCR and microarrays were the
principle technologies. Microarray studies revealed large numbers of genes
differentially expressed in response to an S. wberis (strain 0140] & 223/262
respectively) infection, the majority of which were immune related (Moyes, Drackley
et al. 2009, Swanson, Stelwagen et al. 2009). Swanson ef al described the differential
expression of over 2,000 genes in a study of 5 Friesian heifers infected with S. uberis
strain 223/262. In this study, the gene expression profiles of mammary alveolar tissue
were examined at 60 and 132 hours post-infection, and a marked up-regulation of
SAA3, Hp and lipopolysaccharide binding protein (LBP) was reported. A range of
inflammatory cytokines, including IL1B, TNFa, IL8 and interferony (IFNy) were also
up-regulated. Up-regulation of the anti-inflammatory cytokine, IL10, was also
detected. These findings were confirmed by Moyes e a/ in a study also using
microarray technology which examined the response to S. uberis strain 0140J in the
mammary tissue of 10 Holsteins 20 hours after infection. Again innate immune
related genes featured among the top differentially expressed genes, including TNF,
signal transducer and activator of transcription-3 (STAT3), Cluster of Differentiation
14 (CD14), IL1p, IL8, and IL6. A number of the genes found to undergo differential
regulation were later confirmed in another study also using microarray and qPCR by
De Greeff et al. However, only 239 genes were differentially expressed in this study.
A number of innate immune genes including TLR2, lipopolysaccharide binding
protein (LPB), chemokine receptor type 4 (CXCR4), CD14 and chemokine (C-C
motif) ligand 2 (CCL2) were detected. However, the lower numbers of differentially

expressed genes detected in this study when compared to the above, highlights
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differing pathogenicities between bacterial strains within a species, and the

complexity of mastitis (de Greeff, Zadoks et al. 2013).

Although we have an understanding of which inflammatory genes are active during
mastitis, how the immune genes act as part of inflammatory networks remains
undefined. Neither do we know fully how temporal changes affect inflammatory
networks nor how they are switched off in specific cell populations once infection is

resolved.
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1.2 Non-coding RNA species

It is now becoming evident that pervasive expression of non-coding RNAs has
a key role in regulating innate and adaptive immunity and many other cellular
processes. The expression of non-coding RNAs in the mammalian genome and their

roles in the regulation of many biological processes is now an established paradigm.

Critically, the emergence of innovative, high-throughput approaches has shown that
several classes of RNAs are regulators of immune function and their deregulation,
manipulation or circumvention are associated with disease progression (Esteller 2011,
Trobaugh, Gardner et al. 2014). Regulatory classes of RNAs have been separated into
a number of categories based on several criteria, including length and function. For
example miRNAs and long noncoding RNAs (IncRNAs) are both non-coding, linked
to immune regulation, but vary in length (Figure 1.2). There is a lack of consensus as
to how different classes of non-coding RNAs regulate the transcriptome. The precise
immune regulatory function of non-coding RNAs is increasingly under examination.
Such classes of RNAs include IncRNAs found throughout the mammalian genome.
They play a role in epigenetic regulation, directly interacting with ribonucleoproteins,
and effecting immune cell differentiation and activation (Collier, Collins et al. 2012,
Carpenter, Aiello et al. 2013, Fitzgerald and Caffrey 2014). Groups of shorter RNAs
include piwi-interacting RNAs (piRNAs), which play a critical role in transposon
regulation and protection against the activity of parasitic nucleic acids (Aravin,
Hannon et al. 2007). Small nucleolar RNA (snoRNAs) dysregulation has also been
associated with various cancers including chronic lymphocytic leukaemia, (Ronchetti,
Mosca et al. 2013). siRNAs are believed to have originally evolved as a primitive

immune response to viruses (Obbard, Gordon et al. 2009, Fabozzi, Nabel et al. 2011).
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However, the puzzle of how one class of short non-coding RNAs, microRNAs
(miRNAs), post-transcriptionally regulates gene expression has generated more

interest in immunology than any other.
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Figure 1.2 Coding and Non-coding RNA populations. RNAs include coding and
non-coding categories; within these categories, RNAs are further divided based on

proposed function and size.
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1.2.1 MicroRNAs - important regulators of innate immunity

