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Abstract
Resistance and susceptibility to infectious diseases are well-documented in a variety of
host species. While environmental modifiers and pathogen virulence influence disease
severity following infection, a major contributor is the genotype of the host. Johne’s
disease is caused by infection with Mycobacterium avium subspecies paratuberculosis
(MAP) and manifests as a chronic inflammatory bowel disease in ruminants such as
cattle, deer, goats and sheep. The Disease Research Laboratory (DRL) has previously
identified breed lines of deer that express either a resistant or susceptible phenotype
for Johne’s disease.

The aim of this PhD was to investigate immunological differences between red deer
that have polarised genotypes for resistance (R) or susceptibility (S) to Johne’s disease.
The macrophage was selected as the representative leukocyte to assess the immune
response of these animals, due to its central role in formulating an immune response
to MAP. Monocyte-derived macrophages were obtained from blood samples of
animals, infected with MAP in vitro and analysed for the expression of candidate genes
(iNOS, IL-1α, TNF-α, IL-23p19, IL-10 and IL-12p35) by quantitative PCR. Genetically
susceptible animals, with no reactivity to MAP at the time of sampling, exhibited an
inflammatory transcriptional profile in response to MAP infection, characterised by
significantly higher upregulation of the inflammatory markers (iNOS, IL-1α, TNF-α and
IL-23p19), compared to genetically resistant animals.

Analysis of the whole transcriptome of macrophages from two naïve R and two naïve S
animals by the Illumina HiSeq 2000 next-generation sequencing system was also
undertaken. This confirmed the trends seen from the candidate gene expression study
where macrophages from S animals upregulated more genes than macrophages from
R animals in response to MAP. Gene expression profiles in S animals were biased
towards an M1-inflammatory transcriptional profile in response to MAP while
macrophages from R animals showed a more balanced M1-inflammatory/M2regulatory macrophage transcriptional signature. This was characterised by a greater
increase in molecules associated with type 1 interferon signalling and neutrophil
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recruitment in S animals compared with R animals. The amplified inflammatory
transcriptional profile of macrophages from susceptible animals may reflect less
efficient clearance of MAP bacilli and ultimately cause an exacerbation of Johne’s
disease symptoms. By contrast, the more controlled upregulation of inflammatory
pathways in macrophages from resistant animals may result in effective containment
of infection by the innate immune system and the establishment of protective
adaptive immunity.

These data affirm the value of both transcriptomic technologies and candidate gene
approaches to enable the identification of robust, reliable transcriptional markers of
resistance or susceptibility to Johne’s disease. Work of this kind has never been
performed before and has produced initial data that may advance the understanding
of the biology of Johne’s disease and of mycobacterial disease in general, which will
ultimately inform the design of more effective vaccines, improved diagnostics and
treatments for these conditions. Further, this study has highlighted that heritability of
resistance or susceptibility to Johne’s disease is polygenic in nature, involving a
complex interplay of innate and adaptive immune systems rather than single genes.
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Chapter 1 – Introduction
1.1

Johne’s Disease – An Inflammatory Bowel Disease

Johne’s disease was first described as an infectious disease of livestock in 1895 by
Heinrich Johne and Langdon Frothingham and the causative microorganism,
Mycobacterium avium subspecies paratuberculosis (MAP) was identified in 1901 by
Johne (1). This disease leads to inflammation of the intestinal epithelium together
with the formation of granulomatous lesions within the gut and associated lymphatics.
Granuloma are commonly found following mycobacterial infection, and whereas they
are initially associated with protection, exacerbation of this response may later
become a manifestation of the chronic disease process.

Johne’s disease affects

ruminant species such as cattle, sheep, goats and deer. Red deer (Cervus elaphus) are
natural hosts of MAP and are prone to develop Johne’s disease at a young age (2). In
New Zealand, the population of domesticated red deer kept for commercial purposes
is the highest in the world at over 2 million animals in approximately 2,500 herds (3).
Prevalence data shows that MAP infection is widespread amongst New Zealand
pastoral livestock; 65% of sheep flocks, 32% of deer herds and 27% of cattle herds test
positive for MAP infection (4). MAP infection/Johne’s disease dynamics in nature are
represented in the categories below (Figure 1.1). It conforms to the classical ‘iceberg
effect’ seen with infectious disease, where a large proportion of animals may be
uninfected or infected with MAP but only a small proportion of animals will exhibit the
clinical disease.

Figure 1.1: A model of the spectrum of MAP infection and Johne’s disease in nature.

-1-

Chapter 1 – Introduction

While cattle and sheep generally develop Johne’s disease at two to five years of age (5,
6), clinical disease has been observed in red deer as young as four to five months old
(7, 8). This difference between red deer and other ruminant species may be a result of
the relatively recent domestication of this species where red deer have gone from
free-roaming individuals or small family groups, to living in large herds under
intensified management systems within an enclosed space. This recent progression
from free-living, wild to captive-farmed has exposed farmed deer to greater levels of
stress that may increase mycobacterial infection rates, spread of infection and the
manifestation of Johne’s disease (9).

In both cattle and red deer, a pattern of age-related susceptibility to disease has been
observed – as an animal ages, the likelihood of developing clinical Johne’s disease
decreases. Mackintosh et al. have demonstrated that, following experimental MAP
challenge, 30% of three month old deer developed clinical Johne’s disease, compared
to the adult animals that did not develop disease or showed mild subclinical symptoms
(2). In cattle, after exposure to MAP, 75% of calves less than 6 months old developed
lesions compared to less than 20% of animals older than 12 months (10). The authors
propose that this may be due to newborn ruminants having an ‘open gut’ which allows
macromolecules such as colostral immunoglobulins to cross the gut epithelium and
may enable MAP to more easily penetrate the mucosal barrier. The Peyer’s patches
are also more extensive in young ruminants, compared to adult animals increasing the
surveillance of the gut contents by resident M cells and thus increasing the
opportunity for MAP uptake (11). There is also evidence that there is a change in
immune cell subpopulations as ruminant animals mature. In particular, a decrease in
the proportion of γδ T cells (12) which may suppress anti-MAP immune responses (13),
and CD14+ monocytes, which are key effector cells in the host response to
mycobacteria (14).

A result of the granulomatous enteropathy associated with Johne’s disease is damage
to the intestinal wall and villi (Figure 1.2) leading to loss of blood proteins and reduced
absorption of nutrients.

The pathology causes malnutrition in clinically affected

animals, with diarrhoea and loss of weight. Elective slaughter or the death through
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wasting of the affected animal is the natural consequence of clinical Johne’s disease.
Subclinically diseased animals may shed MAP intermittently and show mild symptoms
such as a reduction in the productive capacity of the animal, as manifest by reduced
growth and milk production (15-17).

(A)

(B)

1

2

3
4

Figure 1.2: The clinical manifestations of Johne’s disease. (A) Corrugated and reddened intestinal
epithelium (1 and 2) compared to normal tissue (3 and 4). (B) Granulomatous lesions in a mesenteric
lymph node associated with the small intestine.

Diagnosis of Johne’s disease is usually by enzyme-linked immunosorbant assays (ELISA)
to detect MAP-specific antibodies in the serum of animals but these can have varying
sensitivities depending on the stage of the disease. The Paralisa TM is an ELISA test that
has been optimised to detect MAP infection in New Zealand farmed red deer where a
positive test result is indicative of subclinical or clinical disease (18). The severity of
Johne’s disease may be determined post-mortem by a lesion grading system developed
by Clark et al. The scale is from 1 to 13, based on the severity of histopathology and
whether lesions, associated with gut mucosal tissues or gut-associated lymph nodes,
are paucibacillary or multibacillary (19).

As disease can occur in deer at any age, the financial loss to deer farmers can be
significant. The economic loss to the agricultural industry in New Zealand is estimated
to be $18.9 million for dairy, $9.9 million for sheep and $340,000 for red deer farming
per annum (17). In deer herds where there is a significant MAP infection problem, the
cost to the farmer is around $25,000 per annum in decreased production alone (17).
However, the figures given above are not current and are likely to grossly
underestimate the true cost of disease to the agricultural industry and the economic
impact of subclinical infection.
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While MAP infection has been detected in all of the major farmed ruminant species,
MAP has also been isolated from wildlife species such as rabbits, possums, hedgehogs,
weasels and stoats (20-22). This large environmental reservoir provides a residual
source of infection for domestic ruminants (23). This is compounded by the fact that
MAP is a relatively sturdy microorganism and can survive in the environment to persist
as an agricultural pathogen (24). The microorganism is transmitted mainly by the
faecal-oral route by ingestion of contaminated food/pasture or colostrum from
affected mothers. It can also be spread through intra-uterine transmission from
mother to offspring (25). As with all infectious diseases of livestock, the establishment
of MAP infection is impacted by a variety of factors including host genotype or
phenotypic modifiers such as parturition, malnutrition, secondary infections, or
changes in climate and animal management (26).

Besides significant costs to the agricultural industry, there is an emerging concern that
MAP may be a zoonotic pathogen. This proposition arose from the observation of the
similarity between the pathology seen in Johne’s disease and Crohn’s disease (CD); an
inflammatory bowel disease (IBD) in humans (27). At this time, the etiology of Crohn’s
disease is unknown though it is likely that this condition results from the combination
of host susceptibility, environmental factors and the involvement of intestinal
microorganisms (28).

MAP has been incriminated as one of these intestinal

microorganisms and when present in an immune-compromised host, MAP may cause
an inflammatory bowel disease very similar in pathology to Johne’s disease (27).
Strains of MAP isolated from humans are no different in infectivity or immunogenicity
than bovine MAP strains when cattle are experimentally infected (29) supporting the
argument of MAP causality. However, the controversy continues as MAP has been
isolated from only a subset of CD patients. There is on-going debate as to whether
MAP is the etiological agent of CD (30) or if it is merely an associated factor that plays
a role in pathogenesis (31). Despite the lack of conclusive evidence that CD is caused
by MAP, the potential damage to the export agricultural industry in New Zealand
would be substantial if market perceptions required removal of this possibly harmful
microorganism from the food chain (32). This would be incredibly hard to achieve as
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the ubiquitous nature of MAP in the environment would compromise attempts to
eradicate it.

While various control programs have been used to decrease levels of MAP infection,
another strategy that could reduce the contamination of meat and milk products
would be vaccination of livestock. However, vaccines against mycobacterial infections
are notoriously difficult to develop and currently available Johne’s disease vaccines
interfere with routine diagnostic tests for tuberculosis caused by M. bovis infection
(33). They also have limited ability to prevent the establishment of MAP infection,
even though they have been shown to attenuate disease severity (34, 35).

1.2

Johne’s Disease – A Mycobacterial Disease

MAP is one of the slow-growing mycobacteria which comprise most of the pathogens
from this genus, and it is relatively difficult to grow under normal culture conditions. It
is an obligate intracellular parasite which requires the presence of an iron siderophore,
mycobactin J, for successful in vitro culture (36).

MAP is a member of the Mycobacterium avium complex (MAC) and although members
of this group are genetically very similar, they differ significantly in the degree of
disease they cause in host species (37). The complete genome sequence of MAP strain
K10 was published in 2005 (38) and has since been used as a framework to study the
virulence and physiology of this organism. MAP has a genome size of 4.8Mb, slightly
larger than the well-known mycobacterial pathogens, M. tuberculosis and M. bovis
(4.4Mb) but considerably smaller than saprophytic mycobacteria and the M. avium
avium genome (5.5Mb) (36).

MAP is characterised at a molecular epidemiological level by the presence of the
insertion sequence elements, IS900 and IS1311; the latter being shared with other
members of the MAC group (39). A point mutation is found in IS1311 so the element
can be used to distinguish the bovine and ovine strains of MAP (40). The ability to
differentiate between bovine and ovine strains of MAP used in experimental studies is
important as it has a major impact on the results. An in vitro human macrophage
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model showed less IL-10 and IL-1β produced by cells infected with ovine MAP strains
compared with bovine strains (41). By contrast, bovine and human strains induce a
similar pattern of cytokine gene expression in bovine macrophages (42, 43). Human
isolates of MAP also have the capacity to infect and persist at a level comparable to
that of bovine MAP isolates in vivo (29). In red deer, it has been found that the bovine
strain is more virulent than the ovine strain (7, 8).

1.3
1.3.1

Host Defence Against MAP
Invasion of the Host

MAP preferentially infects the sentinel M cells of the ileum (44), most likely through
the interaction between the fibronectin on MAP and B1 integrins on the M cells (6).
The M cells then transfer the microorganism to the resident gut macrophages,
mediated by the fibronectin receptor on the macrophage and MAP’s cell wall
fibronectin attachment protein, which binds fibronectin in interstitial fluid. MAP and
mycobacteria in general, also use other receptors including CD11a/CD18, complement
receptor 3, mannose receptor and CD14 (6, 26, 45) to infect macrophages and
monocytes.

Once inside the macrophage, the cells initiate the destruction of the intracellular
pathogen through the process of autophagy. This involves containing MAP within a
phagosome, which fuses with a lysosome to become a phagolysosome. In the natural
progression of events, the phagolysosome would acidify and MAP would come under
attack by lytic enzymes within the compartment. However, a common feature of
pathogenic mycobacteria is their capacity to halt the acidification of the
phagolysosome, as seen by the persistence of the early endosome marker, transferrin,
and the reduction in the late endosome marker, lysosome-associated membrane
protein 1 (LAMP-1) (6, 26, 46). While the precise mechanism by which MAP modulates
autophagy remains unclear, the expression of the ATPase responsible for acidifying the
phagosome has been reported to be downregulated in MAP-infected macrophages
(47).
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The failure of the phagolysosome to mature permits the mycobacterium to persist and
replicate within the cell. At this point, the macrophage may migrate to the mesenteric
lymph nodes. The invasion process from gut tissue into lymphoid tissue may be quite
rapid as MAP has been detected in bovine mesenteric lymph nodes one to two hours
following surgical inoculation (48). Alternatively, the macrophage may remain resident
in the gut and produce a variety of molecules, in an attempt to control the infection
and elicit help from the adaptive immune system.

1.3.2

The Macrophage Response

As the macrophage is the primary cell type targeted by mycobacteria, it is subject to
manipulation by MAP and the cell itself regulates a considerable amount of the
downstream effector immune response. While most studies examining the host cell
response to infection have found that there is a suite of genes that are common to all
infectious microorganisms and thus non-specific, there are also molecules whose
expression is pathogen-specific (49) and these will be detailed below.

The main pattern recognition receptors (PRR) that detect invading mycobacteria are
toll-like receptor (TLR) 2 (recognises lipoarabinomannan (LAM) as well as other
mycobacterial constituents) and to a lesser extent, TLR 4 (50, 51). TLR signals promote
production of bacteriocidal effectors such as reactive oxygen and nitrogen species
(ROS and RNS) and microbicidal peptides (e.g. defensins). Binding of the mycobacterial
lipoprotein to TLR2 can lead to the downstream induction of cathelicidin, a defensin
with well-characterised anti-mycobacterial activity (45). In contrast, in some cases,
blocking of TLR2 signalling may increase the MAP killing capacity of bovine
mononuclear phagocytes through increased phagosomal maturation (51, 52). Other
intracellular TLR which sense nucleic acids, such as TLR3 and 9, are also implicated in
the recognition of MAP and other pathogenic mycobacteria (53-55).

The intracellular nucleotide-binding oligomerisation domain-containing protein 2
(NOD2) also plays a vital role in the recognition of MAP within the macrophage. The
NOD2 receptor recognises the peptidoglycan break-down product, muramyl dipeptide,
and has been shown to regulate pro-inflammatory cytokine responses in human
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macrophages after infection with M. tuberculosis and M. bovis (56) and the expression
of NOD2 is essential for resolution of M. tuberculosis infection in mice (57).

Following intracellular infection, macrophages produce reactive oxygen species in a
respiratory burst and upregulate the inducible nitric oxide synthase (iNOS) enzyme
which produces reactive nitrogen species (RNS), specifically, nitric oxide (NO) (58).
ROS and RNS represent important signalling molecules of macrophages, regulating the
expression of non-immune related genes (49) but their main function is in their
harmful effects on intracellular microorganisms. There appears to be a spectrum of
susceptibility to ROS and RNS within the mycobacterial genus. M. tuberculosis is
relatively resistant to the effects of ROS but susceptible to killing by RNS by murine
macrophages in vitro (59). The members of the MAC complex, which includes MAP,
are thought to be relatively resistant to NO (60, 61). NO may not play a role in killing
of MAP in vivo, as it has been estimated that the amount of nitric oxide required to kill
MAP in vitro (approximately 270mM) is not physiologically attainable (62). The iNOS
response alone, therefore, may be ineffective in containing this microorganism.

NO production is marginally enhanced in bovine monocyte-derived macrophages
(MDM) following infection with MAP in vitro (63). Nitric oxide levels are highest in
cattle with subclinical disease compared with clinically diseased or uninfected animals,
The production of this RNS appears to be upregulated by exogenous interferon gamma
(IFN-γ) and lipopolysaccharide (LPS) and downregulated by the anti-inflammatory
cytokines interleukin (IL-) 10 and transforming growth factor beta (TGF-β) (64). The
expression of iNOS protein in vivo has also been detected in lesions of cattle tissues,
naturally infected with MAP. The SLC11A1 protein (solute carrier family 11 member 1,
formerly designated natural resistance-associated macrophage protein 1 – NRAMP1) is
also expressed in affected tissues.

A downstream effect of SLC11A1 is the

upregulation of iNOS so the authors hypothesise that there may be a causal role
between the expression of iNOS and SLC11A1 and the pathogenesis of MAP infection
(65).
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The production of NO has also been linked with the initiation of programmed cell
death, apoptosis, which is one of the innate responses by which a cell can combat an
intracellular infection. In Streptococcus pneumoniae-infected macrophages, low level
production of NO contributes to pneumococcal killing but at higher concentrations, NO
facilitates mitochondrial-membrane permeabilisation, leading to apoptosis (66). This
concept is supported by work involving murine macrophages infected with M.
tuberculosis where the NO-induced apoptotic effect is augmented by IFN-γ stimulation
(67).

Therefore, under certain circumstances NO can decrease the development of

inflammation by inducing the controlled, anti-inflammatory apoptotic death pathway.

Most of the literature reports that apoptosis is actively suppressed by virulent
mycobacteria. Apoptosis is preferable to the host cell compared to the alternative cell
death modality, necrosis, as the latter involves the loss of cell integrity and the release
of cell contents causing widespread inflammatory damage and subsequent infection of
neighbouring cells (68).

Research on M. tuberculosis has shown that this

microorganism promotes necrotic cell death over apoptosis by inhibiting the
production of specific eicosanoids. Apoptosis of infected macrophages may also be an
important link between the innate and adaptive immune response where dendritic
cells take up apoptotic bodies containing bacteria and are then able to cross-present
these antigens, resulting in naïve T cell activation (69) Conversely, it is proposed that
mycobacterial species may use apoptosis as a means for spreading from one
macrophage to the next within these apoptotic bodies (70). MAP has been reported to
induce low levels of apoptosis (0.25% - 5.1% of cells) and suppress LPS-induced
apoptosis in ovine monocyte-derived macrophages (71).

An additional weapon in the macrophage’s arsenal is the induction of bystander
apoptosis which reduces the availability of potential host cells around an infected
macrophage.

This has been observed in human macrophage responses to M.

tuberculosis, and while the precise mechanism is unknown, it is premised to involve
cell-cell contact, rather than soluble factors (cytokine signals) released by an infected
macrophage (72).
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Cytokines also play important roles in the induction of apoptosis of a mycobacteriuminfected macrophage as well as modulating the response of the host cell and cells with
which it may interact. The inflammatory cytokine tumour necrosis factor alpha (TNFα) is pro-apoptotic and, along with IL-1α, is integral to the formation of granulomas
and limiting the spread of mycobacterial infections. In this way, the inhibition of TNF-α
can promote pathology despite its own highly inflammatory properties (73, 74).

In general, the expression of inflammatory cytokines is increased in response to
mycobacterial infection. Indeed, IL-1β, IL-6 and TNF-α show an increase in expression
in bovine alveolar macrophages infected with M. bovis (75). In cattle infected with
MAP, IL-1α messenger RNA (mRNA) and protein levels in ileal tissues are higher than in
healthy controls (76) and it is thought that this increase may be directly attributable to
macrophages infected with MAP (77).

While they have beneficial effects in arresting early infection, persistent upregulation
of pro-inflammatory cytokines in chronic infection may contribute to the pathology of
mycobacterial disease.

The type 1 interferons (IFN-α/β) have been shown to be

associated with disease progression in human tuberculosis (78) and exacerbate the
infection in mice (79). M. tuberculosis induces type 1 interferon expression which then
disrupts IL-1β expression, considered to be a critical mediator of immunity to the
microorganism. Because IL-1β is host protective in murine TB, restriction of IL-1β
production by type I IFNs might be expected to compromise host clearance of the
organism. However, due to the known pro-inflammatory effects of IL-1β on cell
recruitment, it is also possible that downregulation of its activity could be host
protective through dampening excessive IL-1β–mediated tissue pathology induced by
virulent mycobacteria (80).

Other inflammatory molecules reported to be involved in the immunopathology of
Johne’s disease are matrix metalloproteinases (MMPs) which are a family of calciumdependent proteinases involved in cell migration, tissue remodelling and destruction.
Tissue inhibitors of MMP (TIMP) inhibit the activity of these enzymes and a balance
between MMP and TIMP may influence the degree of tissue destruction caused by
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mycobacterial infections. Bovine MDM infected with bovine or human isolated strains
of MAP produce low levels of MMP3 but high levels of tissue inhibitor of
metalloprotease-1 (TIMP1) (43, 81, 82). This would both help the microorganism avoid
damaging effects of the inflammatory response but also dampen down harmful tissue
inflammation and so be beneficial to the host.

Anti-inflammatory effects are also mediated by IL-10 and TGF-β secretion by
macrophages and other cells. IL-10 protein upregulation has been observed with MAP
infection of ovine MDM (71). An increase in this anti-inflammatory cytokine has also
been demonstrated in bovine MDM in response to the bovine or human isolated
strains of MAP but not ovine, again demonstrating the influence of the infecting strain
on the specific host response (43).

Finally, perhaps the most important cytokine produced by macrophages in response to
mycobacteria may be IL-12. This cytokine is made up of two subunits, p35 and p40,
and is crucial to the development of an appropriate T cell response to mycobacteria.
IL-12p35 has been found to be unnecessary for protective immunity to and clearance
of M. tuberculosis in a murine model whereas IL-12p40 is vital as mice deficient in both
subunits cannot mount an appropriate protective immune response (83). MAP itself
causes a downregulation of IL-12p40 gene expression in bovine MDM and this is
mediated through interference to the CD40 signalling pathway which transmits
activation signals from T cells to the macrophage (84).

In terms of antigen presentation by the infected macrophage to naïve T cells, MAP
subverts this facet of the immune response as well. MAP has been reported to
downregulate the surface expression of major histocompatibility complex (MHC) - I
and MHCII in ovine MDM (71) and MHCII in bovine MDM (47). MAP infection of a
murine macrophage cell line also decreases the stimulatory capacity of these cells in
terms of prompting proliferation of T cells (85).
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Figure 1.3: An overview of aspects of the macrophage immune response that have been reported for
MAP infection.

Despite the subversive efforts of MAP, the macrophage does mount an immune
response to the microbe which has both protective and detrimental elements (Figure
1.3). It is a dynamic situation and while the macrophage is important, the ultimate
fate of the MAP infection involves the interaction of the macrophage with other cells
of the immune system. The interactions a macrophage may have with other immune
cells in terms of the immune response to mycobacterial infections are represented in
Figure 1.4 and are described below.

1.3.3

T Helper 1 and T Helper 2 Cell Involvement

The conventional dogma in the immune response against mycobacteria is that the T
helper 1 (Th1) cell is protective and the T helper 2 (Th2) cell is ineffective in the fight
against mycobacteria. The Th2 response facilitates the production of antibody and as
MAP is an intracellular pathogen, it is generally accepted that antibody is ineffective
the control of this microorganism although there is contrasting evidence for a
protective role of antibody in M. tuberculosis infection (86).

Intrinsic to the Th1 response is the production of IFN-γ which can activate
macrophages and enhance the killing or inhibition of mycobacteria (62). Bovine MDM
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infected with M. bovis are capable of controlling bacterial replication when stimulated
with IFN-γ along with LPS as a second signal (87). In contrast, the signature Th2
cytokine, IL-4, causes macrophage to adopt a phenotype that has reduced bactericidal
ability (68, 88). However, when bovine MDM are infected with MAP and stimulated
with IFN-γ alone or IFN-γ with LPS, they fail to control MAP growth (63, 89). This has
also been observed in M. tuberculosis-infected human and murine macrophages even
though the macrophage has received the activating signal from IFN-γ, confirmed by
ROS production (90).

In Johne’s disease, the general observation in all species affected is that the early,
protective response is dominated by Th1 cells, though this may later be replaced by a
Th2 response which correlates with progression towards clinical disease. Indeed,
many of the commercial tests for Johne’s disease are based on the production of
antibody in late subclinical and clinical disease states (18).

While the Th1/Th2 paradigm is the generally accepted model of MAP pathogenesis, it
may over-simplify the T cell immune responses involved. Robinson et al. found that
even in clinically diseased red deer, large amounts of IFN-γ were still produced in
response to MAP antigens (91). A similar finding has been reported in sheep with
clinical Johne’s disease by Purdie et al. where animals could be separated into a group
of diseased animals that exhibited the classical Th1 to Th2 switch, a group which
showed a combination of IFN-γ and antibody response, and a third group which
showed an IFN-γ response with no antibody response detected (92). IFN-γ may play a
role both in protection against MAP infection and pathogenesis of Johne’s disease
where moderate levels are associated with an effective immune response and
excessive levels are associated with immune pathology (91).

1.3.4

T Helper 17 Cell Involvement

A recently discovered subset of T cells is the T helper 17 (Th17) cells. These immune
cells produce the signature cytokine IL-17 and appear to be critical in inflammatory
immune responses, directed predominantly against extracellular bacteria and fungi
(93).

Another important cytokine in this arm of the response is IL-23 which is
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produced by macrophages and dendritic cells and contributes to the maintenance of
Th17 cells. This cytokine is heterodimeric and made up of the p40 subunit and a p35
subunit which is shared with IL-12, linking the Th1 and Th17 responses (93).

An increase in expression of IL-17 has been observed in lymph nodes from both
experimentally and naturally MAP-infected cattle compared to negative controls (29,
94). This has been corroborated by a study using gut-associated lymphatic tissues
from clinically diseased red deer, where the expression level of IL-17 was significantly
increased compared to subclinically infected animals (95).

There is also evidence from a murine model of immune responses to M. bovis BCG that
IFN-γ-producing Th1 cells regulate the Th17 cell population and may be important in
limiting mycobacteria associated immune-mediated pathology (96). Supporting this
notion, when IL-23 and IL-17 deficient mice are used for the murine model of
tuberculosis, the severity of the disease increases (97). The balance of the Th1 and
Th17 pathways may be crucial in regulating the inflammatory consequences of
pathogenic mycobacteria.

1.3.5

Regulatory T Cell Involvement

The final subpopulation of T cells considered to play a role in the development of
Johne’s disease are T regulatory cells (Treg). These T cells are characterised by the
production of IL-10 and TGF-β and the overexpression of these cytokines may have a
dampening effect on the inflammatory immune response (98). Low level expression of
these regulatory cytokines may contribute to the dysregulated inflammation
associated with Johne’s disease (95).

Activation of Treg cells may explain a loss of the pro-inflammatory Th1 response and
the consequent predominance of the Th2 response, as the Treg cells may limit effector
Th1 responses to MAP antigens. MAP-reactive Treg cells are present in the peripheral
blood mononuclear cell (PBMC) population of MAP-infected cattle and when these
cells are stimulated in vitro, upregulation of IL-10 is associated with a reduction in IFNγ, which could favour MAP persistence and growth (98). In clinically diseased cattle,
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levels of IL-10 and TGF-β in lymph nodes and gut tissue are higher than in tissue from
subclinically infected or healthy cattle (99). The exogenous addition of IL-10 and TGF-β
to PBMC cultures after in vitro infection with MAP negatively impacts the bactericidal
activity of the cells (89) whereas neutralisation of IL-10 with monoclonal anti-IL10
antibody has been reported to result in an increase in MAP-killing by bovine MDM and
a concurrent increase in pro-inflammatory cytokines, H+ ATPase, phagosomal
acidification, nitric oxide production and macrophage apoptosis (100).

Figure 1.4: A representation of the T cell lineages under differential activation by cytokines produced
by macrophages.

1.3.6

Immune Response in Clinical Johne’s Disease

Clinical Johne’s disease is characterised by a dysregulated immune response which
contributes to the persistence of MAP infection (94, 95). Research into the underlying
mechanisms of clinical ovine Johne’s disease has shown that there is a general increase
in the expression of pro-inflammatory mediators in ileal tissue (101) and IFN-γ from
MAP antigen-stimulated whole blood (102).

Gene expression analysis of PBMC from clinically diseased cows, infected with MAP in
vitro, shows that genes differentially expressed after infection are repressed as disease
progresses. This is not due to a general defect of the immune response as these cells
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respond to mitogens at comparable levels to uninfected, healthy control cattle. The
suppression of the immune response in clinical disease is specific for MAP infection, at
least in vitro (103). Another study published by the Coussens’ laboratory has shown
that not only are there differences between MAP-infected PBMC gene expression
profiles between clinically diseased animals and uninfected controls, but that there is a
fundamental difference in gene expression between endogenous PBMC gene
expression profiles between these two groups in vitro. The authors conclude that
infection with MAP results in a different transcriptional profile in PBMC compared to
healthy, uninfected animals, despite the relative populations of immune cell types in
PBMC remaining the same between the two groups of animals (104).

The key question remains as to why, following MAP exposure, certain animals develop
clinical Johne’s disease and the rest of the population do not. What distinguishes a
subpopulation of animals susceptible to disease from the rest of the population?

1.4

Host Resistance and Susceptibility to Johne’s Disease

“It is not the microbe that is transmitted from the parents to the offspring, but the
predisposition to disease.” Louis Pasteur, c1870.

As with any infectious disease, the microorganism itself is necessary but not sufficient
for the development of infectious disease – select individuals in a host population are
inherently resistant or susceptible under certain environmental conditions. Charles
Darwin’s theory of natural selection explains this variation in a population whereby
genes that are advantageous to the host (i.e. encode resistance to disease) are
positively selected in a population in the presence of the selection pressure (exposure
to infectious pathogens). In the absence of this selection pressure or infectious
disease, a population may drift towards a more susceptible genetic make-up (105,
106). This effect is observed in populations which have been isolated and avoided
exposure to particular pathogens for long periods of time; for example, when smallpox
was introduced to indigenous Central and South American populations following the
Spanish conquest, mortality from this infectious disease was high due to low levels of
host resistance to the disease (105).
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Diseases caused by pathogenic mycobacteria conform to this phenomenon. It is welldocumented that M. tuberculosis causes disease in some human populations to a
lesser extent than others.

While other environmental and host factors are

contributors, genetic mutations in specific immune response genes vital for Th1
immune responses are associated with tuberculosis susceptibility (107). Classical
studies by Lurie in inbred strains of rabbits, selected for resistance and susceptibility to
infection, showed that aspects of the disease such as the type and number of
pulmonary lesions observed post-infection were under genetic control (108). Inbred
strains of mice have also been produced and studied for their resistance or
susceptibility to M. tuberculosis and have been fundamental in the discovery of
pathways that are involved in protective immunity such as IFN-γ (109).

The existence of breed differences in Johne’s disease incidence in cattle (110), sheep
(15, 111) and deer (16) suggests that there is a genetic component to Johne’s disease
susceptibility. Results from early studies exploring susceptibility to M. bovis infection
in red deer have demonstrated that resistance or susceptibility is genetically controlled
and strongly heritable, with an estimated heritability of 0.48 +/– 0.096 (112).
Heritability estimates in the range of 0.04 – 0.27 for M. bovis infection in Irish and
British dairy herds has been reported (113, 114). The heritability of Johne’s disease
susceptibility is estimated to be 0.30 +/- 0.06 in stud deer populations (personal
communication, Frank Griffin, University of Otago) while Johne’s disease susceptibility
has an estimated heritability of 0.2 in crossbred deer herds (115).

An estimated

heritability for susceptibility to MAP infection in a herd of Dutch dairy cattle was lower
at 0.06 (110) while heritability for the production of antibody to MAP was estimated as
0.15 for Irish dairy cows (116) and 0.10 for Danish dairy cows (117). Given the genetic
component of disease susceptibility, the identification of susceptible animals could
inform marker-assisted selection of animals for exclusion from breeding programs
aimed at controlling Johne’s disease.

Johne’s disease susceptibility is complex and likely to result from the cumulative
effects of multiple genes and environmental factors. Gene variation takes many forms
including single nucleotide polymorphisms (SNP), deletions, mutations or insertions of
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nucleotides or whole genes and gene clusters, gene or whole chromosome
rearrangements, gene duplications, and copy number polymorphisms or variants (92).

There have been many reports published that have analysed genetic differences
between MAP positive and MAP negative animals, involving SNP or microsatellite
analysis or genome-wide association studies (92). Association-based candidate gene
studies, in which gene variants believed to be important are typed in case and control
animals, have been used to link specific candidate genes and disease susceptibility.
Alternatively, genome-wide linkage analyses have been used to identify regions in the
genome contributing to disease susceptibility.

Increased susceptibility to both MAP infection and Johne’s disease has been observed
for populations of cattle and sheep which have SNPs in candidate genes such SLC11A1
(118, 119), SP110 (120), toll-like receptors TLR1, TLR2 and TLR4 (121, 122), NOD2
(123), and cytokines receptors (124, 125). These candidate genes have been selected
from observations in other mycobacterial diseases in humans and murine models. An
important consideration in the designation of a susceptibility phenotype is the criteria
used to define the Johne’s disease or MAP infection status of individual animals.
Different laboratories classify disease and infection using distinct criteria so care
should be exercised to ensure that comparisons of findings between different studies
involve “like vs. like”.

SNPs may or may not influence the function of the gene product through an amino
acid change at that position; due to the redundancy of the genetic code, most SNPs do
not cause a functional change in the gene product. Despite this, Koets et al. have
shown an association between a SNP in TLR2 associated with increased cytokine (IL-1α
and IL-12p40) gene expression in bovine monocytes as well as T cell proliferative
response to in vitro MAP infection (122).

While there have been a number of studies exploring genetic correlates associated
with susceptibility to MAP infection, there have been very few that have looked at
animals with a resistant phenotype. Studies that attempt to explore a resistant
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phenotype involve experimental infection with MAP and the retrospective
classification of individual animals as resistant, based on necropsy findings from the
elective slaughter of animals up to 12 months post infection. Findings from the
Johne’s disease research on sheep in Australia suggest that a resistant phenotype may
result where the animal prevents the establishment of MAP infection (126) or the
infected animal is able to cure itself over a period of time (127).

Evidence for both heritable resistance and susceptibility to Johne’s disease in red deer
is recorded by Mackintosh et al., in a study of deer genotypes predicted to express
susceptible or resistant phenotypes for Johne’s disease, caused by natural infection
with MAP. Sires with a polarised phenotype for susceptibility (S) or resistance (R) to
disease were used in an artificial insemination programme to mate outbred females.
Eighteen progeny (9 R and 9 S) were then experimentally challenged with MAP and a
full necropsy examination carried out when animals either showed symptoms of
Johne’s disease or were electively slaughtered at 49 weeks post infection. Substantial
differences were observed between the R and S progeny where 7/9 R progeny
displayed an R phenotype in contrast to 8/9 S progeny which expressed an S
phenotype. The severity of histopathology, detection of MAP in infected lymph nodes
and immunodiagnostic markers such as serum IFN-γ and antibody levels were higher in
S animals that developed disease (16). There are on-going studies examining patterns
of gene expression in lymph node tissue samples from these animals in an attempt to
characterise gene expression profiles that can be functionally linked to the resistant or
susceptible phenotype following infection with MAP. Preliminary results indicate that
there are differences between resistant animals and those that succumb to infection.

1.5

A Systems Approach to Study Infectious Disease

Infectious disease susceptibility is rarely a monogenic trait in nature; an exception is
familial mycobacterial disease susceptibility caused by mutations in the IFN-γ receptor
gene (107, 128). Even when it is determined by a single gene coding for a single
protein, the effect is seen in the context of a broader system. The host response to
infectious disease involves systems and is not binary in nature.
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In order to study host responses that determine resistance or susceptibility to Johne’s
disease in red deer, gene expression was chosen as the read-out. The reason for this
was two-fold.

Firstly, studies that have investigated the resistance/susceptibility

dynamic to Johne’s disease have identified SNPs in candidate genes or through a
genome-wide approach, usually involving hundreds to thousands of animals (92).
However, this strategy is limited in that it does not provide information on the host
response. Secondly, the exotic nature of deer as a model species means that assessing
immunological profiles of resistant or susceptible animals is largely limited to
technologies that monitor gene expression levels.

Gene expression as a whole and therefore the activity and function of a cell, is defined
by the transcriptome – being the sum of all of the genes expressed at any given time.
It is not static but changes in response to various signals that the cell receives in order
to express the correct set of genes for a particular situation (92). The expression of a
single gene has very little meaning outside the context of the web of interactions that
describes a physical state (129). Indeed, studies modelling tuberculosis susceptibility
in human populations in silico have found significant epistatic interactions between
genes known to contribute to susceptibility such as IFN-γ receptor, SLC11A1, iNOS and
IL-8 (130).

1.5.1

Historical Attempts to Study the Transcriptome

Early efforts to understand the transcriptome involved candidate gene-based studies
utilizing Northern Blot analysis followed by the more sensitive reverse transcription
quantitative PCR (Q-PCR). While Q-PCR is a very powerful technique to detect target
molecules expressed in a cell, even at very low levels, this can only be applied if the
target gene is known.

When a large number of genes contribute to a disease

phenotype, the technique is more limited (131).

The development of microarray technology allowed the simultaneous characterization
of the expression levels of thousands of known transcripts (131). Mouse microarrays
have been developed to look at resistance and susceptibility to M. tuberculosis in
different mouse strains (132, 133). A bovine microarray is also available and has been
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informative in studies of the immune response to M. bovis infection by bovine
mononuclear cells (54, 134, 135) as well as in the context of MAP infection.
Microarrays have been used to study MAP infection of bovine monocyte-derived
macrophages (47, 81, 136), PBMC (103, 104, 137) as well as bovine ileal tissue models
of MAP infection (76). However, microarrays have a limited dynamic range, being
restricted to a certain number of probes on the microarray slide and to genes of a
known sequence (138). They are also unable to detect genes whose exons are spliced
differently and thus cannot detect novel transcripts. Furthermore, data derived from
microarrays is often noisy with high background values which reduces sensitivity (139)
and precludes the study of the coding sequence of detected transcripts.

1.5.2

Next-Generation Sequencing

In recent years, new Next-Generation Sequencing (NGS) technologies have been
developed and applied to study the transcriptome (termed RNA-Seq). The basic
concept is the sequencing of all copy DNA (cDNA) species in a sample followed by
counting and mapping algorithms to a reference sequence (Figure 1.5).

This

sequencing technology can be applied to the study of many systems biology fields –
genomes, transcriptomes, metagenomes as well as copy number variation analysis and
chromatin packaging (ChIP-Seq) (140).

Figure 1.5: Gene expression by RNA-Seq is quantified by aligning reads to a particular exon in a
reference genome and inferring the level of transcript expression in a cell from the abundance of
reads. Diagram adapted from reference (131).

NGS has brought a dramatic change in scale to DNA sequencing outputs – traditional
Sanger sequencing can provide up to 96 reads per run of approximately 1000bp length
whereas NGS can deliver hundreds of thousands to millions of reads per run, albeit at a
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shorter read length. Another advantage NGS has over Sanger sequencing is the
elimination of the in vivo cloning step and its replacement with PCR-based
amplification. The massive output of data has created the opportunity to analyse an
organism’s transcriptome at a systems level without cloning bias (139, 140).

In comparison to microarrays, RNA-Seq is considered to provide superior levels of
analytical discrimination. A study using earlier RNA-Seq gene expression technologies
(digital gene expression profiling), found that 10–20% more transcripts were detected
than with microarrays, a majority of which were expressed at levels below the
sensitivity threshold of microarray platforms (141).

It has been suggested that

transcripts expressed at lower levels may account for nearly half of all transcripts in a
cell, and they play critical but as yet undefined roles in pathology and physiology (141).
A study comparing the Illumina NGS platform versus an Affymetrix microarray showed
that 11,493 differentially expressed genes were detected by Illumina compared with
8,113 genes detected by the microarray. Through the validation of candidate genes
and comparison of sequencing lanes, the authors suggest that a large proportion of
genes considered to be differentially expressed by the sequencing technology, but not
by array, were true positives (138).