MicroRNAs, are short, non-coding RNAs, which post-transcriptionally
regulate gene expression (Barral, Sarkar et al. 2009). Since their initial discovery in
1993 (Lee, Feinbaum et al. 1993), we have gained insight into the prolificacy of
miRNAs. The latest miRBase database (release 20) contains 24,521 microRNA loci,
processed to produce 30,424 mature microRNA products from 206 species
(Kozomara and Griffiths-Jones 2014). A number of specific miRNAs have been
experimentally validated as having a key role in the initiation, resolution, and

regulation, of innate and adaptive immunity in human and mouse.

The immune response can be initiated through both up- and down-regulation of
miRNAs, as they either repress or release genes. The prototypic mechanism of
miRNA induction 1s miRNA-155, repressing Src homology-2 domain-containing
inositol 5-phosphatase 1 (SHIP1) in mouse macrophages in response to LPS
stimulation (O'Connell, Chaudhuri et al. 2009, Krol, Loedige et al. 2010). The same
miRNA, targets TGF-beta activated kinase 1/MAP3K7 binding protein 2 (TAB2),
modulating the interleukin-1 signalling pathway in human monocyte-derived dendritic
cells again in response to LPS (Ceppi, Pereira et al. 2009). Often miRNAs are
negatively regulated in response to a stimuli or pathogen, releasing inflammatory
genes. Reduced expression of miR-149 in response to LPS or BCG releases myeloid
differentiation primary response gene 88 (MyD88) driving inflammation in

macrophage RAW264.7 cells (Xu, Zhang et al. 2014).

Sustained expression of miRNAs in a cell type or cell development stage has been

shown to have a functional role in the survival and differentiation of cells. Regulation
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of mature B cell production is controlled through miR-150 targeting of the
transcription factor c-Myb (Xiao, Calado et al. 2007), miRNA-155 has a role in the
normal immune function of CD4+ T cells (Rodriguez, Vigorito et al. 2007), and of
note miRNA-146a targeting of IRAKI (previously described), partially controls
NFgB expression in human plasmacytoid dendritic cells, controlling their maturation

(Karrich, Jachimowski et al. 2013).

Several well-known miRNAs have been associated with resolving inflammation.
Mmu-miR-146a, is induced during vesicular stomatitis virus (VSV) infection. Its role
is to negatively regulate TNF receptor associated factor (TRAF6) and IRAKI to
suppress the RIG-I pathway (Hou, Wang et al. 2009). An extensively studied miRNA,
miR-21, has been shown to reduce the expression of several inflammatory genes,
most recently directly targeting phosphatase and tensin homolog (PTEN) and
programmed cell death protein 4 (PDCD4) to resolve wound inflammation (Das,

Ganesh et al. 2014).

Other interesting features of miRNA regulation include the fine tuning of toll-like
receptor signalling (McCoy, Sheedy et al. 2010, O'Neill, Sheedy et al. 2011, L1 and
Shi 2013). In addition, regulation of human neutrophil senescence and partial control
of myloid cell lung recruitment is under control of miR-223 via miRNA targeting of
chemo-attractants during TB infection (Ward, Heath et al. 2011, Dorhoi, lannaccone

etal. 2013).
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1.2.2 MicroRNA biogenesis

The precise mechanism behind miRNA biogenesis is a topic that has become
increasingly well understood over the last decade (Hannon, Rivas et al. 2006).
MicroRNAs are transcribed from poly cistronic transcription units in both non-coding
and protein-coding loci. In the latter, miRNAs are found in both exonic and intronic
regions, although the majority are found in intronic regions. These account for 40% of
all miRNAs (Kim, Han et al. 2009). MicroRNAs are initially transcribed as long
precursors called pri-miRNAs, which go through a series of processing steps before
being exported from the nucleus. Pri-miRNAs are recognised and cleaved by the
enzymes Drosha (ribonuclease 3) and DiGeorge syndrome critical region gene 8
(DGCRS8) for processing to ~70nt hairpins (Bi1, Liu et al. 2009, Heale, Keegan et al.).
miRNAs are then exported from the nucleus by exportin 5 (RanGTP-dependent

dsRNA-binding protein) to the cytoplasm.