While microarray technology and RNA-Seq

produce comparable biological readouts, the increased sensitivity of the sequencing
method makes this technique attractive (142, 143).

Already this technology has been applied to the study of diseases and physiological
processes, usually in non-model organisms.

A sheep transcriptome was recently

sequenced using Illumina technology to study bone healing using standard and
impaired healing models (144). RNA-Seq has also been used to elucidate the role of
nucleated erythrocytes in the innate immune response of non-mammals (142). The
antler transcriptome of the Chinese Sika deer (Cervus nippon) was recently
interrogated by RNA-Seq to explore the pathways that underpin this unique
mammalian tissue capability for repeated self-regeneration (145).

Allele imbalance in tumours has been analysed by Tuch et al. by strand-specific RNASeq and has highlighted allele-specific gene expression changes in cancer versus
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control tissue (143). By comparing genomic and transcriptomic data from a patient,
the authors concluded that much of the upregulation and downregulation of genes
was likely to be driven by copy number variations. Another avenue of research is the
phenomenon of alternative splicing which gives rise to different mRNA transcripts with
potentially altered functions. Wang et al., using Illumina RNA-Seq of human tissue
transcriptomes, showed that 92 – 94% of human genes undergo alternative splicing
and that these events vary between different tissue (146).

This recent research highlights how much there is to learn about the complexity of
eukaryotic transcriptomes and the potential of RNA-Seq to aid in this endeavour. This
is particularly relevant for more exotic, non-model organisms, where reagents and
experimental techniques are limited.

The sharp rise in publications on RNA-Seq

indicates that this technology is becoming increasingly popular.

Three main competing NGS technologies have been brought to market but all use one
of two techniques – sequencing-by-synthesis, which relies on the detection of
nucleotides immediately after incorporation into a newly synthesised DNA strand
(Illumina and Roche 454 platforms), or sequencing-by-ligation which involves the
binding of known probes to the sequence (ABI SOLiD technology) (139). The Illumina
HiSeq 2000 system was selected for the purposes of this research project and the
justification for this is outlined below.

The Illumina sequencing process begins with conventional reverse transcription of the
RNA sample to cDNA and the fragmentation of the cDNA molecules and ligation of
adaptors to either end.

Solid-phase amplification then occurs, where the cDNA

fragments are attached to the surface of a glass flow cell and amplified in situ,
generating clusters of identical molecules. This is followed by the sequencing reaction
which utilises four fluorescently-labelled nucleotide analogs that that have their 3'-OH
chemically inactivated to ensure that only a single base is incorporated per cycle. Each
base incorporation cycle is followed by an imaging step to identify the incorporated
nucleotide at each cluster by its fluorescent label and by a chemical step that removes
the fluorescent group and de-blocks the 3' end for the next base incorporation cycle.
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At the end of the sequencing run, the sequence of each cluster is computed and
subjected to quality filtering to eliminate low-quality reads (131, 140, 147). In general,
the larger the genome and the more complex the transcriptome, the higher the
number of reads and the greater the sequencing depth that is required for adequate
coverage (139). The Illumina HiSeq 2000 platform was chosen because currently, for a
fixed cost, its coverage and depth are far greater than other sequencing technologies,
making it particularly attractive for expression studies.

1.6

Hypotheses and Aims

While much of the immunological exploration of Johne’s disease has attempted to
define correlates of infection or pathology by targeting different disease states, the
approach taken for this PhD research project was to investigate the immune response
of naïve, genetically resistant or susceptible, red deer. At the beginning of this PhD,
there was unique access and opportunity to obtain samples from deer of breed lines
that had historically exhibited either an extreme resistant or susceptible phenotype
following extensive natural exposure to MAP. Furthermore, as the macrophage is the
host cell for MAP, this cell was selected as the in vitro target to identify any differences
in the innate immune phenotype. With this in mind, the following hypothesis was
proposed:


The resistant or susceptible host phenotype in vivo will be reflected by, and can
be distinguished through, the in vitro system of MAP infection of blood
monocyte-derived macrophages from red deer of known phenotypes.

The technical platform and objectives required to validate this hypothesis were as
follows:
 Establish an adequate macrophage culture system in order to obtain a
reproducible and consistent source of macrophages.
 Develop assays to elucidate the immunological profile of resistant and
susceptible deer in vitro, using this cell culture system.
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 Identify quantitative gene expression differences to provide a signature for
animals with a resistant or susceptible phenotype for MAP infection, using
RNA-Seq technology.

Previous studies using field observations on the spread of MAP infection and Johne’s
disease, in a large stud herd, which contained eight disparate breeds of deer, has
allowed

the

Disease

Research

Laboratory

to

identify

breeds

with

genotypes/phenotypes that are resistant or susceptible to MAP infection. Estimated
heritability values have been established for all animals within this herd and selected
breeding studies, and experimental challenge of the progeny, show these traits are
heritable (16). While natural or experimental challenge of animals with MAP can, in
time, disclose either a resistant or susceptible phenotype, an in vitro system to identify
the phenotype in naïve animals would enable genetic selection for resistance in the
absence of MAP challenge. This could provide valuable information to farmers by
facilitating the selection of resistant animals or exclusion of susceptible animals in
subsequent breeding programmes.

Information on genes and pathways expressed early in the immune response to MAP
in resistant animals may be informative in targeted vaccine development, as they are
likely to provide correlates of protection and markers to test vaccine efficacy. Further,
understanding the genes that underpin protective or disease-related responses to
MAP could contribute to future preventive or therapeutic strategies to control human
IBD. As Johne’s disease could be considered as a model for Crohn’s disease, one of the
most important inflammatory bowel diseases in humans (27), information derived
from the animal model system may be relevant to the management or prevention of
this important human disease.
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2.1 Introduction
This experimental study involved the use of an in vitro deer monocyte derived
macrophage model to explore aspects of immune reactivity in animals, designated as
resistant or susceptible, to chronic mycobacterial infection.

As the majority of

immunological protocols and associated reagents have been developed for human or
murine experimental model systems, technologies to support the exploration of exotic
ruminant systems are more limited. Nonetheless, the development of sophisticated
and flexible molecular biology platforms have allowed the investigation of previously
inaccessible facets of immunity involving complex mycobacterial infections in deer
(95).

When working in novel model species such as deer, significant adaptation by trial and
error are necessary for the development of successful methodologies. The immune
cell type that was targeted for this project was the macrophage, given the central role
it plays in determining the fate of mycobacterial infections. Blood samples were taken
from deer to generate macrophages from their circulating monocytes (monocytederived macrophages; MDM) and the final protocol to accomplish this was an
adaptation of methods customised specifically by DRL for use in deer (148, 149), or
methods developed independently for other domestic ruminant species, particularly
cattle (84, 136). A further consideration in using red deer as a model organism is that
sample collection from deer can be extremely challenging compared with other
domesticated ruminants such as cattle and sheep. Deer MDM culture had to be
optimised to yield sufficient numbers of macrophages to work with downstream – this
meant collecting bulk blood samples from fractious animals which are difficult to
physically restrain as they represent an innately wild, recently domesticated species.

Once the culture process was optimised, deer MDM were subject to three treatments
– MAP infection, CD40L treatment or plasma (either autologous or heterologous)
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treatment.

The purpose of MAP infection was to differentiate the MAP-specific

response of macrophages from resistant or susceptible animals. The addition of CD40L
or plasma to the macrophage cultures in vitro was an attempt to compensate for the
lack of signalling a macrophage would normally receive from other immune cells in
vivo, particularly T cells. The immune response of the MDM predominantly focused on
the measurement of gene expression using Q-PCR and to a lesser extent by apoptosis
detection using TUNEL staining and fluorescent microscopy.

The MDM immune response, including cytokine expression, would normally be
profiled using techniques such as the ELISA, elispot, flow cytometry and intracellular
staining.

However, all of these techniques require the use of specific antibodies

which, with very few exceptions, are not commercially available for cervids.
Experience has demonstrated only limited or occasional cross reactivity of antibodies
raised against other ruminant species when tested in cervids. To circumvent this
problem, Q-PCR was used as the primary technique to study the expression of genes
that code for cytokines and other molecules. This molecular technology has become a
standard technique in immunology laboratories as a sensitive tool that can detect low
level mRNA expression, below the limit for detection of expressed proteins by assays
such as the ELISA immunoassay. Q-PCR also has the advantage of being relatively
simple to perform, cost-effective and reproducible.

The use of Q-PCR to detect gene expression works on the principle that the mRNA
produced within a cell provides correlates of cellular responses. The extracted mRNA
is reverse transcribed to cDNA and subjected to real-time PCR during which the
amount of DNA present is amplified by specific primers and the accumulated amplified
product is measured by fluorescent labelling. The fluorescent label used in this project
was SYBR Green; an intercalating dye that binds to the amplicon and emits a strong
fluorescent signal at 520nm. SYBR Green must be used with caution, however, as this
dye binds indiscriminately to double-stranded DNA which allows primer-dimer
artefacts and amplification errors to contribute to the fluorescent signal (150). Figure
2.1 is a schematic of a Q-PCR assay where the fluorescent signal is detected at each
cycle of the PCR and data is recorded as a Ct value; the point at which the amplified
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product, as measured by the fluorescence emitted, reaches a threshold value. The
more mRNA in the original sample, and thus the more copies present, the faster the
threshold fluorescence will be attained – giving rise to a low Ct value (151). In this
work, efforts have been made to adhere to the Minimum Information for Publication
of Quantitative Real-Time PCR Experiments (MIQE) guidelines as advocated by Bustin
(152, 153) in the reporting of Q-PCR methodology and results.

Figure 2.1: Example of a PCR amplification plot where the fluorescent signal is measured continuously
throughout the PCR reaction. The cycle threshold (Ct) is the cycle at which the fluorescence passes a
certain threshold.

While Q-PCR is a highly sensitive and reproducible technique to detect gene
expression, it should not be used to infer protein expression. While correlations
between mRNA and protein expression levels have been found, most notably in
human cancers and yeast cells, these are generally limited. This is due to posttranscriptional or post-translational modifications that play a role in the expression of
genes and the substantial differences between the half-life of different transcripts and
proteins in vivo (154). Q-PCR also measures gene expression at a single time point
whereas protein levels detected by ELISA, for example, represent an accumulation of
protein over time. By contrast, there has been a report of a good correlation between
human PBMC cytokine mRNA levels and protein levels (155), but this relationship is
dependent on individual cytokine dynamics (156). Despite this challenge in assigning
functional interpretations to gene expression data, Q-PCR has been applied in a variety
of veterinary settings to investigate in vitro MAP infection dynamics (41, 157) and is an
informative technique to study the immune response of cervids to pathogenic
mycobacteria (91, 95, 158-160). Indeed, sequence-based mRNA assay methodologies
are very often the only available recourse in non-model organisms.
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Considering that the purpose of this study was to discover differences between
genetically disparate groups of animals that are resistant or susceptible to MAP
infection, it was of little consequence if mRNA levels do not accurately reflect protein
levels.

Irrespective, mRNA levels could provide surrogate markers for extreme

phenotypes, which would be relevant providing mRNA expression levels remain
constant between animals of a given genotype.

As outlined in Chapter 1.5.1, Q-PCR is limited to analysing the expression of candidate
genes that are considered to play a role in any complex condition. To overcome this
and to discover novel cellular pathways involved in the response to MAP infection, the
gene expression of red deer MDM was analysed at a global level by RNA-Seq using the
Illumina HiSeq 2000 platform. Two programs were used to analyse quantitative
aspects of the gene expression data obtained from the RNA-Seq project. These were
DNASTAR ArrayStar with QSeq and the Database for Annotation, Visualization and
Integrated Discovery (DAVID) Pathway Analysis.

2.2 Ethical Approval
All experimental manipulations on animals were carried out under ethical approval
from the Invermay AgResearch Animal Ethics Committee. Ethics approval licence
numbers for the blood sampling of animals were AE#12102 (‘Defined Genotype’ and
‘Predicted Genotype’) and AE#11734 (‘Defined Phenotype’).

2.3 Animals
The animals used for the development of methodology were based at AgResearch
Invermay or farmed on a private property located on the Taieri plains. Early in this
project, it was determined that young animals, less than two years of age, were
optimal for macrophage cultures as the number of circulating monocytes are at a
maximum when the animal is young (14, 161). Consequently, throughout the project,
efforts were made to sample animals less than two years of age.
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Three groups of red deer were used to address the hypotheses to be tested in this
project. The first group of experimental red deer included in this study had previously
been part of an experimental MAP challenge trial held at AgResearch Invermay under
the supervision of veterinarian, Dr Colin Mackintosh. This group was comprised of
three R and three S animals, classified by a Defined Phenotype as each animal’s R or S
status had been confirmed following elective necropsy. The initial trial was carried out
in 2010 and involved 18 red deer that were progeny of two sires – an R sire that whose
progeny had historically recorded low incidence of natural MAP infection and Johne’s
disease; and an S sire, whose progeny were considered to be extremely susceptible to
Johne’s disease based on their response to natural infection with MAP. At 3 – 4
months of age these 18 progeny were challenged orally with MAP and monitored over
a 49 week period. At the end of the trial period, the animals were euthanized and
samples taken to determine their disease status.

The results of this study have been published by Mackintosh et al. (16) and the subset
of six animals used in this project are presented in Table 2.1. Three of the animals
exhibited an S phenotype determined by clinical signs of Johne’s disease with a high
histopathology score (>8, multibacillary) and confirmatory ParalisaTM positive status.
Another three animals had low to no pathology in their tissues and were below the
positive threshold for the ParalisaTM at the end of the trial – these animals were
considered to express an R phenotype after MAP challenge. Blood samples for MDM
culture were obtained from these six animals one week before euthanasia at the
completion of the experimental infection trial.
Table 2.1: Animal Information – ‘Defined Phenotype’ Group
Animal #

77
80
90
84
89
92
MB = multibacillary

Sire

Sex

S
S
S
R
S
R

M
M
M
M
M
F

Results at 49 weeks post challenge
Histopathology
R or S Phenotype
TM
Paralisa
Score
11MB
Positive
S
11MB
Positive
S
13MB
Positive
S
5
Negative
R
3
Suspect
R
0
Negative
R
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A limitation of studying the experimentally MAP-challenged animals of the Defined
Phenotype group was that the immune response of the S animals was likely to be
affected by the in vivo infection and would not reflect a naive, innate immune
response to MAP. Two additional groups of animals were used in this project to assess
differences in the macrophage response between naive R and S animals.

The second group of animals was comprised of 20 yearling animals from the Peel
Forest Estate deer stud farm in South Canterbury. In this group, there were 10 females
and 10 males which were all ParalisaTM negative and were considered MAP-free at the
time of testing. There is a considerable database of breed value parameters, pedigree
and infection/disease status as measured by ParalisaTM status of all the animals born
on Peel Forest Estate from 2000 onwards. This information was especially important
to ensure the selection of animals with genotypes that could be linked with resistance
and susceptibility to MAP infection.

The whole herd genotype database was analysed by bioinformaticians and the
geneticist, Dr Allan Crawford, at AgResearch Invermay, to generate Johne’s Breed
Values (JBV) which gave a probability score that an animal would resist infection or
develop clinical Johne’s disease and become ParalisaTM positive following exposure to
MAP. A positive JBV implies an animal is susceptible to infection whereas a negative
JBV is indicative of a level of resistance to Johne’s disease. The JBV was calculated
using existing ParalisaTM and clinical Johne’s disease incidence of progeny born on the
property since 2000.

Using this information, a JBV was calculated for each of the yearling animals born in
2009 and an appropriate group of R and S animals selected for sampling. This was
done by averaging the JBV of the individual animal’s dam and sire.

The final

experimental group comprised 20 animals selected on the basis of their JBV including
10 susceptible and 10 resistant animals. These animals were chosen with JBVs at each
end of the scale as shown in Table 2.2. This group of 20 animals has been called the
‘Defined Genotype’ group.
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Table 2.2: Animal Information – ‘Defined Genotype’ Group
Animal #

Sex

Sire JBV

Dam JBV

Animal JBV

R or S

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

M
F
F
M
F
F
F
F
M
M
M
F
M
M
F
M
F
M
M
F

0.06
0.06
-0.30
-0.65
0.04
-0.40
-0.40
-0.16
-0.35
0.04
0.18
0.26
-0.16
0.01
0.18
0.26
0.04
-0.40
-0.65
-0.35

0.39
0.51
-0.35
-0.49
0.47
-0.59
-0.53
-0.54
-0.42
0.91
0.57
0.37
-0.54
0.42
0.37
0.40
0.39
-0.27
-0.03
-0.36

0.23
0.29
-0.33
-0.57
0.25
-0.49
-0.46
-0.35
-0.39
0.48
0.37
0.32
-0.35
0.22
0.27
0.33
0.21
-0.33
-0.34
-0.36

S
S
R
R
S
R
R
R
R
S
S
S
R
S
S
S
S
R
R
R

The third group of animals were selected to represent animals of an unknown but
predicted R/S type from historical breed and sire information. These animals were
sampled at 5 – 6 months of age and at the time of sampling were all ParalisaTM
negative. They were the progeny of an artificial insemination programme using semen
from three stags – the R animals were all the progeny of one R sire, represented above
in Table 2.2, having sired Animals #4 and #19. The S animals were the progeny of a
stag which had historically demonstrated susceptibility to tuberculosis, siring
susceptible progeny that were considered to be a classic S breed type for
mycobacterial pathogens.

A third sire with an undetermined phenotype, but of

intermediate genotype, was also included.

The dams were outbred females of

indeterminate genotype so the phenotype of the progeny related directly to the
genotype of the sire. The thirteen animals included in this group, called the ‘Predicted
Genotype’ group, and they are represented in Table 2.3.
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Table 2.3: Animal Information – ‘Predicted Genotype’ Group
ANIMAL

Sex

SIRE

R or S

A

M

R

R

B

M

R

R

C

M

TB S

S

D

F

TB S

S

E

F

TB S

S

F

M

S

S

G

M

R

R

H

M

TB S

S

I

F

S

S

J

M

R

R

L

F

R

R

N

M

S

S

O

F

R

R

2.4 Blood Sample Collection
Blood samples were obtained as required from animals which were physically
restrained in an appropriate a crush or by experienced animal handlers. Blood was
collected by jugular venepuncture by trained, experienced technicians or veterinarians
into citrate phosphate dextrose-containing blood bags (Pharmaco, New Zealand) and
mixed to prevent clotting. The blood was stored at room temperature until processing
in the laboratory within four hours post-sampling. Animals which became agitated
during handling showed no difference in samples downstream from collection. To
limit stress on both the animals and the handlers, a trial involving mild sedation of the
animals was carried out to facilitate the collection of the relatively large blood samples
(200-400mL). Xylazine (0.3mg/kg) was administered by a veterinarian and blood
samples collected before and after sedation. The resulting monocyte cell numbers
extracted from the blood was reduced significantly and the mature macrophage
immune response was altered when animals were sedated compared to when they
were physically-restrained. In light of this, it was decided to obtain all samples from
non-sedated, physically-restrained animals for in vitro experiments.
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2.5 Monocyte-derived Macrophage Cell Culture
Whole blood was poured into 500mL or 1 L glass bottles and mixed 1:1 with cold
citrated RPMI-1640 (3.83g tri-sodium citrate per litre) (Gibco, Life Technologies, USA).
The blood/RPMI-1640 mixture (40mL) was carefully layered over 7.5mL Histopaque
1083 (Sigma-Aldrich, USA) in 50mL centrifuge tubes (Becton Dickinson, USA) and
centrifuged for 20 minutes at 600g. The mononuclear cells at the interface were
removed by aspiration, added to 225mL centrifuge tubes (Becton Dickinson, USA)
containing 60mL citrated RPMI-1640 and centrifuged for 15 minutes at 500g. A wash
step followed, which involved resuspending the cells in 150mL citrated RPMI-1640,
centrifugation at 500g for 15 minutes and then resuspending in 40mL RPMI-1640
(Invitrogen, Life Technologies, USA) supplemented with 4mM L-Glutamine. At this
point, a Countess® Automated Cell Counter (Invitrogen, Life Technologies, USA) was
used to count the cells and the concentration adjusted to 4 – 6 x 106 live cells per
millilitre. Two millilitre and 10 mL of the cell suspensions were aliquoted into slide
flasks (Nunc, Thermo Fisher Scientific, Germany) and 25cm2 vented cell culture flasks
(Becton Dickinson, USA) respectively.