On reaching the cytoplasm, the now precursor miRNAs (pre-miRNAs) are further
processed into ~22nt double-stranded miRNA duplexes by Dicer (cytoplasmic
RNaselll enzyme) (Pedersen, Cheng et al. 2007). One strand of this miRNA duplex is
termed the “guide strand” and the duplex is unwound to allow the guide strand to be
incorporated/packaged into the RNA induced silencing complex (RISC/miRISC), a
protein complex formed by Dicer, TRBP (dsRNA-binding domain protein) and
Argonaute protein 2 (Ago2). The second strand, termed the “passenger strand”
originally thought to be degraded, is now hypothesised to be functional in some cases
(Griffiths-Jones, Hui et al. 2011, Yang, Phillips et al. 2011). The mature miRNA,
functions to guide the RISC complex to its specific mRNA target (Bi, Liu et al. 2009,

Heale, Keegan et al.).
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1.2.3 Mechanism of microRNA immune target regulation

MicroRNAs act as post-transcriptional regulators of gene expression, altering
mRNA stability or translation efficiency by hybridizing to 3’ untranslated regions
(UTRs) of certain subsets of mRNAs (collectively as many as 60% of all transcripts)
(Barral, Sarkar et al. 2009). In animals, very few miRNAs (30-45%) regulate their
targets by forming fully complementary duplexes, with the majority binding
imperfectly to homologous mRNA targets. Plant miRNA-mRNA duplexes are, as a
general rule, are more highly complementary (Yekta, Shih et al. 2004, Kong, Cannell
et al. 2008, Ghildiyal and Zamore 2009). The primary region of pairing termed the
“seed region” or “motif” is the pairing between nucleotides 2 and 7 at the 5* end of
the miRNA. An imperfect pairing at the 5’ end of the miRNA can also be
compensated by extensive 3’ end interactions and complimentary centred sites, where
the middle region of the miRNA makes the most proximate pairing with a target

sequence (Pasquinelli 2012, Martin, Wani et al. 2014).

Additional factors that influence target site selection include the location of the target
site within an mRNA, their location in 3> UTRs, AU richness and location in RNA
unstructured areas. Conserved seed pairings in unstructured and AU-rich regions can
be good indicators of potential miRNA sites (Bartel 2009). Target sites tend not to be
located beside sequences immediately after the translational stop codon that would
fall into the ribosome shadow, a 15 nt region down from the stop codon bound by the

ribosome before it dissociates from the mRNA.
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1.2.4 MicroRNA degradation and translational repression

The mechanisms miRNAs use to regulate target gene expression are still
unclear, and a topic of much debate. However, two major modes of action are
generally considered: target degradation and translational repression. Several studies
have suggested the basic concept that when specific miRNAs in cultured cells are
increased, mRNA transcripts containing matching binding sites for those miRNAs are
decreased (Lim, Lau et al. 2005, Hendrickson, Hogan et al. 2009). This has been
attributed to mRNA destabilization, a method by which miRNA initiates
deadenylation of the poly(A) tail. mRNA destabilisation is now considered the
primary method of mammalian miRNA action (Huntzinger and Izaurralde 2011). The
poly(A) tail is susceptible to a number of different deadenylation enzymes.
Susceptibility to degradation can depend on a combination of local conditions. An
example of deadenylation is the regulatory action of miR-430 during the onset of
zygotic transcription in zebrafish embryogenesis where several hundred mRNAs are

degraded (Giraldez, Mishima et al. 2006, Bazzini, Lee et al. 2012).