The cell culture vessels were incubated at 39°C in 5%CO2 for 2 hours to select for cells
(predominantly monocytes) that adhered to the plastic surface. Media was then
removed and the culture vessels were washed once with warm PBS followed by the
addition of RPMI-1640 containing 10% deer serum.

The culture vessels were

incubated for 24 hours at 39°C/5%CO2 and then were washed thoroughly with warm
PBS and 10% deer serum RPMI-1640 was added back in. The macrophage cultures
were allowed to mature for 7 to 10 days. Macrophages were counted on the Olympus
IX-71 inverted microscope (Olympus, Japan) and generally ranged from 3x105 to 1x106
per flask at the end of the culture process, with animal to animal variation playing a
role in determining final macrophage yield.

An important culture condition mentioned above is the temperature at which deer
cells are incubated, 39°C, which is different to the standard cell culture temperature of
37°C. In other model systems, incubation temperature has been found to have an

- 34 -

Chapter 2 – Materials and Methods

effect on macrophage function in terms of host phagocytosis of an infecting
microorganism and subsequent gene expression of both (162, 163). Early in the
optimisation of the cell culture protocol, incubation temperature was observed to
have an impact on the gene expression of deer macrophages to certain stimuli (as
assayed by Q-PCR). The 39°C temperature was chosen and used in all subsequent cell
culture experiments because it is close to the normal core body temperature of red
deer.

2.6 Confirmation of MDM Phenotype
During initial experiments, the macrophages generated, using the method outlined in
Section 2.5 above, were examined for the phenotypic characteristics of macrophages.
Figure 2.2 illustrates the development of deer MDM over the 7 day culture period – at
day 0, small round monocytes have attached to the plastic surface along with looselyattached mononuclear cells, possibly B cells. By day 3, these additional mononuclear
cells have detached and been washed away leaving the monocytes which are
becoming enlarged and irregular in shape. At day 7, the cells had taken on the
characteristic appearance of macrophages in culture – they are large and irregular in
shape with extended pseudopodia. As visualisation of cultured MDM alone is not
sufficient to confirm these cells as macrophages, additional methods were used and
are detailed below. These experiments were conducted on macrophages during the
developmental stages of this project and were not used on cells obtained from the
experimental groups of animals.
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A

B

C

Figure 2.2: Monocyte to macrophage development. A – Day 0, B – Day 3 and C – Day 7 MDM Culture
from an individual animal.

2.6.1 MDM Staining Reactions
At day 7, the MDM were stained for α-naphthyl acetate esterase. This enzyme is
detected primarily in monocytes and macrophages and is virtually absent from
granulocytes and other leukocytes. The test was carried out using α-Naphthyl Acetate
Esterase Staining Kit 91A (Sigma Aldrich, USA) according to the manufacturer’s
instructions.

Briefly, deer MDM were incubated with α-naphthyl acetate in the
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presence of freshly formed diazonium salt. Enzymatic hydrolysis of ester linkages
liberated free naphthol compounds which then coupled with the diazonium salt in the
cell, forming black-coloured deposits at sites of enzyme activity. Figure 2.3 indicates
that deer MDM at day 7 of culture have a strongly positive reaction for α-naphthyl
esterase, confirming the monocytic lineage of these cells.

Figure 2.3: α-naphthyl esterase stain of MDM after 7 days of culture (20X magnification).

Further confirmation of the MDM phenotype included analysing CD14 expression by
flow cytometry. CD14 is a molecule present on the surface of macrophages and
monocytes and to a much lesser extent on the surface of neutrophils and dendritic
cells. At day 7 of culture, MDM were physically removed from the plastic culture
surface by scraping and were stained for CD14 using the monoclonal antibody CAM36A
(Veterinary Medical Research & Development Inc., Washington State University, USA)
which had previously demonstrated CD14 cross-reactivity for a wide range of species,
including deer (14, 164).

The method used to label and enumerate different

populations of deer mononuclear cells was developed by Robinson (14) and was used
here to confirm the cell phenotype as CD14 positive. The recovery of CD14+ cells from
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different animals ranged from 67 to 90% which is in agreement with independent
figures published for bovine MDM of around 73% (165).

2.6.2 MDM Response to Stimuli
The capacity of deer MDM to phagocytose bacteria was also assessed to confirm the
functional behaviour of these cells – Figure 2.4 presents a Ziehl-Nielsen stain of a deer
MDM which has ingested MAP bacilli (MAP infection protocols are detailed below in
Section 2.7.1). To test the ability of deer MDM to kill ingested bacteria, E. coli was
used as the infecting microorganism because of its rapid doubling time compared to
MAP (30 minutes vs. 24 hours). Deer MDM were incubated with E. coli at a MOI of
10:1 for two hours and then the non-ingested bacteria were washed away. The MDMs
were lysed and the lysate plated on tryptic soy agar at zero hours, 1 hour and 2 hours
after the phagocytosis period.

Bacterial numbers dropped rapidly (from 10 6 colony

forming units to zero), with no E. coli recoverable at the two hour time point, providing
evidence for the ability of deer MDM to kill phagocytosed bacteria.

10 μm
Figure 2.4: Ziehl-Nielsen stain of deer MDM (blue nucleus) which has phagocytosed MAP (red, acidfast microorganisms) at 100X magnification.

Bovine MDM, like macrophages in vivo, respond to IFN-γ by becoming activated and
producing inflammatory molecules (87). To test the capacity of deer MDM to be
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stimulated by IFN-γ, recombinant cervine IFN-γ (166) at 10μg/mL was added to
macrophage cultures and the inflammatory gene expression monitored. The MDM
from two deer upregulated the expression of iNOS at 270-fold and 1236-fold in
response to IFN-γ, compared with the untreated MDM after 18 hours. Inflammatory
gene expression was also induced by CD40-CD40L signalling between T cells and
macrophages.

To investigate the ability of deer MDM to be stimulated by this

signalling pathway, soluble recombinant human CD40L (Santa Cruz Biotechnology,
USA) was added at 1μg/mL for 6 hours. A substantial upregulation (greater than 20fold) in iNOS, IL-1α, TNF-α, IL-6 and IL-23p19 gene expression was observed for all six
animals tested in response to CD40L treatment compared to untreated control MDM
from the same animals. The inflammatory gene expression response of deer MDM to
IFN-γ and CD40L provided additional support to confirm the deer MDM cultured in
Section 2.5 had the phenotype and functional capacity of macrophages.

2.7 In vitro Treatments of MDM
Three treatments were applied to the MDM from the animals under study. Infection
with MAP was used to investigate differential MAP-specific responses between all of
the R and S animals used in this project. The two other treatments, CD40L treatment
and plasma treatment, were used on a subset of the animals sampled in this study.
The rationale behind these two treatments was that a macrophage cultured in vitro
lacks important signalling cues from other cells of the immune response.

To

compensate for the absence of direct T cell signalling, Simutis’ group (63) added
autologous T cells to macrophage cultures but this was not feasible for the samples
and culture system used in this study. Another group has used soluble CD40L as a
partial replacement for T cell signalling (84) – CD40L is a protein present on T cell
surfaces and interacts with the CD40 molecule on a macrophage’s surface, providing
stimulatory signals to the macrophage. The addition of exogenous, soluble CD40L to in
vitro human monocyte and macrophage cultures has been shown to increase the
expression of a range of molecules (iNOS, IL-12, TNF-α and IL-10) in the cultured cells
(167-169).
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The final treatment that was used on the MDM from some animals was the addition of
autologous or heterologous plasma. The plasma was generated from whole blood
which had been infected with MAP for 72 hours and was presumed to contain
bioactive cytokines and other molecules that a macrophage may respond to in vitro.

2.7.1 MAP Infection
The bacterial strain used to infect the macrophage cultures was Mycobacterium avium
subspecies paratuberculosis K10, originally isolated from clinically diseased cattle in
the US (38). It is the prototype ATCC strain of MAP used by researchers internationally
and was also chosen because it is a virulent, low passage clinical bovine strain, typical
of the strains identified as causing Johne’s disease in red deer (8).

The isolate was characterised for the genetic elements IS900, IS1311 and F57 to verify
the typing was consistent with a bovine strain of MAP (Figure 2.5). The strain was
positive for IS900 and F57 which distinguish it from other members of MAC. The
isolate also demonstrated the correct number of bands for IS1311 typing, thus
confirming its identity as a bovine strain of MAP. Aliquots of this microorganism were
stored at -80°C and a fresh, restored culture (passage three) was used in each
experiment. The MAP culture was incubated in Middlebrook 7H9 media (Fort Richard
Laboratories, NZ) supplemented with OADC and mycobactin J (Allied Monitor, USA), on
a stirrer at 37°C.

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5
439bp
281bp
268bp

400bp

A

B

257bp

C

Figure 2.5: MAP K10 Strain Typing. Panel A – IS900 (1 = MAP K10, 2 = MAP JD3 Ovine Control,
3 = MAP 316F Bovine Control, 4 = Negative Control, 5 = 50 bp Ladder), Panel B – IS1311 (1 =
MAP K10, 2 = MAP JD3 Ovine Control, 3 = MAP 316F Bovine Control, 4 = Negative Control, 5 =
50 bp Ladder) and Panel C – F57 (1 = MAP K10, 2 = MAA Wag206, 3 = MAP 316F Bovine
Control, 4 = Negative Control, 5 = 50bp Ladder)

- 40 -

Chapter 2 – Materials and Methods

At day 7 – 10 of culture, mature MDM were washed twice with warm PBS and 10%
deer serum RPMI-1640, without gentamicin, was added to the cells. The cells were
subsequently infected with MAP K10 at a multiplicity of infection of 10 MAP to 1
macrophage (MOI 10:1). The tissue culture vessels were incubated for two hours at
39°C/5%CO2 before washing twice with warm PBS and replacing the gentamicin-free
media with 10% deer serum RPMI-1640 with gentamicin. The tissue culture vessels
were then incubated for a further 22 hours before the media was removed and 500μL
ISOLATE RNA Lysis Buffer (Bioline, USA) was added. The cells were checked to verify
lysis had occurred before storing the flasks at -20°C prior to subsequent total RNA
extraction.

2.7.2 CD40L Treatment
To examine the effects of CD40L on the macrophage response to MAP, the soluble
form of CD40L was added to MDM cultures of the animals of the Defined Genotype
group. Recombinant human CD40L (Santa Cruz Biotechnology, USA) was obtained and
a dilution series was tested to establish the sub-optimal concentration to stimulate the
macrophages. This concentration was determined to be 62.5ng/mL. CD40L was added
to macrophage cultures either previously infected with MAP or uninfected at the 18
hour time point during the experiment.

2.7.3 Plasma Treatment
The macrophages from the Defined Genotype animals were treated with heterologous
plasma. This plasma was generated from two animals – an R animal and an S animal.
The R animal had tested ParalisaTM positive at one year of age and cleared the MAP
infection to become consistently ParalisaTM negative on subsequent tests. The S
animal had a chronic MAP infection as determined by consistently positive Paralisa TM
tests over several years. The plasma from these animals was obtained by infecting
whole blood samples with MAP at an MOI of 10:1 (10 MAP to 1 monocyte) for 72
hours and then removing the plasma by aspiration. The plasma samples were filter
sterilised and stored at -80°C until use with the MDM cultures. Plasma was added to
the cultures so that the total plasma and serum concentration would not exceed 10%
of the total media (5mL media contained 400μL deer serum and 100μL deer plasma).
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The plasma was added to macrophage cultures that were infected with MAP or
uninfected at the 18 hour time point during the experiment. In order to polarise the
response of the macrophages towards resistance or susceptibility, the macrophages
from R animals were treated with plasma from the R animal and the macrophages
from the S animals with the plasma from the S animal.

The macrophages from the Predicted Genotype animals were treated with plasma
which had been generated from autologous blood samples.

The plasma was

generated as above and the same treatment procedure was followed.

2.8 Fluorescent Microscopy
Fluorescent microscopy was used to investigate MAP infection and apoptosis rates in
the MDM cultures of the animals under study using an adaption of a method published
by Kelly et al (72). Apoptotic cell death in MDM cultures was detected by the terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) system. This method
identifies DNA fragmentation that can result from apoptotic signalling cascades. A
fluorescent acid-fast stain was used to label MAP organisms in the MDM cultures.

2.8.1 Preparation of Slides
To prepare slides for fluorescent staining, the serum media was removed from the
slide flask and the flask apparatus was removed. The slides were fixed with 4%
paraformaldehyde in PBS (pH 7.4) for 15 minutes and washed with PBS. Cells were
permeabilised by flooding the slides with 0.1% Triton X-110 in 0.1% sodium citrate and
incubating on ice for 2 minutes. The slides were washed with PBS at which point the
slides were ready for TUNEL staining.

2.8.2 TUNEL Staining
The In Situ Cell Death Detection Kit (TMR red; Roche Applied Science, Switzerland) was
used to stain cells for apoptosis using TUNEL technology. Macrophages in slide flasks
were treated with staurosporine (Sigma-Aldrich, USA) at 200ng/mL for 4 – 6 hours as a
positive control for apoptosis. Staining was carried out following the recommended
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protocol where 5μL of Enzyme Solution and 45μL of Label Solution was added to each
slide preparation before the slides were covered with parafilm and incubated in a
humidified atmosphere for 60 minutes at 37°C in the dark. Slides were then rinsed
thoroughly with PBS and immediately stained for acid-fast organisms.

2.8.3 Acid-Fast Fluorescent Staining
To stain acid-fast organisms which had been phagocytosed by macrophages, the TB
Fluorescent Stain Kit M (Becton Dickinson, USA) was used, following the Morse
Staining procedure but omitting the TB Potassium Permanganate counterstain step.
The slides were flooded with TB Auramine M for 15 minutes and washed gently in
running water before decolourising with TB Decolouriser TM for 30 – 60 seconds and
washed gently again.

2.8.4 Hoechst Nuclei Staining
To counterstain the nuclei of macrophages on the slides, the fluorescent blue Hoechst
33342 dye (Invitrogen, Life Technologies, USA) was used. It was applied to the slides at
2μg/mL for 15 minutes in the dark, at room temperature before the slides were rinsed
in water before ProLong® Gold Antifade Reagent (Invitrogen, Life Technologies, USA)
and coverslips were placed on the slides. The slides were stored in the dark at 4°C
until analysis under a fluorescent microscope.

2.8.5 Analysis by Fluorescent Microscopy
For each animal and treatment, at least 75 cells were counted on the 20X or 40X
objective lens on an Olympus BX-510 upright microscope (Olympus, Japan). A constant
exposure time was maintained for each fluorophore across each slide. The number of
cells infected with MAP and TUNEL positive (apoptotic) was counted and recorded.
Infected cells were further recorded as containing less than 10 MAP per cell, 10 – 20
MAP per cell or greater than 20 MAP per cell.
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2.9 Cell Death Detection by LDH Release
An alternative way of investigating cell death is to measure the amount of lactate
dehydrogenase (LDH) released into the supernatant of cell cultures. This molecule is a
stable cytoplasmic enzyme and its release from within cells is a measure of cell death
or lysis – it is rapidly released from the cell following damage to the plasma
membrane.

The Cytotoxicity Detection Kit (LDH; Roche Applied Science, Switzerland) was used to
quantify the level of LDH in the cell-free supernatants of the macrophage cultures after
MAP infection (Section 2.7.1), staurosporine treatment (Section 2.8.2.) or no
treatment. These macrophage cultures were maintained with 1% deer serum RPMI1640 during treatment as a higher concentration of serum distorted the LDH readings.
Briefly, 100μL of sample and media alone (negative control) was pipetted in triplicate
wells of an optically clear 96 well flat bottom microplate (Nunc, Thermo Fisher
Scientific, Denmark). Two hundred and fifty microlitres of reconstituted lyophilisate
was mixed with 11.25mL of the dye solution. One hundred microlitres of this mixture
was added to each well and the plate was incubated for 20 – 30 minutes at room
temperature in the dark. The absorbance of the samples was measured at 490nm,
with a reference wavelength of more than 600nm, using an ELISA plate reader (Bio-Rad
Model 3550 Microplate Reader, Japan) and results are presented in optical densities
(OD).

2.10 Nitric Oxide Detection
Due to the lack of antibody reagents to detect cervine proteins it was not feasible to
correlate gene expression with protein expression in this model system. However, the
Griess reaction is a well-established colorimetric assay used to detect nitrite (170), the
downstream product of nitric oxide, and was used here to provide a correlate of iNOS
gene expression. Briefly, this method involved collecting cell culture supernatants
after all of the treatments in Section 2.7 and incubating triplicate 50μL aliquots of each
with 50μL sulfanilamide solution in a 96-well microtitre plate (Nunc, Thermo Fisher
Scientific, Denmark) for 10 minutes at room temperature in the dark. This was
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followed by adding 50μL 0.1% N-1-naphthylethylenediamine dihydrochloride in water
and incubating for a further 10 minutes in the dark at room temperature. The optical
density was then measured at 540nm on an ELISA plate reader (Bio-Rad Model 3550
Microplate Reader, Japan). A positive control was used in the form of the supernatant
of a murine macrophage cell line (RAW264.1) which had been stimulated with LPS. All
deer macrophage samples that were tested yielded very little or no detectable nitrite
whereas the murine positive control produced 50μM concentrations of nitrite.

2.11 Candidate Gene Expression Analysis by Q-PCR
Since its discovery in the early 1980s, PCR has been widely accepted and adapted to
many biological contexts to investigate gene expression (150, 151). In this project, the
detection of the PCR-amplified product is by SYBR green – a simple and reproducible
means to quantify genes that are expressed at moderate to high levels although other
detection methods which use fluorogenic probes (e.g. TAQMAN) may be more
appropriate where genes are expressed at very low levels (171). On account of the
substantial number of gene expression assays designed in this project and the relative
costs of the two methods, SYBR green was chosen as the detection method of choice.

2.11.1

Total RNA Extraction

The ISOLATE RNA Mini Kit (Bioline, UK) for total RNA extraction from eukaryotic cells
was used and the protocol followed according to the manufacturer’s instructions with
some adjustments. Tissue culture flasks containing the cell lysate were defrosted at
room temperature and the lysate was transferred to the Spin Column R1 in a
Collection Tube. The tubes were centrifuged at 10,000g for 2 minutes and the filtrate
was mixed with 500μL 70% ethanol. The homogenised lysate/ethanol mixture was
transferred to Spin Column R2 in a Collection Tube and the tube was centrifuged for 2
minutes at 10,000g. The spin column was placed in a new Collection Tube and 250μL
of Wash Buffer AR was added to the spin column. The tube was centrifuged at
10,000g for 1 minute. At this point, an on-column DNase digestion (Qiagen, Germany)
of the RNA on the filter was performed. Ten microlitres of DNase I enzyme was diluted
with 70μL Buffer RDD and this mixture was then pipetted directly onto the spin column
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filter.

The column was incubated at room temperature for 15 minutes before

continuing with the ISOLATE RNA Mini protocol. Two hundred and fifty microliters of
Wash Buffer AR was added to the column and the columns were then centrifuged at
10,000g for 1 minute. The spin column was placed in a new Collection Tube and 700μL
Wash Buffer BR was added before centrifuging at 10,000g for 1 minute. The spin
column was placed in a new Collection Tube and centrifuged at 10,000g for 2 minutes
to remove all traces of ethanol. The spin column was then placed in an Elution Tube.
Forty microlitres of RNase-free water was added directly to the spin column filter and
the tube was incubated at room temperature for 1 minute before centrifuging at
6,000g for 1 minute to elute the RNA.
The quantity of RNA was estimated by UV spectroscopy using a NanoDropTM
spectrophotometer with NanoDrop software version 3.0.1 (Thermo Fisher Scientific,
USA).

Random samples were taken to check for RNA integrity on an Agilent 2100

Bioanalyzer (Agilent Technologies, USA).

The quality of sample RNA is very important in determining the success of downstream
applications. RNA is sensitive to rapid digestion by RNase enzymes which generate
shorter fragments of RNA (172). The Agilent 2100 Bioanalyzer is a precise that
visualises the sizes of the RNA species in a small aliquot of the sample and is also
capable of numerically grading RNA quality by assigning an RNA Integrity Number (RIN)
– an example of the profiles generated by good-quality RNA (RIN = 10) and degraded
RNA (RIN = 3) is presented in Figure 2.6. While there appear to be differences in the
sensitivity of some genes to RNA quality, in terms of detection by Q-PCR (173), most
often a high-quality RNA sample will lead to a lower Ct value than a lesser-quality RNA
sample (174, 175).

However, moderately degraded samples may still lead to a

reasonable Q-PCR profile if appropriate normalisation of samples is undertaken (173).
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A

B

Figure 2.6: Example output of an assessment of RNA quality by the Agilent
2100 Bioanalyzer (A = high-quality RNA, B = low-quality RNA).

The random samples taken to assess RNA quality were all of a RIN of above 7,
indicating little degradation of the samples. RNA was stored at -20°C until reverse
transcription, after which the remaining total RNA was stored at -80°C.

2.11.2

Reverse Transcription

The SuperScript® VILO™ cDNA Synthesis Kit (Invitrogen, Life Technologies, USA) was
used according to the manufacturer’s instructions to synthesize first strand cDNA from
the mRNA in the total RNA sample. Briefly, 4μL 5X VILO™ Reaction mix and 2μL
SuperScript® Enzyme Mix was added to ≤1000ng total RNA in ≤14μL. Total RNA
amounts reverse transcribed were normalised for each treatment among individual
animals. Where necessary, the reaction volume was made up to 20μL with RNase-free
water. The reaction mixture was mixed and incubated at 25°C for 10 minutes followed
by incubation at 42°C for 60 minutes before terminating the reverse transcription
process by incubating at 85°C for 5 minutes. The resulting cDNA was diluted 1 in 4
with water and stored at -20°C until use in Q-PCR experiments.
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2.11.3

Q-PCR – Target Gene Selection

The first step in preparing Q-PCR assays is the selection of appropriate reference genes
and target genes. The target genes are the genes of interest to the researcher
whereas the reference genes code for housekeeping molecules, so called because their
synthesis occurs in all nucleated cell types since they are necessary for cell survival.
Suitable reference genes are crucial to accurately determine relative changes in gene
expression (176, 177).

The purpose of the reference gene is to normalize the

downstream Q-PCR assay for the amount of mRNA added to the upstream reverse
transcription reactions – if, in an untreated sample, 100ng of mRNA was reverse
transcribed versus 50ng in a treated sample, the reference gene would ensure that the
Q-PCR data from these two samples is normalised so that they are directly comparable
(177, 178).

In order to reach the standard of a reference, the genes’ expression must remain
constant across all experimental conditions. Many commonly used reference genes,
such as β-actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), are often
considered to be subject to little fluctuation in response to external stimuli and, by
their commonplace use, are considered in many laboratories as constant and secure.
However, numerous studies have shown that even these genes vary greatly in their
expression under different laboratory conditions (151). This may partly be explained
by the fact that housekeeping proteins are not only implicated in the basal cell
metabolism but also participate in other functions (177, 179). Indeed, a recent study
assessing the suitability of commonly used reference genes in Q-PCR on MAP-infected
RAW264.7 cells found only one (casc3a) showed the consistent expression in response
to the experimental conditions, required for use as a reference gene (176).

For this reason, a panel of genes reported to be suitable to normalise mRNA levels in
human

monocytes

in

vitro

(peptidyl-prolyl

cis-trans

isomerase

B

(PPIB),

transmembrane BAX inhibitor motif-containing protein 4 (TMBIM4), golgin subfamily A
member 1 (GOLGA1), phosphoglycerate kinase 1 (PGK1) and c-terminal-binding
protein 1 (CTBP1)), were tested as well as those that have historically been used as
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reference genes in Q-PCR assays in the Disease Research Laboratory (β-2 microglobulin
(B2M) and GAPDH). The performance and suitability of these genes was assessed by
Normfinder and GeNorm software and the ranking of each gene is shown in Figure 2.7.
Two genes (B2M and PPIB) were selected to normalise the Q-PCR data in this project
as it has been shown that the use of more than one reference gene is a more reliable
method of generating reproducible expression data (152, 153, 179).

From both

analyses, PPIB was ranked the most stable housekeeping gene and B2M was the third
most stable gene – the latter was selected to provide continuity with previous
investigations in the Disease Research Laboratory, which had earlier confirmed its
acceptable normalisation performance.

In fact, all the genes investigated were

sufficiently stable to be used to normalise gene expression data, although the use of

Expression stability (M value)

GAPDH was discontinued because of its relatively higher variability.
0.5
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Figure 2.7: Average expression stability values of selected reference genes as ranked by GeNorm. An
M value of less than 0.5 is considered to be acceptable for use as a housekeeping gene.

Following the selection and validation of appropriate reference genes, target genes
were chosen from literature searches.

These genes represented key molecular

responses of the macrophage to infectious and stimulatory factors. Inducible nitric
oxide synthase (iNOS) was chosen as it has been reported to play a role in the bovine
MDM response to MAP (64). The NOS2 gene was used to design primers for this assay.
IL-α, TNF-α and IL-6 are key pro-inflammatory cytokines associated with macrophage
function and have been described as important molecules in the innate response to
mycobacterial pathogens (75, 77). IL-10 is an anti-inflammatory, regulatory cytokine
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that is produced by macrophages to dampen down excessive inflammation and its
expression is thought to play a role in both protecting the host from MAP-related
pathology and the subversion of the immune response by the microorganism (89).

The inflammatory cytokine, IL-23, is implicated in the pathology of human
inflammatory bowel disease, particularly CD (180) and has also been implicated in
Johne’s disease (95). This cytokine is made up of two protein subunits, p19 and p40.
The p19 subunit is specific to IL-23, and so has been chosen to represent IL-23
expression, whereas the p40 subunit is shared with IL-12. The latter is also a cytokine
of interest, representing a key molecule in the Th1 pathway thought to provide
protection in mycobacterial disease (181). It is made up of the p40 and p35 subunit –
the p35 gene was used to design primers that would specifically detect IL-12 gene
expression. Lastly TLR-2 was chosen as a candidate gene of interest as it is a key
signalling molecule for activation of macrophages and is responsible for detecting the
components of MAP following infection (51).

2.11.4

Q-PCR – Primer Design

Q-PCR primers had previously been developed for some of the target and reference
genes (B2M, GAPDH, IL-10, IL-1α, TNF-α, IL-6, IL-23p19) (95). For those genes that had
not been investigated, primers were designed as follows.

Cervine sequence

information was obtained from the AgResearch Cervine Genome Database using the
coding sequence information of the relevant bovine gene and a BLAST-like tool.
Bovine splice sites were identified from the UCSC Genome Browser (182) and mapped
to the corresponding location in the cervine sequence. Primer Express version 2.0
software (Applied Biosystems, Life Technologies, USA) was used to design primers that
would span the marked splice sites and so prevent possible amplification of genomic
copies of the target gene. Primers were synthesised at a commercial facility (Sigma
Aldrich, USA). Information for all primers for reference and target genes is presented
in Table 2.4. All primers for reference and target genes were confirmed to amplify a
single product of the expected size according to gel electrophoresis and dissociation
curves (Appendix 1 and 2).
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Table 2.4: Primers used in this Project
Target

Primer Sequence

Amplicon
size (bp)

Accession
Number

Β2M forward
GGCTGCTGTCGCTGTCT
75
DQ482731.1
Β2M reverse
TCTGGTGGGTGTCTTGAGTACA
PPIB forward
TGGCTACAAAGACAGCAAATTCC
148
NM_174152.2*
PPIB reverse
CCAGGCCCATAATGTTTAAGCT
TMBIM4 forward
TACAGCATCCTTTCTCTGCAAGTTC
142
NM_001014914.2*
TMBIM4 reverse
CTAAAATCAAACCCAAGGATCCA
GOLGA1 forward
TTCATTCAGCAACTTTCCATTGA
141
NM_001192954.1*
GOLGA1 reverse
CACATGTTCTTCCCCTGAGAGAT
GAPDH forward
CCACGGCAAGTTCAACGGCACAG
158
AY650282.1
GAPDH reverse
GGCGGCAGGTCAGATCCACAACA
CTPB1 forward
AGCACAACCACCACCTCATCA
111
XM_002688450.1*
CTBP1 reverse
CCTGGGCCAGTGCCTTCT
PGK1 forward
ACTGTGGCCTCTGGCATACC
121
NM_001034299.1*
PGK1 reverse
CACCCACAGGTCCATTCCA
iNOS forward
GAAGAGGCTGAGAAGCAGAGGTT
98
NM_001076799.1*
iNOS reverse
TCCAGCACCTCCAGGAATGT
IL-1α forward
ATCCACGAGGAATGCATCCT
147
EU860100.1
IL-1α reverse
AGAATCCTCTTCTGATACATAAGCAACA
TNF-α forward
AGGGAAGAGCAATCCCCAACT
123
U14683.1
TNF-α reverse
CTGAGCGTTGATGTTGGCTACA
IL-23p19 forward
GATGTCCCCCGTATCCAGTGT
114
EU860097.1
IL-23p19 reverse
CAGCAGCTTCTCGTAAAAAACCA
IL-12p35 forward
GCCTCAACTACTCCCAAAACCT
83
U57751.1
IL-12p35 reverse
GCAGGAGTAAAATTCTAGGGTTTGTC
IL-10 forward
CGGTGGAGCAGGTGAAGAG
71
U11767.1
IL-10 reverse
AAACTCACTCATGGCTTTGTAGACA
IL-6 forward
GGAGATCAGGAAAATGTCAAGGA
151
AY540191.1
IL-6 reverse
CGTTCTTTACCCACTCGTTTGAG
TLR-2 forward
GTGAAGAGCGAGTGGTGCAA
101
NM_174197.2*
TLR-2 reverse
TCAATGGGCTCCAGCAGAAT
* Accession number for corresponding bovine gene which was used to BLAST search the AgResearch
Cervine Sequence Database to obtain cervine sequence from which to design primers.

2.11.5

Q-PCR – Cycling Program

Q-PCR was undertaken in a 96-well format in 15μL reaction volumes per well. Master
mixes were prepared for each target to allow for accurate pipetting and each 15μL
reaction consisted of 7.5μL ABsoluteTM QPCR SYBR® Green mix (ABgene, Thermo Fisher
Scientific, UK), 1.05μL forward and reverse primers at 1μM (where the final
concentration of target gene primers is 70nM), 4.45μL water and 2μL of the
appropriate cDNA sample. The 96 well plates were analysed by the 7500 Fast RealTime PCR System (Applied Biosystems, Life Technologies, USA).
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The PCR cycling program was as follows:

Step 1

1 cycle

95°C

15 minutes

Step 2

40 cycles

95°C

15 seconds

60°C

1 minute

95°C

15 seconds

60°C

1 minute

95°C

15 seconds

Step 3

1 cycle

The purpose of step 3, after the amplification process of step 2, was to check that the
primers generated a single product which dissociated at a single, expected
temperature, and were not forming primer-dimers. Dissociation curves for each target
gene are presented in Appendix 2 and demonstrate that the primers designed for each
target molecule result in a single, specific product.

2.11.6

Q-PCR – Data Analysis

Once the Ct value for every Q-PCR assay was collected, it was used to determine the
relative expression levels of the target genes between different samples. This was
done using the comparative Ct method (∆∆Ct method) (150, 178). For each sample,
the difference in Ct values between the target gene and reference genes (the average
of B2M and PPIB, selected in Section 2.11.3) was calculated (the ∆Ct or normalised Ct).
In an untreated sample, this value represents the baseline or endogenous level of
target gene expression. Relative gene expression after treatment (or fold change) was
then calculated by subtracting the untreated control sample ∆Ct from the treated
sample ∆Ct to yield the ∆∆Ct. In the conventional ∆∆Ct procedure, the negative value
of the ∆∆Ct is used as an exponent of 2 to reflect the fact that the PCR doubles the
amount of product per cycle. However, PCR efficiencies can be influenced by many
factors and so this was taken into account to yield efficiency-corrected fold change
values.

PCR efficiencies for every Q-PCR experiment were calculated by exporting ∆Rn
(background-adjusted raw fluorescence values) for each reaction and cycle into
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LinRegPCR Software version 7.5 (183). This software calculated PCR efficiencies of
individual samples using linear regression which were then averaged to give a PCR
efficiency for every primer pair. The PCR efficiencies generated by LinRegPCR were
compared to the PCR efficiency calculated from the standard curve method. A cDNA
sample was serially diluted ten-fold and the levels of PPIB, iNOS and IL-1α in these
samples was analysed. The Ct values were plotted against the log cDNA dilution
(Figure 2.8A) and the slope of the curve was used to calculate the PCR efficiency as
previously described (178). This value was plotted against the average PCR efficiency
generated by LinRegPCR for the appropriate primer pair (Figure 2.8B). The PCR
efficiencies of the primers generated by the two methods were similar, supporting the
use of LinRegPCR software to calculate PCR efficiencies. The negative value of the
∆∆Ct was subsequently used as an exponent of the calculated PCR efficiency and
resulted in fold changes of expression in the treated sample relative to the untreated
control sample.

A

B

Figure 2.8: PCR efficiencies for a selection of primers, calculated from the standard curve (A) and
compared to the PCR efficiencies generated from LinRegPCR (B).

2.11.7

Statistical Analysis

To determine statistically significant differences in relative gene expression between
the R group and the S group, the Mann-Whitney test was performed on fold change
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values, when two treatments were compared. The Kruskal-Wallis test was used for the
comparison of three or more groups or treatments. As Ct values are an exponent, they
cannot be used in statistical tests that require a normal distribution (150).
Consequently, when comparing expression levels of target genes in untreated control
samples between the R and S groups, the normalised Ct values (∆Ct values) were logtransformed and the student’s T test was performed for each target gene. Significance
is expressed as either p<0.05, p<0.01 or p<0.001 as described.

2.12 Transcriptome Analysis by Next Generation Sequencing
The Illumina HiSeq 2000 platform was selected to perform transcriptome analysis of
MDM samples from R and S animals that had been infected with MAP in vitro. This
was due to the efficiency, practicality and sequencing output relative to cost of this
technology compared to other NGS services available to the market.

There are

multiple options offered by the Illumina platform which can be tailored to specific
research requirements – in this project, a single lane of the flow cell and paired-end
sequencing was used as this was projected to provide sufficient sequencing coverage
to analyse the transcriptome of MDM. Within this lane, eight samples were sequenced
– four animals’ MDM (two R and two S), uninfected and infected with MAP.

2.12.1

Preparation of MDM Samples

Transcriptome sequencing was undertaken on MDM samples from the four animals of
the Defined Genotype group. One female and one male R animal and one female and
one male S animal were selected on the basis of their JBV, gender and candidate gene
expression results. This was to avoid bias created by sex effects as well as to have two
of each type of animal that displayed polarised R/S characteristics. Selection criteria
and features of the four selected animals are presented in Table 2.5.

Blood samples were obtained from the four animals and the MDM isolated and
cultured by the method detailed above in Section 2.5. It was necessary to increase the
size of the culture vessels from 25cm2 to 75cm2 vented tissue culture flasks (Becton
Dickinson, USA) in order to obtain sufficient cells and total RNA for downstream
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analysis. After seven days in culture, MDM were infected at an MOI of 10:1 with MAP
K10 as above in Section 2.7.1. After the infection period, culture media was removed
and the MDM were lysed in 3mL of ISOLATE RNA Lysis Buffer (Bioline, USA). The lysate
was stored for a short time at -20°C until RNA extraction.

Table 2.5: Information on Animals selected for Transcriptome Sequencing Project
Selection criteria
ANIMAL NUMBER
Animal JBV
M or F
Sire JBV
Dam JBV
Fold Change
in Gene
Expression
upon MAP
Infection

2.12.2

‘R’ Animals

‘S’ Animals

6
-0.49
F
-0.40
-0.59

18
-0.33
M
-0.40
-0.27

2
0.29
F
0.06
0.51

11
0.37
M
0.18
0.57

iNOS

3.68

1.96

45.66

424.52

IL-23p19

2.17

4.72

17.98

75.63

Total RNA Extraction and Quality Analysis

Total RNA was extracted from macrophages in flasks using the Bioline ISOLATE RNA kit
(Bioline, UK) as in the procedure detailed in Section 2.11.1. After extraction, RNA was
stored at -80°C until the NGS project was initiated (approximately 8 months later).
One microlitre aliquots of each sample were analysed using the RNA 6000 Nano Kit on
the Agilent 2100 Bioanalyzer (Agilent Technologies, USA) in order to accurately assess
the quantity and quality of the RNA. The results of the quality assessment are
presented in Appendix 3.

2.12.3

cDNA Library Preparation

The cDNA sample libraries were prepared by Dr Rebecca Laurie at New Zealand
Genomics Limited (NZGL) using the TruSeqTM RNA sample preparation kit (Illumina,
USA). This involved purifying the poly-A containing mRNA molecules from 1μg of total
RNA from the 8 samples using poly-T oligo-attached magnetic beads. Following this
step, the mRNA was fragmented into small pieces using divalent cations under
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elevated temperature. These fragments were then copied into first strand cDNA using
SuperScript II Reverse Transcriptase and random primers followed by second strand
cDNA synthesis using DNA Polymerase I and RNase H. At this point, the overhangs at
the ends of the cDNA fragments (created from the fragmentation step) were repaired
to blunt ends. A single ‘A’ nucleotide was then added to the 3’ ends of the blunt cDNA
fragments to prevent them from ligating to one another during the next step, the
adaptor ligation reaction. This process ligated multiple indexing adaptors to the ends
of the double-stranded DNA, preparing them for hybridization onto a flow cell. A 15
cycle PCR was then performed to selectively enrich those cDNA fragments that have
adaptor molecules on both ends and to amplify the amount of DNA in the library. All
cDNA libraries passed the quality check as assessed by the Agilent 2100 Bioanalyzer
(Agilent Technologies, USA).

2.12.4

Next Generation Sequencing by Illumina HiSeq 2000

Following cDNA library preparation, NZGL proceeded with cluster generation using the
cBot automated cluster generation system.

The library samples were bound to

complementary adaptor oligonucleotides grafted on the surface of the Illumina
sequencing flow cell and used as templates which were copied from the hybridised
primer by 3’ extension using a high fidelity DNA polymerase.

The copies were

amplified to create clonal clusters of approximately 1000 copies each, ready for
sequencing.

This transcriptome sequencing project utilised 100bp paired-end read technology. In
addition to sequence information, both reads contain long range positional
information, allowing for highly precise alignment of reads to reference sequences.
'Paired ends' refers to the two ends of the same DNA molecule – in essence, one end
of the molecule is sequenced and then it is turned around and the other end is
sequenced. The paired-end flow cell contains oligonucleotides that enable selective
cleavage of the forward DNA strand after re-synthesis of the reverse strand. After resynthesis of the reverse strand, the original forward strand is cleaved off and the
reverse strand is now sequenced for the second read. The process of paired-end
sequencing is represented in Figure 2.9.
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Figure 2.9: Flow diagram of the paired-end sequencing process. A1 = adaptor 1, A2 = adaptor 2, SP1 =
sequencing primer site 1 and SP2 = sequencing primer site 2. Figure reproduced from
http://www.illumina.com/technology/paired_end_sequencing_assay.ilmn

Sequencing of the cDNA libraries was completed in eleven days after which the raw
sequence data was submitted to the NZGL bioinformatics pipeline to analyse the
quality and quantity of the sequence reads. Raw sequence data was trimmed for the
adaptor sequences at the ends of the reads and any sequences which had a Phred
score (quality score) of less that 20 was trimmed from the data set.

Figure 2.10 presents a “before and after” snapshot of one of the paired-end reads
from one of the libraries.

Before trimming, many reads had a quality score of less

than 20 (particularly at higher base positions in the sequences) whereas posttrimming, most sequences have a quality score of over 28 at every base position.
Following quality trimming and filtering, the transcriptome sequencing output was
received in sixteen .fastq file formats (one per paired-end read of the eight libraries).
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The sequencing outputs for each sample are shown in Table 2.6, indicating a

Quality Score

comparable number of reads generated for each library.

Quality Score

Before

After
Figure 2.10: The effect of quality trimming on one paired-end read of one library. Posttrimming, most sequences have a quality score of over 28 at every base position.
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Table 2.6: Number of quality-trimmed, filtered sequences for each read and each library sample
Library Sample

Number of Sequences

Total Sequences

Read 1

Read 2

Animal 2, Uninfected

10192721

11908465

22101186

Animal 2, MAP

9711195

7160108

16871303

Animal 6, Uninfected

13614110

16113438

29727548

Animal 6, MAP

12334172

14647583

26981755

Animal 11, Uninfected

9960271

11781264

21741535

Animal 11, MAP

14336882

6637532

20974414

Animal 18, Uninfected

8500212

8291139

16791351

Animal 18, MAP

9995080

11972316

21967396

2.12.5

Transcriptome Gene Expression Analysis

The results of the RNA-Seq experiment were analysed using DNASTAR ArrayStar with
Q-Seq. Sequence data was submitted to the program in .fastq format and paired-end
reads for each sample were combined followed by alignment to the Bos taurus
genome version Btau_4.2 (184) as a reference to identify the sequenced transcripts as
in Figure 1.5. Mapping to the genome was accomplished using the pre-programmed
Q-Seq algorithm where reads were assigned with at least 80% homology or 20 bases
identical to the reference sequence.