Translational repression, previously described as a principal method of miRNA
regulation, is now considered to be secondary to mRNA degradation in mammals
(Huntzinger and Izaurralde 2011). Briefly, the idea of translational repression centres
on stopping the formation of a polysome body or preventing the completion of the
polyribosome action, thus preventing protein formation. This action can be
stopped/repressed at several stages (Kong, Cannell et al. 2008, Huntzinger and
Izaurralde 2011, Pasquinelli 2012). Recent findings suggest that the mRNA cap
structure, or the cap binding complex elF4E (Eukaryotic translation initiation factor
4E), 1s interfered with. eIF4E is the target 5’cap binding protein, generally controlled
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by a family of proteins called 4E-binding proteins. eIF4E has been previously
described as a target for translational control due to its importance in forming circular
mRNAs which protect against degradation (Yanagiya, Suyama et al. 2012). Other
examples of translational repression include “ribosomal drop off”, a process in which
miRNAs cause ribosomes to exit prematurely from their bound mRNA. This may be
caused by the recruitment of termination factors or terminated directly by miRNAs
(Petersen, Bordeleau et al. 2006). The presence of an internal ribosome entry site
(IRES) as an alternative miRNA translational target has also been discussed in the
“ribosomal drop off” process (Petersen, Bordeleau et al. 2006). IRESs facilitate cap-
independent mechanisms of translation, and provide an alternative repression
pathway, although the principle remains largely the same (Humphreys, Westman et al.
2005). A comprehensive picture of translational repression has yet to be explained in

full detail (Hannon, Rivas et al. 2006, Pasquinelli 2012).

1.2.5 MicroRNAs in bovine immunity

Identification of miRNAs in bovine immunity or their regulatory roles have
been poorly explored to date. QPCR has demonstrated that bovine miRNAs are
expressed in a wide range of tissues, including immune-related ones (Coutinho,
Matukumalli et al. 2007, Jin, Grant et al. 2009, Xu, Zhang et al. 2009), but few studies
have investigated how the expression of bovine miRNAs is altered in response to
infection and only three of these have globally profiled the miRNA response to local
infection. A recent study described differential expression of five inflammatory
related miRNAs (miR-9, miR-125b, miR-155, miR-146a and miR-223) in response to
E. coli LPS and S. aureus enterotoxin B stimulation of bovine monocytes (Dilda,

Gioia et al. 2011). In another study, Hou et al identified three up-regulated (miR-296,
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miR-2430, and miR-671) and one down-regulated miRNA (miR-2318) in the
mammary gland tissue of cattle with mastitis (Hou, Huang et al. 2011). Naaem et al,
applied qRT-PCR to a panel of miRNAs (miR-10a, -15b, -16a, -17, -21, -31, -145, -
146a, -146b, -155, -181a, -205, -221, and -223) to study differentially expressed
mRNA targets previously identified by microarray during intra-mammary S. uberis
infection (Naeem, Zhong et al. 2012). A study by Li et al examined miRNA
differential expression in bovine peripheral blood in mastitic cattle, reporting the
presence of immune related miRNAs (Li, Wang et al. 2013). The most recent study
applied high-throughput sequencing, comparing miRNA expression after MAC-T cell
stimulation with heat inactivated S. aureus or E. coli, the first study of its kind in a
bovine model (Jin, Ibeagha-Awemu et al. 2014). These studies have strongly
suggested roles for individual miRNAs in regulating bovine immunity. However,
according to miRBase there are over 1,300 annotated bovine miRNAs. Studies which
adopt genome-wide approaches are required to gain greater insight into the role of

bovine miRNAs in immunity and infection.

1.2.6 MicroRNA as biomarkers of infection

As previously mentioned, the economic loss resulting from mastitis 1s
estimated to cost the dairy industry €2 billion per annum in the E.U_, yet a biomarker
for early detection of mastitis is not commercially available. MicroRNAs exhibit
many properties that have made them of significant interest as non-invasive
biomarkers. They are abundantly expressed, in a stable form, in a range of
extracellular fluids including plasma, milk, urine, saliva, and even semen. They are
easily measured, and in many cases exhibit temporal and spatial specificity (Chen,
Gao et al. 2010, Hata, Murakami et al. 2010, Kosaka, Izumi et al. 2010, Kusuda,
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Cadetti et al. 2011). They have high information content - small numbers of miRNA
panels can serve as accurate biomarkers or signatures of a disease condition. The use
of miRNAs as a clinical biomarker is most advanced in cancer research in the human.
In 2009 Prometheus laboratories released a panel of miRNA biomarkers that they
claimed accurately identified 25 different tumour types (Ajit 2012). This year,
exosomal-miRNA identification chips using microfluid chip based technology will
enter the marketplace theoretically allowing quicker diagnosis of cancerous states

(Kanwar, Dunlay et al. 2014).