An important consideration when analysing differential gene expression using RNA-Seq
data is the normalization strategy. There were two main sources of variability that
made normalization essential for this project. The generation of long transcripts from
the RNA fragmentation step during cDNA library construction will have generated
more reads compared to shorter transcripts present at the same abundance in the
sample. Variation in the sample itself and the efficiency of the sequencing run will also
have caused a different number of reads for each library (185, 186). There are several
strategies for normalising RNA-Seq data (187) but for this project, sequence counts
were normalised by the Reads per Kilobase of feature per Million Mapped Reads
(RPKM) method. The RPKM function normalizes a transcript’s read count by both its
length and the total number of mapped reads in the sample library (188).
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Using the ArrayStar with Q-Seq program, genes were filtered on the criteria that each
gene in each sample had an RPKM greater than zero which excluded genes expressed
at low levels in all samples (raw count < 10). This facilitated the analysis of genes
which had low level expression (raw count < 10) in some samples (e.g. the uninfected
samples) but were greatly upregulated (raw count > 100) in other samples (e.g. the
infected samples). This filtering strategy left 11,158 genes which could then be sorted
on the basis of differential expression.

This list of genes was separated, as in Figure

2.11, into those that were differentially expressed in macrophages in response to MAP
in all four animals (“Common MAP Response”) or genes that were differentially
expressed in only the two R animals or only the two S animals (“Differential MAP
Response”). Differential expression was defined as more than 1.5-fold upregulation or
downregulation. The threshold was set at 1.5 to capture the maximum number of
genes differentially expressed in response to MAP and to take into account that, for
many genes, particularly highly expressed transcripts, a change in expression of 50% is
considerable.

All Four Animals
"Common MAP
Response"

Genes with expression
RPKM value > 0 in all 8
samples
(11,158 genes)

Both R animals
"Differential MAP
Response"

Both S animals
"Differential MAP
Response"

Upregulated 1.5 fold or
more
Downregulated 1.5 fold or
more
Upregulated 1.5 fold or
more
Downregulated 1.5 fold or
more
Upregulated 1.5 fold or
more
Downregulated 1.5 fold or
more

Figure 2.11: Sorting strategy for identifying genes relevant to the R and/or S macrophage response to
MAP in the Candidate Approach and identifying biological themes relevant to the R and/or S
macrophage response to MAP in the Pathway Approach.
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Two approaches were taken to identify key molecules and biological themes that
might differentiate responses associated with the genotype in R and S animals. Firstly,
a candidate gene analysis approach was undertaken and this was later extended to
incorporate a pathway analysis approach. The candidate gene approach involved the
ranking of the gene lists generated by the sorting strategy represented in Figure 2.11
to identify highly upregulated or downregulated candidate genes in each group. The
Database for Annotation, Visualization and Integrated Discovery (DAVID) version 6.7
(189) was used to identify enriched biological themes and visualise differentially
regulated genes on pathway maps. Gene lists generated by the sorting strategy
outlined in Figure 2.11 were uploaded to DAVID and, using the Bos taurus genome as
the background database, the Functional Annotation Clustering tool was used to sort
the annotation terms associated with the gene list into clusters of highly similar
annotation groups. The Functional Annotation Chart was also used to access pathway
maps from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database which
displayed genes up- or downregulated in a particular biological process.

2.12.6

Validation of Transcriptome Gene Expression

A panel of genes was selected to validate the results of the RNA-Seq experiment. The
results of the Q-Seq analysis were filtered by fold change values to generate lists of
genes which were highly up- or downregulated in all animals, representative of a
common MAP response, or were highly upregulated in either the R or S animals,
representative of a differential response. This sorting strategy is presented in Figure
2.12 and genes were randomly selected from the resulting gene sets for validation. To
be considered as differentiating R and S animals and to increase the chance that the
effect would be validated in a larger population of R and S animals, genes with a 4x
difference in the average fold change were selected (e.g. a 2-fold change in R animals
versus an 8-fold change in S animals). Expression values were not included as part of
the selection process as the validation experiment investigated which candidates
would be detectable, reproducible and relevant in a larger sample size using standard
Q-PCR technology.
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Downregulated more than 4fold
All Four Animals
"Common MAP
Response"
Upregulated more than 4-fold

All Genes
(20,024 genes)

Upregulated in R
animals (based on
average FC)

Difference between R and S FC
is at least 4 orders of magnitude

Upregulated in S
animals (based on
average FC)

Difference between R and S FC
is at least 4 orders of magnitude

Figure 2.12: Sorting strategy for candidate gene selection to validate transcriptome gene expression
data.

The panel of target genes selected are presented in Table 2.6. The gene expression
levels were analysed in the cDNA samples generated from the 20 animals of the
‘Defined Genotype’ group previously described in Section 2.3. Quantitative PCR was
undertaken in a 384 well format in 10μL reaction volumes per well. One 10μL reaction
consisted of 5μL ABsoluteTM QPCR SYBR® Green mix (ABgene, Thermo Fisher
Scientific, UK), 0.35μL forward and reverse primers at 2μM (final concentration of
target gene primers was 70nM), 2.65μL water and 2μL of the appropriate cDNA
sample. The 384 well plates were analysed by the ViiA7TM Real-Time PCR System
(Applied Biosystems, Life Technologies, USA). The Q-PCR cycling program was as
detailed in Section 2.10.4. PCR primers were verified to produce a single PCR product
of the correct size and dissociation temperature (Appendix 1 and 2). Data analysis was
undertaken as in Section 2.11.6.
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Table 2.7: Primers used to validate transcriptome sequencing results
Target

Primer Sequence

AQP3 forward

GGGTTTCCTCACCATCAACCT

AQP3 reverse

AGGTCACGGCAGGGTTCAG

ISG20 forward

GCAGCCTCGTGGACTACCA

ISG20 reverse

CATGTTCCGAGCTGTGATTCC

LOC 100139472 forward

GAATTGCCTGTCACGCTTTTG

LOC 100139472 reverse

GGAGAGTCAATTCCAGCAGGAT

CLEC4F forward

GAGGCTGAGCAGTTCTGTGTGT

CLEC4F reverse

CAGTAGTAAACGGAACCCGTGAA

MMP1 forward

TCTAGGGAAGGTGTTTCTTGAAGAG

MMP1 reverse

CAAAGGAGCCTGGTAAGCTACAG

CXCL13 forward

CTATCTCCCCATTCATCTCATTGA

CXCL13 reverse

AGCAGATAGCTGACTGATTCTTCATC

SLAMF1 forward

CTATCTATGCCCAAGTCCAGAAATC

SLAMF1 reverse

CTCTGTGGCAGCGACGTAAA

CXCL9 forward

GATCCATCCAAAATCCTTAAAGGA

CXCL9 reverse

AGGCTTGATCCCCATTCTTCA

RNase6 forward

AGGCAATGAGTGGCGTCAAT

RNase6 reverse

GGGCAAGTCACAGACAGCAA

EIF4E forward

TGATAAAATAGCAATATGGACTACTGAATG

EIF4E reverse

AACCAATCACTATCTTTGGAGGAAGT

SYN2 forward

GTTCGGTGGCCTGGACATC

SYN2 reverse

CCCCAATCAGCGGCATACTA

G0S2 forward

CTGTGCCGTCTGAACTTGCTT

G0S2 reverse

CTGCACTTGGCGCGAACT

RSAD2 forward

AGGATATGAAGGAACAGATAAATGCA

RSAD2 reverse

TCTCAGAGCATCTTGTCCAGAATT

Amplicon
size (bp)

Accession
Number*

101

NM_001079794.1

110

XM_002696514.1

103

XM_002686072.1

104

XM_002691231.1

101

NM_174112.1

107

NM_001015576.2

101

NM_174184.3

101

NM_001113172.1

101

NM_174594.2

110

NM_174310.3

101

XM_002697133.1

101

NM_001192147.1

101

NM_001045941.1

*Accession number of corresponding bovine gene used to BLAST search AgResearch Cervine Sequence
Database to obtain cervine sequence from which primers were designed.
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3.1

Introduction

Understanding the protective immune response in mycobacterial disease is crucial to
the design of novel treatments, diagnostics and vaccines. The majority of prevailing
immunological data on this topic is derived from studies in inbred strains of laboratory
mice. However, experiments designed to define this immune response must consider
the genotypic heterogeneity of outbred populations and how this may impact on
responses to mycobacterial organisms. A focus of many studies of mycobacterial
pathogens is the macrophage as this cell plays a central role in both the innate and
adaptive immune response to mycobacteria. Several studies have investigated the
immune response of bovine macrophages to MAP infection and contrasted the
response of macrophages from animals which are not infected with those that are
infected or diseased (64, 89, 190).

Comparisons between these studies are limited by the different classification schemes
used to define animals as uninfected, infected or diseased. Within an infected group,
there will typically be those that will eventually develop Johne’s disease (susceptible)
and those that will clear the infection (resistant) as has been noted from experimental
infection trials (16, 127). Further, under field conditions with natural exposure to
MAP, it is necessary to establish whether uninfected animals are uninfected because
they have actively resisted the establishment of MAP infection or are uninfected
because they have not been exposed to an infectious dose of MAP. Lastly, when
studying diseased animals displaying a particular response, it is important to
distinguish whether the response was causative in disease development or as a result
of the concomitant pathology.

A spectrum of resistance and susceptibility to mycobacterial disease has been
observed within human populations and in-bred mouse strains (128). A previous
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collaboration between the Disease Research Laboratory and AgResearch (112)
identified breed-lines of red deer that exhibited polarised susceptible (S) or resistant
(R) to tuberculosis. Heritability of resistance in progeny of R or S sires was extremely
high (0.48 +/- 0.10). Subsequently, breed-lines of deer that expressed an R or S
phenotype for Johne’s disease were identified on a large stud farm that had eight
distinct deer breeds originating from stags and hinds imported from disparate herds
throughout Europe. The stud herd had experienced chronic exposure to high levels of
MAP infection for over a decade (personal communication, Frank Griffin, Disease
Research Laboratory, University of Otago) which revealed the existence of both
resistant and susceptible breeds within the herd. The heritability of Johne’s disease
was estimated to be (0.30 +/- 0.06) and the integrity of the breed phenotype was
confirmed using sires of either an R or S phenotype (16). While chronic exposure to
natural MAP infection has facilitated the identification of R and S breeds of deer by
serendipity, this approach would not be practical to routinely identify animals with
either a resistant or susceptible phenotype. To circumvent this impasse the goal of the
current study was to develop laboratory tests that identify the disparate phenotypes in
naïve animals. In an attempt to distinguish resistant animals from susceptible animals,
the gene expression of the macrophages from these animals were analysed in
response to a variety of stimuli, including MAP infection ex vivo.

Two hypotheses were developed to advance this objective:
-

Resistant and susceptible phenotypes may be distinguished by the differential
expression of candidate genes in macrophages infected with MAP in vitro.

-

The addition of co-stimulatory factors to macrophages in vitro might amplify
the differences in endogenous gene expression or MAP-induced gene
expression patterns between resistant and susceptible animals.

Quantitative PCR was used to analyse the expression of a panel of candidate genes in
cultured macrophages.

Initially, the expression of eight target genes thought to be

involved in the immune response to MAP was analysed by this technique. Candidate
genes included iNOS, IL-1α, TNF-α, IL-6 and IL-23p19 (pro-inflammatory markers), IL-10
(anti-inflammatory), IL-12p35 (a marker of the protective Th1), and TLR2 (signalling
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receptor for MAP).

Following initial experiments, TLR2 and IL-6 monitoring was

discontinued because they proved uninformative in differentiating between R and S
animals.

Animals were classified as R or S type by the phenotype presented following
experimental MAP challenge (‘Defined Phenotype’ group), by Johne’s breeding values
(‘Defined Genotype’ group) or by predictions based on anecdotal evidence of sire
genotype (‘Predicted Genotype’ group) as discussed in Chapter 2.3.

While the

macrophages from R and S animals that had been experimentally infected (Defined
Phenotype group) displayed gene expression differences as discussed below, the prior
challenge with MAP may have masked the intrinsic innate macrophage response.
Macrophages from S animals that harboured mulitbacillary lesions could be affected
prior to in vitro testing. To be of value in predicting an individual animal’s phenotype,
for use in breeding programmes, animals must be identified as R or S type in the
absence of infection.

Therefore, animals selected as representative of R or S

genotypes that were uninfected with MAP (according to ParalisaTM status) were
sampled in the succeeding two experiments (Defined Genotype and Predicted
Genotype groups).

Macrophage responses in vitro cannot truly represent in vivo function as macrophage
cultures lack the complex cascade of signalling that results from co-stimulatory
molecules from the cellular milieu in vivo. In an attempt to compensate for the
absence of co-stimulatory molecules in vitro, two strategies were employed. Firstly,
macrophages were treated with CD40L, a molecule present on the surface of T cells
which interacts with CD40 on the surface of macrophages. The second strategy was to
add autologous plasma or plasma from a heterologous R or S animal.

These

treatments were included in an attempt to further polarise R and S gene expression
patterns.
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3.2
3.2.1

Methods
Animal Selection

Three distinct groups of resistant and susceptible red deer, described in Chapter 2.3,
were investigated for differential gene expression by Q-PCR and features of each group
are summarised in Table 3.1. The first study involved yearling animals (n = 6; 3 R and
3 S) that had been experimentally infected and their phenotype confirmed following
necropsy (Defined Phenotype group). The second study involved uninfected yearling
animals from different breeds of deer within a stud herd classified as resistant or
susceptible based on their Johne’s Breed Values (n = 20; 10 R and 10 S; Defined
Genotype). The final study involved uninfected 6 month old animals from another
herd which were predicted to be resistant or susceptible based on the genotype of
their sires (n = 13; 6 R and 7 S, Predicted Genotype).

Table 3.1: Summary of groups of animals used for candidate gene expression analysis
Group Name

Genotype

Phenotype

Prior Exposure to
MAP

Total Number of
Animals

Defined
Phenotype

2 resistant
4 susceptible

3 resistant
3 susceptible

Experimentally
challenged

6

Defined Genotype

10 resistant
10 susceptible

Unknown

Low

20

Predicted
Genotype

6 resistant
7 susceptible

Unknown

Low

13

3.2.2

MDM Treatments

MDM were generated using the culturing procedure as in Chapter 2.5. In the Defined
Phenotype group there were two treatments: an untreated control and a MAPinfected sample (Table 3.2). In the Defined Genotype group there were six treatments
of MDM: an untreated control, a MAP-infected sample, a CD40L-treated sample, a
MAP-infected and CD40L-treated sample, a heterologous plasma-treated sample, and
a heterologous plasma-treated and MAP-infected sample (Table 3.2). In the Predicted
Genotype group there were four treatments: an untreated control sample, a MAP-
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infected sample, an autologous plasma-treated sample and an autologous plasmatreated and MAP-infected sample (Table 3.2).

Table 3.2: Treatments for different groups of animals
Animal
Group

Untreated

MAPinfected

Treatments
CD40L
CD40L
+MAP

Defined
Phenotype
Defined
Genotype
Predicted
Genotype

Plasma

Plasma
+MAP

Heterologous

Heterologous

Autologous

Autologous

The treatments were as outlined in Chapter 2.7 and the schedule of these treatments
is shown below in Figure 3.1. MDMs were infected with MAP and cultured for 24
hours prior to gene expression assays. This time course for infection has commonly
been used by other researchers, allowing for comparisons to be made with previous
studies. In the early developmental stages of this project, time course experiments
were conducted and changes in the expression of the selected genes were detected at
time points earlier than 24 hours (data not shown). However, for practical purposes,
the arbitrary time point of 24 hours was chosen with the understanding that the
expression of some genes may change earlier or later in the infection course and that
no one assay time point will be optimal for all targets under study.

Day 7
of
MDM
Culture

MAP
infection

18 Hours

Plasma
or
CD40L
Added

6 Hours
MDM
Lysed

24 Hours
Figure 3.1: Schematic of sample treatments and timeline for candidate gene expression analyses of R
and S animals.
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3.3

Results

3.3.1

Q-PCR – Defined Phenotype

The first candidate gene expression analysis was undertaken on samples from animals
that had been challenged with MAP and had either developed clinical signs of Johne’s
disease (S) or had cleared the infection or exhibited low grade pathology (R) (Table
2.3). Initially, the baseline, or endogenous, levels of the target gene expression was
measured in untreated control macrophages from R or S animals. Figure 3.2 shows
that the endogenous gene expression of the inflammatory molecules IL-1α, TNF-α and
IL-6 are elevated in macrophages from susceptible animals compared to resistant
animals, as indicated by lower normalised Ct values in the susceptible group. This is
statistically significant in the case of IL-1α despite the small numbers of animals
sampled (p<0.05). In the expression plots of iNOS, IL-23p19, IL-12p35, IL-10 and TLR2
in Figure 3.2, there are no trends evident in endogenous gene expression between the
two types of animals, which may be due to the small numbers of animals that were
sampled in this study (n=6).

The specific gene expression response to MAP as presented in Figure 3.3 does,
however, show several trends, particularly in the inflammatory and anti-inflammatory
targets.

The genes iNOS, IL-1α, TNF-α and IL-23p19 are all upregulated in

macrophages from resistant animals compared to those from susceptible animals,
although this was not statistically significant. There is also a notable outlier in the gene
expression plots of these four molecules in the resistant group whereby the same
animal in all four plots appears to fit in the susceptible group (Figure 3.3).
Interestingly, this animal is number 89 in Table 2.3 – while displaying low-grade
pathology after MAP-challenge, the animal is still within the “Suspect” range on the
ParalisaTM scale and is of an S genotype.

While the expression of IL-10 is downregulated in both resistant and susceptible
macrophages, the degree of downregulation was greatest in the three susceptible
animals although this was not significant (Figure 3.3). No clear differences were seen in
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the expression of IL-6 and TLR2 in response to MAP between the two types of animals.
The broad range of IL-12p35 expression in the macrophages from the susceptible
group in response to MAP obscure any possible difference between the groups. Again,
the lack of differentiation may be influenced by the small sample size.

Figure 3.2: Endogenous gene expression of MDM from R or S animals in the Defined Phenotype group
in untreated control samples. Normalised Ct values (mean ± SEM) represent the endogenous gene
expression in the macrophage in the absence of stimulation, n = 6 (3 R and 3 S). Normalised Ct values
have been log-transformed to calculate statistical significance by the student’s T test; * p<0.05.
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Figure 3.3: Gene expression of MDM from R or S animals in the Defined Phenotype group in response
to MAP infection. Fold changes (mean ± SEM) are defined as expression upon infection compared to
the uninfected control, n = 6 (3 R and 3 S).
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3.3.2

Q-PCR – Defined Genotype

Figure 3.4 presents the endogenous gene expression of the panel of six targets
analysed in the Defined Genotype group which comprised 20 yearling red deer
designated resistant or susceptible from JBV calculations. There was a higher level of
endogenous expression of the inflammatory markers in macrophages from resistant
animals compared to those from susceptible animals (as indicated by lower normalised
Ct values in the resistant group) and this was a statistically significant difference in the
case of IL-1α, TNF-α (p<0.05) and IL-23p19 (p<0.01). The endogenous IL-12p35 and IL10 gene expression levels were similar between the macrophages from both groups of
animals.

When MAP was added to the macrophages, the expression of most of the genes was
altered and this expression was different between the two types of animals (Figure
3.5).

Macrophages from susceptible animals upregulated the expression of

inflammatory molecules (iNOS, IL-1α and IL-23p19) significantly more (p<0.01) than
the resistant macrophages and the same trend was observed for TNFα expression.
While there is also a trend for greater upregulation of IL-12p35 in S type macrophages
compared to R type macrophages, this was not statistically significant.

There was also no difference in the expression of the IL-10 in response to MAP
infection between the two groups (Figure 3.5). Indeed, the mean fold change of IL-10
after 24 hours of MAP infection was close to 1 in both the R and S type macrophages
(0.78 and 0.86 respectively), indicating that there was no change in IL-10 gene
expression levels as compared to the untreated control at this time point.
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Figure 3.4: Endogenous gene expression of MDM from R or S animals in the Defined Genotype group
in untreated control samples. Normalised Ct values (mean ± SEM) represent the endogenous gene
expression in the macrophage in the absence of stimulation, n = 20 (10 R and 10 S). Normalised Ct
values have been log-transformed to calculate statistical significance by the student’s T test; * p<0.05,
** p<0.01.
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Figure 3.5: Gene expression of MDM from R or S animals in the Defined Genotype group in response
to MAP infection. Fold changes (mean ± SEM) are defined as expression upon infection compared to
the uninfected control, n = 20 (10 R and 10 S). Statistical significance has been calculated using the
Mann-Whitney test; * p<0.05, ** p<0.01.
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A noticeable feature of the IL-1α and IL-23p19 expression plots in Figure 3.5 is the
clustering of three S animals at the lower end of the fold change scale. These animals’
macrophages display an R-type expression profile similar to the macrophages from the
R animals. Interestingly, these three animals (animals 5, 10 and 17 in Table 2.1) are
the representative progeny of one sire with a JBV of 0.06. This JBV indicates the sire is
closer to intermediate type rather than susceptible and that the three animals’
susceptible JBV have been influenced mostly by the dam’s genotype. There was only
one animal (animal 14 in Table 2.1) whose sire has an even lower JBV (0.01) and this
animal also clusters to the bottom of the gene expression scale in the S group. If the
three related animals are taken out of the susceptible category and placed in a
separate intermediate S/R category (Figure 3.6), re-analysis of the data increases the
statistical significance of the differences between the R and S groups in IL-1α and IL23p19 expression (p<0.001) and causes the difference in TNF-α expression to become
statistically significant (p<0.05).

Figure 3.6: Inflammatory gene expression of MDM from R or S animals in the Defined Genotype group
in response to MAP infection with three outliers in the S category removed into the S/R category.
Fold changes (mean ± SEM) are defined as expression upon infection compared to the uninfected
control, n = 20 (7 S/S, 3 S/R and 10 R/R). Statistical significance has been calculated using the MannWhitney test; * p<0.05, ** p<0.01, *** p<0.001.
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Figure 3.7 illustrates the gene expression plots of the macrophages from this group of
animals in response to MAP infection (as presented in Figure 3.5) and compares
responses to when CD40L was added to cell cultures which have been infected with
MAP or remained uninfected. In general, the addition of CD40L increased the range of
expression in all target genes analysed and, for the most part, increased the mean fold
change of the inflammatory molecules (iNOS, IL-1α, TNF-α and IL-23p19) in both the R
and S groups.

The addition of CD40L to MAP-infected macrophages from S animals caused a
significant increase (p<0.05) in the production of IL-23p19 mRNA compared to MAPinfected susceptible macrophages with no CD40L. Furthermore, the expression of IL10, while not changing in response to MAP alone, was significantly upregulated
(p<0.05) when CD40L was added to both R and S macrophage cultures that were MAPinfected. When compared to macrophage cultures with only CD40L added, the mean
fold change was significantly higher in the MAP-infected and CD40L treated
macrophages in the R group (p<0.05) and the same trend was observed in the S group.

Another treatment that was trialled was the addition of heterologous plasma (Chapter
2.7.3) to macrophage cultures and the gene expression results of this treatment are
presented in Figure 3.8. In general, the addition of plasma did not alter the MAP
response in either R or S type animals although small increases in the expression of
iNOS, IL-1α and TNF-α were observed when plasma was added to MAP-infected
cultures. However, when either R or S plasma was added to the respective R or S
macrophage cultures alone, there was an upregulation in the expression of iNOS, IL-1α
and IL-12p35 observed as compared to untreated control macrophages.
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Figure 3.7: Gene expression of MDM from R or S animals in the Defined Genotype group in response
to MAP infection, CD40L treatment or both. Fold changes (mean ± SEM) are defined as expression
upon treatment compared to the untreated control, n = 20 (10 R and 10 S). Statistical significance has
been calculated using the Mann-Whitney test; * p<0.05.
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Figure 3.8: Gene expression of MDM from R or S animals in the Defined Genotype group in response
to MAP infection, plasma treatment or both. Fold changes (mean ± SEM) are defined as expression
upon treatment compared to the untreated control, n = 20 (10 R and 10 S). Statistical significance has
been calculated using the Mann-Whitney test; ** p<0.01.
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3.3.3

Q-PCR – Predicted Genotype

The Predicted Genotype group comprised thirteen 6 month old red deer which were
uninfected at the time of sampling and were predicted to be resistant or susceptible to
Johne’s disease based on the genotypes of their sires.

Figure 3.9 presents the

endogenous gene expression of the macrophages of the R and S animals in this group
and a similar pattern to that in Figure 3.4 was observed. The mean level of expression
of the inflammatory markers (iNOS, IL-1α, TNF-α and IL-23p19) was higher in the
resistant animals compared to the susceptible animals as indicated by lower
normalised Ct values in the resistant group. In the case of IL-23p19, this difference
was almost statistically significant at p=0.0734. Once again, there was no distinction
between the R and S animals in terms of the IL-12p35 and IL-10 endogenous mRNA
expression levels. The range of normalised Ct values for each gene and group were
also very similar to that of the Defined Genotype animals in Figure 3.4.

The MAP-specific gene expression of these animals is presented in Figure 3.10 and
once more, there was a similar pattern to that shown by the Defined Genotype group
in Figure 3.5. The mean upregulation of the inflammatory gene targets (iNOS, IL-1α,
TNF-α and IL-23p19) in the S type animals was higher than that of the R type animals
and the cytokines IL-12p35 and IL-10 again did not differentiate the groups. The range
of fold change values was also similar to that of the Defined Genotype group. The lack
of significance between the R and S animals in the Predicted Genotype group may be a
result of the smaller groups size (n = 13 compared to n = 20 in the Defined Genotype
group) or could be influenced by the different method used to categorise the animals
as R or S and the increased genetic heterogeneity of this group.

Finally, the gene expression of macrophages from this group of animals was analysed
after the addition of autologous plasma (as generated in Chapter 2.7.3), in the
presence or absence of MAP infection.

MAP-infected and plasma-treated

macrophages showed no differences in gene expression compared to macrophages
infected with MAP alone in either the R or S group (Figure 3.11). While the addition of
S plasma to S macrophages resulted in a mean upregulation in iNOS, IL-1α, TNF-α and
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IL-23p19, the addition of R plasma to R macrophages had little effect on gene
expression of these molecules.

Figure 3.9: Endogenous gene expression of MDM from R or S animals in the Predicted Genotype group
in untreated control samples. Normalised Ct values (mean ± SEM) represent the endogenous gene
expression in the macrophage in the absence of stimulation, n = 13 (6 R and 7 S).
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Figure 3.10: Gene expression of MDM from R or S animals in the Predicted Genotype group in
response to MAP infection. Fold changes (mean ±SEM) are defined as expression upon infection
compared to the uninfected control, n = 13 (6 R and 7 S).

- 81 -

Chapter 3 – Candidate Gene Expression in Macrophages from Resistant or Susceptible Deer

Figure 3.11: Gene expression of MDM from R or S animals in the Predicted Genotype group in
response to MAP infection, autologous plasma treatment or both. Fold changes (mean ± SEM) are
defined as expression upon treatment compared to the untreated control, n = 13 (6 R and 7 S).
Statistical significance has been calculated using the Mann-Whitney test; * p<0.05.
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3.4

Discussion

Two approaches were taken to assess the candidate gene expression signature of
macrophages from R and S red deer – the intrinsic expression levels of the genes were
analysed in untreated macrophages and the relative expression levels of the target
genes were compared between untreated macrophages and infected or treated
macrophages. Using this strategy, the three groups of animals provided valuable
information about the different transcriptional signatures that characterise the R and S
types.

The Defined Phenotype group displayed interesting gene expression patterns – overall,
the mean relative expression of the target genes in the macrophages from susceptible
animals was lower than that observed in the cells from resistant animals in response to
in vitro MAP infection (Figure 3.3). There was a smaller upregulation of inflammatory
molecules (iNOS, IL-1α, TNF-α and IL-23p19) in S macrophages in response to MAP and
a greater downregulation of IL-10 mRNA expression compared to that of the
macrophages from resistant animals.

This may indicate that the susceptible

macrophages are unable to respond to the infection appropriately whereas the
resistant macrophages can initiate a transcriptional programme that will efficiently
deal to the mycobacterial microorganism.

Within the R animals of the Defined Phenotype group, there was an animal that
displayed a susceptible-type gene expression profile (Figure 3.3) and was of an S
genotype but was grouped in the resistant category (number 89 in Table 2.3). The
inclusion of this animal in the R category was a result of the low histopathology score
(3 from a scale of 1 to 13) and a “Suspect” ParalisaTM result (indicating the presence of
MAP-specific antibodies but at a level which did not exceed the “Positive” threshold) at
the conclusion of the 49-week trial. An investigation of the long-term outcome of this
animal would have been informative and could have confirmed whether this animal
truly belonged in the R or S group. Had it eventually succumbed to Johne’s disease, it
would have been true to its S genotype. Alternatively, the animal may have indeed
been a resistant animal. The dams of the animals in this experimental trial (16) were
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not selected for Johne’s disease resistance or susceptibility so animal 89, while its sire
passed on S genes, may have also inherited an R genetic makeup from its dam. There
is the likelihood that a subset of S genotype animals will display a bias towards the R
phenotype. This is in accordance with observations of human populations in terms of
infectious disease resistance and susceptibility – among a highly susceptible
population, there are individuals who resist disease due to random mutation (105,
128).

However, designing a diagnostic test for Johne’s disease resistance or

susceptibility may prove challenging if the true phenotype of animal 89 was resistant
despite its S genotype since the gene expression of the macrophages from this animal
in response to MAP caused it to more closely resemble a phenotypically susceptible
animal.

Previous work in mouse strains that are resistant or susceptible to M. tuberculosis
infection have shown that endogenous levels of various molecules are different in
alveolar macrophages from either animal and the authors propose that intrinsic gene
expression levels are an important determinant of tuberculosis pathogenesis in mice
(133). Endogenous levels of most of the target genes assessed here were similar
between the resistant and susceptible animals of the Defined Phenotype group (Figure
3.2) with a few notable exceptions. The level of IL-1α mRNA was significantly higher in
susceptible animals and the genes IL-6 and TNF-α followed the same trend. These
genes are highly inflammatory and IL-1α in particular is strongly associated with clinical
Johne’s disease in cattle and deer (76, 95). The high levels of these cytokines produced
by the macrophages could have contributed to the histopathology observed in these S
animals (Table 2.3).

An important consideration in interpreting the gene expression patterns of the
susceptible and resistant animals in the Defined Phenotype group was that they had all
been experimentally challenged with a high dose of MAP (an oral challenge dose daily
for four days of approximately 109 cfu of a virulent bovine strain of MAP) and a subset
were suffering from multibacillary Johne’s disease at the time of sampling. Ideally,
these animals should have been sampled before the experimental infection began to
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see if macrophage gene expression could predict disease outcomes but these samples
were not available.

In order to distinguish a gene expression pattern associated with genetic resistance
and susceptibility from a pattern that may be derived from the disease or infection
state itself, uninfected R and S animals were sampled from a different population of
red deer. The Defined Genotype and Predicted Genotype animals displayed a different
transcriptional signature to that seen in the Defined Phenotype animals. Inflammatory
gene expression (iNOS, IL-1α, TNF-α and IL-23p19) of macrophages from the
susceptible animals was highly upregulated compared to the cells from resistant
animals in response to MAP. The resistant animals upregulated the expression of
inflammatory genes, but not to the same extent as the susceptible animals.

A limitation of this study design was the single time point of 24 hours that was used to
measure gene expression. Analysis of gene expression in bovine PBMC by microarray
has detected changes within two to four hours of MAP exposure and show that many
of these changes are no longer evident by eight to sixteen hours after infection (137).
Further research is needed to investigate whether the macrophages from resistant
animals increase inflammatory gene expression to the same extent as macrophages
from susceptible animals earlier or later during the infection process. It would also be
interesting to explore whether macrophages from S animals would sustain their highly
inflammatory profile of gene expression for longer than 24 hours.

In practice,

however, it is difficult to assay multiple time points given the restraints imposed by
primary cell culture of cervine macrophages.

From analysis of the endogenous levels of the genes iNOS, IL-1α, TNF-α and IL-23p19,
it was apparent that, in the absence of external stimuli, the macrophages from
susceptible animals express these genes at a markedly lower level than those from
resistant animals (Figure 3.4 and Figure 3.9; the normalised Ct is inversely proportional
to the level of expression). A possible explanation is that the resistant macrophages
are in a state of readiness and moderately upregulate the expression of the
inflammatory genes in a controlled response to MAP while the susceptible
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macrophages over-compensate for the lack of inflammatory gene expression by
excessively increasing inflammatory gene transcription.

Ultimately, an excessive

macrophage inflammatory response could contribute to the dysregulated immune
response and subsequent immunopathology that is observed in clinical stages of
disease in susceptible animals (5).

The expression of IL-10 remained relatively unchanged in response to MAP infection
after 24 hours and did not differ between the uninfected R and S animals. IL-10 has
been shown to be expressed at a higher level in clinically diseased animals compared
to those that are sub-clinical or uninfected (99). This cytokine is reported to be
expressed transiently in PBMC and MDM from cattle and sheep early in the infection
process (71, 84, 98). Again, the data reported here is constrained to a single time point
of 24 hours so changes in IL-10 mRNA levels occurring earlier after infection would not
have been detected. Another cytokine that may have benefited from earlier or later
time points of analysis was IL-12p35 as the expression of this cytokine, while increasing
in response to MAP, did not differentiate between R and S animals in any group. This
was unexpected as IL-12p35 is a key cytokine promoting the Th1 pathway thought to
be protective in mycobacterial diseases (181) and would have been predicted to be
increased in R animals compared to S animals.

Another noteworthy observation is the difference in the statistical significance of the
trends observed in the Defined Genotype animals and the similar though nonsignificant trends displayed by the Predicted Genotype animals. This is not entirely
unexpected and could be attributed to the more heterogeneous genotypes in the
latter group of animals or the classification to designate these naive animals as either
resistant or susceptible. Mathematical probabilities were used to identify resistant or
susceptible yearling red deer from a farmed population of several thousand for the
Defined Genotype group. The Predicted Genotype animals were selected from a pool
of less than one hundred animals and they had been sired by stags that were
historically reported to contribute resistance to Johne’s disease or susceptibility to
tuberculosis. Despite these differences, the same trends were observed between the
R and S animals in both groups and the findings warrant further investigation.
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The three susceptible outliers of the Defined Genotype group that cluster together in
the IL-1α and IL-23p19 plots in Figure 3.5 raise an interesting quandary.

The

macrophages of these animals display a very similar gene expression response to MAP
to each other and to the macrophages of the resistant group. In fact, removing these
animals from the susceptible group increases the significance between the IL-1α and
IL-23p19 gene expression of the susceptible and resistant groups (Figure 3.6). It is
striking that these animals cluster so closely together and share the same sire which
has a JBV close to zero and is from a breed-type that displayed a high level of Johne’s
disease resistance.

These three animals must have inherited the susceptible JBV, by which they were
classified, from their respective dams. This may be interpreted as a positive finding for
deer breeding programs that aim to increase disease resistance because the crossing
of resistant animals with more susceptible animals could impact significantly on the
overall resistance of a population without the loss of the potentially valuable
production traits that some susceptible animals possess. However, this would require
the unequivocal identification of animals as susceptible or resistant. A limitation of the
experiments presented here is that the Defined Genotype and Predicted Genotype
could not be retrospectively classified as phenotypically susceptible or resistant. The
true phenotype could only be disclosed by experimental challenge or monitoring
animals exposed to MAP infection naturally under field conditions, which is outside the
scope of this thesis.

As macrophages in vitro lack the signalling co-factors and interactions they would
normally receive in vivo, exogenous stimulants were added to the macrophage
cultures both to partially compensate for the missing interactions and also to see if the
addition of external stimulation would further polarise any differences that existed
between R and S animals.

Previous studies have shown that the CD40-CD40L

interaction results in increased expression of a variety of molecules (iNOS, IL-12, TNF-α
and IL-10) in in vitro human monocyte and macrophage cultures (167-169). As a
cervine or bovine equivalent could not be sourced for CD40L, recombinant human
CD40L was added to the deer MDM cultures. An increase in the expression of genes
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encoding iNOS, IL-12p35, IL-1α, TNF-α, IL-23p19 and IL-10 has been shown here (Figure
3.7) but this CD40L-mediated increase does not appear to be impaired by prior in vitro
MAP infection. This is at odds with a report by Sommer et al. who found that MAP
infection impaired the CD40L-induced iNOS and IL-12p40 gene expression in bovine
macrophages (84). Interestingly, IL-10 gene expression was only upregulated when
CD40L was added to macrophage cultures (Figure 3.7) – implying that the expression
of this cytokine at 24 hours post-infection normally may require signalling from
activated T cells. While the addition of CD40L to macrophage cultures did not increase
the degree of differentiation between the R and S type animals as was hypothesised,
this may be due to the sampling of a single time point as has been previously
mentioned.

Another approach to further differentiate R and S gene expression patterns and
simulate the absent signalling was the supplementation of the macrophage cultures in
vitro with autologous or heterologous plasma. Plasma has been found to contain
many molecules that can stimulate macrophages (191) and has been used extensively
in human cell culture work to stimulate proliferative responses with potential wound
healing applications (192). In the present study, plasma was generated from the whole
blood of heterologous or autologous animals that had been infected with MAP in vitro.
The leukocytes would then presumably respond to the mycobacteria and release
cytokines (e.g. IFN-γ) and other molecules which would be harvested in the plasma
sample. It was hypothesised that once the plasma sample was added to MDM
cultures, the cells would respond to the signals contained within the plasma.

It was also assumed that plasma from a resistant animal (one that had been infected
and had since cleared the infection) and plasma from a susceptible animal (one that
had consistently remained infected) would contain differential levels of co-factors that
may activate macrophages. The plasma from heterologous animals certainly caused
the macrophages of the Defined Genotype group to respond differently as seen by an
upregulation in iNOS, IL-1α and IL-12p35 expression in plasma-treated macrophages
(Figure 3.8). However, while there were bioactive molecules contained in the S and R
plasma, this did not impact on MAP-induced gene expression or further distinguish the
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two types of animals. Instead of using heterologous plasma to polarise R and S
macrophage gene expression, it was decided to trial the addition of autologous plasma
to macrophage cultures to see if this would amplify a differential effect. The addition
of autologous plasma alone caused a small upregulation in the expression of IL-1α,
TNF-α and IL-23p19 (Figure 3.11) in macrophages from the S animals but this was not
observed in the R group. However, this did not impact on the MAP-stimulated gene
expression patterns between the two types of animals.

While the candidate gene expression profiles of macrophages from resistant or
susceptible animals were informative in terms of proving the hypothesis that these
animals can be distinguished, gene expression cannot provide information about the
functional differences that exist between the macrophages from the two types of
animals. Using an exotic model organism such as red deer comes with inherent
challenges as protein detection assay reagents are either not available or have limited
cross-reactivity in this species. To a certain extent, this limits the biological significance
that can be placed on gene expression results and so further investigation will be
needed to confirm the effects of early transcriptional signatures on the disease
outcomes of resistant or susceptible animals.
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4.1

Introduction

While Q-PCR is a powerful technique to investigate gene expression patterns, it does
not provide any information on the downstream biological effects of a particular
transcriptional programme. To achieve this, assays that test the functional capabilities
of cells must be used.

An important consideration in comparing the MAP-specific response of macrophages
from resistant and susceptible animals is possible differences in the uptake of the
microorganism.

Should macrophages from one phenotype be capable of

phagocytosing a greater number of MAP, or a greater proportion of the cells become
infected, this may cause differences in the gene expression response. The competence
of phagocytosis might also impact the outcome of the infection, whether a
macrophage became overwhelmed and underwent necrosis or apoptosis or whether
the MAP organism was contained and destroyed, allowing macrophage survival.

Cell death, either by necrosis or apoptosis, is a key process manipulated by
mycobacteria to promote an environment for persistence and replication in the host
cell. The immune system is also thought to initiate cell death in an attempt to control
and contain the infection. Necrosis is often seen in diseased tissues of clinicallyaffected animals and contributes to the inflammatory environment of the affected gut
tissue (193). Apoptosis, on the other hand, is a tightly controlled and regulated death
pathway that induces minimal inflammation and is used by the immune system to
control intracellular infections (194). It was considered important to determine if
apoptosis or necrosis could be detected in the in vitro MAP infection model and if that
was reflected in measurable differences between macrophages from the resistant or
susceptible animals.
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These questions formed the basis of some of the key hypotheses for this work. First,
that there is a difference in the overall MAP infection rate of macrophages from
susceptible or resistant animals and secondly, that the number of bacilli phagocytosed
per infected cell may be different for the two types of animal. Lastly, that there is a
direct effect of MAP infection upon apoptosis or necrosis of macrophages from
susceptible or resistant animals. A simple method based on that published by Kelly et
al. (72) was employed here to determine the level of MAP uptake by macrophages and
to detect apoptotic events while necrosis was inferred from a cytotoxicity assay based
on lactate dehydrogenase (LDH) release from cells into culture supernatants.