The stability of miRNAs in extracellular fluids appears to be largely due to packaging
in microvesicles or exosomes. The role that these circulating miRNAs might have is
far from certain, although their extracellular abundance has raised many fundamental
questions, as to whether miRNAs are actively or passively secreted (Kosaka, Izumi et
al. 2010, Turchinovich, Weiz et al. 2011). Current hypotheses include cytokine-like
cell-to-cell communication, activators of immunological/biological functions, or even
a role in transferring immunity or initiating developmental change from parent to
child. Immunologically related molecules have long been known to circulate in milk.
Antibodies, complement, and immune cells are known to enhance offspring
immunity, inhibit bacterial growth, and stimulate immune function in breast milk.
Panels of miRNAs have been found in both human breast milk and bovine milk
(Chen, Gao et al. 2010, Kosaka, Izumi et al. 2010). In human breast milk miRNAs
have been found circulating in exosomes. Exosome-derived miRNAs were shown to
be highly stable and resistant to treatment with RNase digestion, freeze thaw and low
pH (Kosaka, Izumi et al. 2010, Zhou, Li et al. 2012). Similarly in bovine milk,

miRNAs were shown to be stably expressed in micro-vesicles; examples included bta-
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miR-223 and bta-miR-125b, both of which have been linked with immune regulation
(Hata, Murakami et al. 2010). This observation was also confirmed by Chen et al
who examined miRNAs in milk and milk-derived products during different periods of
lactation. MicroRNA expression levels were observed to change throughout lactation
periods and to be present in milk products as well as in raw milk (Chen, Gao et al.

2010) an important factor if milk miRNAs are to be used as a biomarker.
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1.3 Profiling miRNA expression

Methods for measuring or profiling miRNA expression have moved forward
in tandem with our burgeoning knowledge on the subject. At present, three proven
techniques exist for analysing miRNAs, qPCR, microarray hybridisation, and Next
Generation Sequencing (NGS), however, new technologies are constantly evolving
(Git, Dvinge et al. 2010, Zhang, Lee et al. 2013, Ueno and Funatsu 2014). Which
technology is applied to any particular study depends on the question we wish to
answer. For example we may wish to examine the relevant abundance of miRNAs —
as either a group of several miRNAs with a specific function or a comprehensive
profiling of all miRNAs. In order to make a fully informed choice about which
technology best suits our study we must examine the general concepts of each

technology along with the pros and cons of each. (Ragan, Zuker et al. 2011).

1.3.1 Quantitative reverse transcription PCR

Quantitative reverse transcription PCR-based techniques have been a
cornerstone of transcriptome biology for many years. PCR amplifies target pieces of
DNA or ¢DNA and simultaneously quantities them in real time. The natural
progression to miRNA based qPCR has enabled absolute quantification of individual
miRNAs. This technology is now commercially available from a range of life science
companies. The method is easily incorporated into existing laboratories, and can
provide an accurate quantitative measurement of expression of specific miRNAs
(Ach, Wang et al. 2008). Several variations of this technology exist, including the
addition of a poly (A) tail or a stem loop as a universal primer-binding site, TagMan

polymerase which increases accuracy, and enlarged PCR plates which increase
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throughput (Pritchard, Cheng et al. 2012). Digital PCR (dPCR), relies on the basic
PCR methodology to amplify the gene of interest, however, dPCR partitions the
sample of interest, allowing a more accurate estimation and can provide accurate
RNA quantification (Sanders, Mason et al. 2013). PCR-based techniques are not
without their limitations. The structure and short length of miRNAs make them
among the more difficult RNA transcripts to measure. As mentioned above, there is
no universal binding site that naturally occurs on miRNAs so one must be added, for
example the addition of a poly (A) tail, which additionally helps select for miRNAs in
a small RNA population which contains many small RNA species (Jensen, Lamy et
al. 2011, Pritchard, Cheng et al. 2012). Other issues include the unintended detection
of circulating miRNAs in their unprocessed form and the difficulty in distinguishing
the many isomer types of a given miRNA (isomiRs) which can have different binding
targets affecting down-stream analysis (Chiang, Schoenfeld et al. 2010, Pritchard,
Cheng et al. 2012). More practical considerations include cost, which is in
comparison to other technologies is relatively low, and the preparation time taken,
which is considered long, but depends on the respective pipeline of each lab (Git,

Dvinge et al. 2010).

1.3.3 Microarray hybridisation

Microarray hybridisation like qPCR 1s well established in the market-place
through companies including Agilent, Exiqon, and Ambion and has been extensively
used for the parallel analysis of large numbers of miRNAs (Git, Dvinge et al. 2010).
Current microarray technology allows a highly sensitive accurate measurement of
differences in miRNA across states, pre-miRNA hairpins, and recently miRNA
variants (3” modifications), in a given sample (Wyman, Knouf et al. 2011). Advocates
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of this technology highlight that microarray technology is relatively high-throughput
and will allow for a relatively global profiling of miRNAs in a sample. Arrays are
regularly updated with the latest mirBase coverage, and provide a quick method of
comparing the miRNA content between two states (Pritchard, Cheng et al. 2012).
Disadvantages of microarray hybridisation techniques greatly depend on the
experimental aim of the study. Basic issues include the amount of RNA, as many
individual cell populations yield a low RNA amount, making it impossible to utilise
several existing microarray platforms. For example, 1000ng of RNA is required for
the Exiqon mercury LNA microRNA Array, v9.2. Fluorescent labelling of miRNAs
can in some instances result in bias, and incorrect labelling of RNA species can occur
which may cause background interference or false positives (Nelson, Wang et al.
2008, Pritchard, Cheng et al. 2012). Other more specific limitations of microarray
platforms include their lack of accuracy in quantifying absolute miRNA content in a
sample, and an inability to discover previously unknown miRNAs. Results across
multiple platforms are not always the same due to different mirBase content and
species coverage. Post-transcriptional modifications of miRNAs affect the function of

many miRNAs and these are generally not readily detectable.

1.3.4 Next Generation Sequencing

Next generation sequencing technology has become the established
technology of choice for a variety of biological problems. Currently, NGS platforms
are available from six companies, Illumina, Roche 454, Helicos Bioscience, Life
Technologies, Pacific Biosciences and Nanopore. Each has its own specific set of
protocols which distinguishes one from another. Advances in small miRNA
discovery, DNA-DNA bound protein interactions, and mRNA transcriptome
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profiling/discovery can be attributed to NGS. Much of our understanding of the role
of non-coding RNA populations has coincided with the emergence of NGS
technology. MicroRNAs, siRNAs, piRNAs, and other non-coding RNA populations
are now known to play a role in nearly every cellular process, with many of these
findings have come about through the innovative use of NGS (Hannon, Rivas et al.
2006, Ghildiyal and Zamore 2009, Guttman, Garber et al. 2010, Ebert and Sharp
2012). The main advantage of RNAseq is its ability to provide a global snapshot of a
miRNA population leading to the discovery of both known and unknown miRNAs.
Landmark publications using NGS to study immunology include the first description
of the NK cell miRNA transcriptome (Fehniger, Wylie et al. 2010), and a definition of
chromatin modifications, the transcriptome and the miRNAome of developing
lymphocytes (Kuchen, Resch et al. 2010). The precise identification of miRNAs
allows us to examine isomiR variants within miRNA families and post-transcriptional
modifications (Chiang, Schoenfeld et al. 2010, Pritchard, Cheng et al. 2012).
Additionally, RNAseq is not subject to the issues associated with melting
temperatures (Git, Dvinge et al. 2010). Libraries can be prepared for discrete cell
populations, as the RNA input required is low, for example, a single blastomere was
sequenced in a method termed “single-cell mRNAseq” resulting in the discovery of
5,000 more expressed genes than had previously been seen in microarray analysis

(Tang, Barbacioru et al. 2009).

The most recent examples of RNAseq technology being applied in bovine studies
include an examination of small non-coding RNAs in retinal microvascular
endothelial cells that regulate angiogenesis (Guduric-Fuchs, O'Connor et al. 2012)
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