4.2
4.2.1

Methods
Animal Selection

Animals from the Predicted Genotype group, described in Chapter 2.3, were used to
investigate functional differences between macrophages from resistant or susceptible
animals. Macrophages cultured from all of the animals of this group (n = 6 R and 7 S)
were infected with MAP in vitro to determine differences in MAP uptake and necrosis
rate. Macrophages from a subset of the Predicted Genotype group were used for
apoptosis detection after in vitro MAP infection and the details of these animals are
presented in Table 4.1.
Table 4.1: The subset of animals of the Predicted Genotype group, used for macrophage culture, to
determine differences in apoptosis rate.

ANIMAL

Sex

SIRE

R or S

A
B
C
D
E
L
N
O

M
M
M
F
F
F
M
F

R
R
TB S
TB S
TB S
R
S
R

R
R
S
S
S
R
S
R
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4.2.2

MDM Treatments

MDM were cultured in slide flasks (Nunc, Thermo Fisher Scientific, Germany) using the
culturing procedure described in Chapter 2.5. For each animal, there were three
treatments for each time point of 24 hours or 48 hours post-infection: an untreated
control sample (negative control), a MAP-infected sample, and a staurosporine-treated
sample (positive control). Methodology of in vitro MAP infection and staurosporine
treatment of macrophages was as set out in Chapter 2.7.1 and Chapter 2.8.2 and is
represented in Figure 4.1.

Day 7
of
MDM
Culture

MAP
infection

18 Hours or
42 Hours

Staurosporine
added

6 Hours
MDM
Stained

24 Hours or
48 Hours
Figure 4.1: Schematic of sample treatments and timeline for fluorescent microscopy analyses for
apoptosis in MDM from R and S animals.

4.2.3

MAP Infection Rate and Cell Death Detection

Fluorescent microscopy was used as detailed in Chapter 2.8 to determine both the rate
of MAP infection and the number of MAP phagocytosed by infected macrophages.
This technique along with TUNEL staining technology was also used to measure the
rate of apoptosis of the samples of MDM.

Figure 4.2 presents the fluorescent

microscope images of macrophages stained for the detection of the macrophage
nucleus (blue), MAP (green) and apoptotic events (red). These three images have been
overlaid in Figure 4.3 showing how each condition was enumerated and recorded. The
rate of macrophage necrosis was detected by measuring LDH levels in the cell culture
supernatants of each sample.
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Figure 4.2: Fluorescent microscopy images. A: Hoechst 33342 Stain (Nucleus), B: TB Auramine M Stain
(acid-fast MAP), C: TUNEL TMR Red Stain (Apoptosis). 20X Magnification.
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Figure 4.3: Fluorescent microscopy image overlay of the images in Figure 4.2 showing MDM stained
for MAP and apoptosis detection. 20X magnification, arrow pointing to acid-fast bacilli within a
macrophage.

4.3
4.3.1

Results
MAP Infection Rate

Macrophages from resistant and susceptible animals had a similar infection rate after
both 24 and 48 hour MAP infection time points (Figure 4.4). At 24 hours, an average of
48.6% of macrophages from resistant animals and 50.5% of macrophages from
susceptible animals were infected. At 48 hours, the infection rate increased slightly for
both R and S macrophages cultures at 59.2% and 56.2% infected respectively.

Of the resistant and susceptible macrophages that became infected, the majority
(mean > 80%) had phagocytosed less than 10 MAP organisms at 24 hours after in vitro
infection (Figure 4.5).
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Figure 4.4: Infection rate of R or S macrophages at 24 hours or 48 hours post-infection (mean ± SEM),
n = 13 (6 R and 7 S).

However, at 24 hours post-infection, an average of 14% of infected macrophages from
R animals contained 10 – 20 MAP bacilli compared to 7% of infected macrophages
from S animals. The proportion of infected macrophages which had >20 MAP bacilli
per cell was low for both types of animals at approximately 2%.

At 48 hours post-infection, the majority of infected macrophages still contained <10
MAP bacilli for both types of animals (Figure 4.5). However, there was an increase in
the number of infected S macrophages which had between 10 and 20 MAP per cell
from an average of 7% to 19% of infected macrophages. The equivalent condition in
the R macrophages remained relatively unchanged at an average of 13% cells after 48
hours infection. While the proportion of R macrophages that contained >20 MAP also
remained unchanged after 48 hours at less than 3%, the number of infected S
macrophages with >20 MAP per cell increased from a mean of less than 2% to more
than 7%.

The small sample numbers in these experiments precluded statistical

significance calculations on these trends.
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Figure 4.5: Proportion of infected macrophages that contain different numbers of MAP at 24 and 48
hours after infection (mean ± SEM), n = 13 (6 R and 7 S).
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4.3.2

Apoptosis Detection

Apoptotic events were detected by TUNEL staining coupled with fluorescent
microscopy and the results of the various treatments on macrophages from resistant
or susceptible lineages are presented in Figure 4.6. There was a very low level of
apoptosis in untreated macrophages samples from both types of animals and at both
time points. Further, approximately 80% of both S and R macrophages were apoptotic
following treatment with staurosporine (200ng/mL) for six hours. Infection with MAP
caused a greater proportion of R macrophages to become apoptotic at 24 hours than S
macrophages; a mean of 37% of R cells compared to a mean of 6% of S cells. This
difference was not observed at 48 hours, however, as the rate of apoptosis in both R
and S macrophages was approximately 13%. While these are interesting trends, the
small sample numbers in this experiment precluded statistical significance calculations
on this data.

4.3.3

Necrosis Detection

LDH release is a measure of the plasma membrane integrity of a cell and as such can
be used as an indicator of necrosis, a cell death process defined by cell lysis. Figure 4.7
presents the LDH release by macrophages from R and S animals in response to the
treatments detailed above. The positive control, staurosporine, induced a greater
amount of LDH release than both the untreated control macrophages and MAPinfected macrophages at both time points and in both types of animals. However,
there was very little difference in the LDH release from MAP-infected macrophages
from R or S animals at either time point.
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Figure 4.6: Detection of apoptosis by TUNEL TMR red staining of MDM from S or R animals at 24 or 48
hours after infection. Un = untreated, MAP = MAP-infected, STS = staurosporine at 200ng/mL for 6
hours. Results are shown as mean percentage TUNEL positive cells ± SEM, n = 8 (4 R and 4 S).
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Figure 4.7: Detection of necrosis by LDH release from MDM from S or R animals 24 or 48 hours after
infection. Un = untreated, MAP = MAP-infected, STS = staurosporine at 200ng/mL for 6 hours. Results
are given as mean absorbance values ± SEM, n = 13 (6 R and 7 S).
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4.4

Discussion

The series of experiments described here explored the dynamics of in vitro MAP
infection of macrophages from resistant or susceptible red deer. The first aspect
investigated was the rate of MAP infection at an MOI of 10:1 after two hours
incubation to allow the macrophages sufficient opportunity to phagocytose the
microorganism. For both types of animals, approximately 50% of macrophages were
infected after 24 and 48 hours (Figure 4.4). Other researchers have noted similar
infection rates of approximately 40 - 70% macrophage infection after two hours
incubation with MAP (41, 62, 195). The majority of infected macrophages from
resistant and susceptible animals had ingested less than 10 bacilli (Figure 4.5).
However, while the numbers of MAP within infected macrophages from resistant
animals did not change over the 48 hour time point, MAP numbers within
macrophages from susceptible animals increased between 24 and 48 hours. This could
indicate replication of MAP within S macrophages while R macrophages are able to
prevent MAP multiplication or a difference in the number of microorganisms
phagocytosed by macrophages from each type of animal. Further investigation with
larger sample numbers is warranted to determine if this trend is significant.

An important point to consider is the strain used in these infection experiments was
MAP K10. Gollnick et al. have reported that while MAP infection dynamics did not
differ between macrophages from different cows, both the proportion of macrophages
infected and the number of MAP ingested per cell differed following in vitro infection
with strains of MAP isolated from cattle or sheep (190). It is possible that MAP
infection rates may differ when macrophages from resistant or susceptible animals are
infected with different strains. Other researchers have also noted that the addition of
cytokines to bovine macrophage cultures can affect the phagocytic index and ability of
macrophages to control intracellular MAP growth (62, 88), something that was not
evaluated in this study.

Following MAP infection of macrophages in vitro there are three possible outcomes for
the host cell: necrosis, a form of death characterized by plasma membrane disruption,
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apoptosis, a form of death in which plasma membrane integrity is preserved, or
survival of MAP-infected macrophages (194). The experiments described here were
designed to distinguish these three outcomes at 24 and 48 hours post-infection.

In general, while the addition of MAP induced greater levels of macrophage apoptosis
compared to uninfected controls, the proportion of apoptotic cells was low relative to
the positive control (Figure 4.6). MAP has been shown to induce apoptosis in bovine
monocytes (100, 196) but the levels are generally low as has been noted by Berger et
al. in ovine MDM (71). Several researchers have found that avirulent mycobacterial
strains induce higher levels of apoptosis than virulent strains (197, 198).
Consequently, apoptosis has been proposed to be an innate defence mechanism
which can be subverted by virulent mycobacteria (46). Supporting this notion, virulent
strains of MAP are capable of suppressing apoptosis compared with avirulent strains
(199). However, macrophage apoptosis can be increased when a higher MOI of
virulent mycobacteria is used in the infection protocol although it has been noted that
the apoptotic process quickly converts to a necrotic cell death modality (200, 201).

There was a greater proportion of apoptotic R macrophages evident with MAP
infection for 24 hours compared to the equivalent treatment in the S macrophages
(Figure 4.6) but this effect was not evident at 48 hours. No differences in necrosis
were noted between MAP-infected macrophages from resistant or susceptible animals
at either the 24 or 48 hour time points. It is possible that the macrophages from a
resistant animal use apoptosis as an innate defence mechanism in the early stages of
infection by depriving MAP of its preferred growth niche, by broadening the activation
of other immune cells such as dendritic cells and by direct anti-mycobacterial activities
unique to apoptotic macrophages.

Unfortunately, the data presented here and thus their interpretation are limited by the
small sample sizes and the animals used for these experiments. Macrophages from
eight animals of the Predicted Genotype group were used for these functional assays.
As shown in Chapter 3, the differences in gene expression of the macrophages from
resistant and susceptible animals of this group are less clear-cut than those between
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the resistant and susceptible animals in the Defined Genotype group. If the latter
group had been used for these functional assays any differentiation may have been
more obvious. Further experiments would also need to increase the sample size to
investigate whether the results described here can truly be attributed to the genotype
of the animals.

These experiments served to reinforce that the cultured MDM behaved like functional
macrophages but only investigated certain basic aspects of in vitro MAP infection of
resistant or susceptible macrophages, namely, the infection rate, MAP ingestion rate
and cell death rate. Another important question to address is whether the MAP-killing
capabilities of these macrophages differ. Bactericidal capacity could be measured
directly by counting colony forming units following host cell lysis but this was
considered impractical for this project as laboratory culture of MAP bacilli usually takes
months and accurate quantitation is difficult. An indirect method would be to analyse
autophagy efficiency by detecting phagosomal maturation – a process that may be
inhibited by pathogenic mycobacteria (6, 46). To gain insight into these processes and
the broader effects of MAP infection on macrophages from resistant or susceptible
animals, the gene expression profile of these cells was revisited using a whole
transcriptome approach.
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5.1

Introduction

A number of studies have examined whole transcriptome responses of macrophages
to MAP and other mycobacterial species using microarray technology (47, 53, 54, 81,
132, 134, 136, 202).

While informative for aspects of the macrophage immune

response to MAP, these studies are limited by the inherent constraints of microarrays,
in that they have a limited quantitative dynamic range and are restricted to detecting
transcripts of known sequence (as discussed in Chapter 1.5.1). These studies have
also not explored gene expression relative to host resistance or susceptibility. An RNASeq project was initiated to assess the cervine macrophage response to MAP infection
in resistant or susceptible animals, at the level of the transcriptome. While this can
provide both novel sequence information and gene expression data, priority was given
to the analysis of the gene expression data. To analyse this dataset, a candidate
approach was initially undertaken to identify up- or downregulated genes that may
play important roles in the macrophage response to MAP. Several of these genes have
not previously been described in the macrophage response to mycobacteria and some
have not been ascribed functional roles in the immune system.

The candidate approach also enabled exploration of the gene expression of markers
that are characteristic of classically-activated (M1) macrophages and alternativelyactivated (M2) macrophages.

The M1 macrophage is considered to be a highly

inflammatory cell type with enhanced antimicrobial properties whereas the M2
designation encompasses those macrophages which promote tolerance and antiinflammatory properties (68, 203, 204).
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Besides the search for interesting candidate gene expression within the macrophage
response to MAP, a necessary step in the interpretation of the transcriptome data was
the validation of a selected group of genes in a larger sample set. This aimed to both
verify the reliability of the expression data generated by the transcriptome analysis
and confirm the reproducibility of gene expression patterns in more animals than the
limited number of biological replicates used in the RNA-Seq project.

5.2

Methods

5.2.1 Samples
Next-generation transcriptome sequencing was undertaken for eight samples in total
(Chapter 2.12.1).

Blood samples from two genotypically resistant and two

genotypically susceptible animals were collected and MDM cultures prepared (the
characteristics of each animal are given in Table 2.5). There were two samples for
each animal, an uninfected control macrophage culture and a MAP-infected
macrophage culture. RNA was extracted from these eight samples and RNA quality
was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, USA) – all
samples exhibited profiles and possessed RIN values indicating good quality RNA
(Appendix 3). One microgram of RNA for each sample was submitted to New Zealand
Genomics Limited for sequencing by the Illumina HiSeq 2000 platform.

5.2.2 Analysis of Gene Expression by Q-Seq
The first step of the analysis by Q-Seq was to assign the reads from each sample to the
reference genome for identification and quantification. The mapping outcome for
each library is displayed in Table 5.1 and on average, just under 50% of the reads from
each library were able to be mapped and identified. Given that the bovine (Bos taurus)
reference genome was used for mapping, a mapping efficiency of 50% is not
unreasonable. While the cervine and bovine genome are predicted to be broadly
similar (205), there are genes represented in the cervine genome that are not present
in the bovine genome and vice versa.

Another contributing factor to mapping

efficiency is the integrity of the sample and sample processing. Reports of other RNASeq experiments using the Illumina HiSeq 2000 or Genome Analyser IIx platform have
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published efficiencies of mapping bovine-derived reads to the bovine genome in the
range of 60 – 80% (206-208). Other researchers have found 57% mapping success
when aligning homologous murine reads to the mouse genome (209) and 51 – 79%
mapping efficiency aligning human reads to the human genome (143, 146, 210). A
recent paper reported an RNA-Seq experiment analysing the transcriptome of Sika
deer antler (Cervus Nippon) using the Illumina HiSeq 2000 instrument and was able to
identify 45% of the sequences by BLAST search (145). These data suggest that the
mapping efficiencies of cervine transcripts to the bovine genome assembly shown in
Table 5.1 are at an acceptable level.

Table 5.1: Q-Seq mapping outcome of the sample libraries
Sample
Animal 2

Uninfected
MAP
Animal 6
Uninfected
MAP
Animal 11 Uninfected
MAP
Animal 18 Uninfected
MAP
Average

Total Reads
22,101,186
16,871,303
29,727,548
26,981,755
21,741,535
20,974,414
16,791,351
21,967,396

Unique reads*
assigned
9,322,770
6,130,732
12,755,654
10,769,007
9,303,944
8,570,489
7,256,657
9,550,024

Repeated reads
assigned
1,277,819
833,114
1,942,124
1,506,720
1,286,795
1,241,841
1,182,031
1,535,514

#

Total reads
assigned (%)
48.0
41.3
49.4
45.5
48.7
46.8
50.3
50.5
47.5

*Unique reads = reads that align to one location in the reference genome
#
Repeated reads = reads that align equally well to more than one location in the reference genome

The sorting strategy presented in Figure 2.11 was employed for the identification of
candidate genes considered relevant for the macrophage response to MAP. Briefly, all
genes expressed at an RPKM value greater than 0 in every sample were filtered and
ranked by the average fold change (FC) in all four animals (common MAP response)
and by the average fold change in both R animals or both S animals (differential MAP
response). In order to assess the activation state of macrophages from R or S animals
in response to MAP, a panel of M1 (classical activation) and M2 (alternative activation)
macrophage markers was compiled from a literature search (68, 203, 204, 211-213)
and information about these candidate genes were searched for in the RNA-Seq data.
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5.2.3 Validation of Transcriptome Gene Expression
Thirteen gene targets were chosen for assay by Q-PCR to validate the data generated
by the RNA-Seq experiment. These genes were selected at random from the lists
generated by the sorting strategy set out in Figure 2.12. Primers for these targets
were designed (Chapter 2.12.6) and Q-PCR carried out on the stored cDNA samples
from the MDM of 20 animals (Defined Genotype group).

Table 5.2: Genes selected for validation of RNA-Seq gene expression data
Gene Symbol

EIF4E
CLEC4F
RSAD2
MMP1
AQP3
RNASE6
SYN2
CXCL13
ISG20
G0S2
CXCL9
SLAMF1
LOC100139472

Gene Product

Average FC of R
animals

Common MAP Response – Upregulation
eukaryotic translation initiation factor 4E
17.1
C-type lectin
171.9
radical S-adenosyl methionine domain37.4
containing protein 2
interstitial collagenase (matrix
37.6
metalloproteinase 1) precursor
Common MAP Response – Downregulation
aquaporin-3
-8.7
ribonuclease K6 precursor
-4.8
synapsin II
-10.6
Upregulation in S animals versus R animals
chemokine (C-X-C motif) ligand 13 (B-cell
6.8
chemoattractant)
interferon stimulated gene isoform 1
137.8
G0/G1switch 2 isoform 2
6.5
Upregulation in R animals versus S animals
C-X-C motif chemokine 9 precursor
31.1
signaling lymphocytic activation molecule
3.8
family member 1
trichohyalin-like
3.6

Average FC of S
animals
22.4
87.2
99.1
15.1
-4.2
-6.5
-4.8
40.1
717.2
525.0
ND
-1.5
-4.1

ND = not detected
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5.3

Results

5.3.1 Validation of Transcriptome Gene Expression
The relative expression levels of the four genes shown to be upregulated in MDM from
all four animals in response to MAP from the RNA-Seq data is presented in Figure 5.1.
All of these genes show evidence of upregulation in the wider panel of R and S animals
of the Defined Genotype group. There is a greater degree of scatter in the R group
than the S group for the CLEC4F, RSAD2 and EIF4E gene expression. The gene MMP1 is
significantly upregulated in the animals of the S genotype compared to the R group
(p<0.05). This is in contrast to the RNA-Seq data in which the R animals had an average
fold change of 37.6 and the S animals an average fold change of 15.1 in response to
MAP (Table 5.2). The high R fold change is derived from a very high value (74.2 for
animal 6) and a low value (1.03 for animal 18), contributing to the lack of consistency
in expression of MMP1 between the RNA-Seq and Q-PCR results.

The gene expression of the three targets shown to be downregulated in MDM from all
four animals in response to MAP from the RNA-Seq data is shown in Figure 5.2. The
trends from the transcriptome data have been replicated again in the 20 R or S animals
of the Defined Genotype group – all animals except one (AQP3 expression in one R
animal) displayed a reduced mRNA expression level of AQP3, RNASE6 and SYN2.

Seven genes whose expression differed between MDM from R or S animals infected
with MAP were selected as representative genes. Three of those genes showed a
mean upregulation in the two S animals in the RNA-Seq data (CXCL13, G0S2 and ISG20)
and the expression of these molecules in MDM from ten R and ten S animals is shown
in Figure 5.3. Two out of the three molecules have different relative expression levels
between the S and the R animals – CXCL13 and G0S2 are both significantly more
upregulated (p<0.05 and p<0.01 respectively) in macrophages from the S animals than
macrophages from the R animals. The gene, ISG20, does not differentiate the two
types of animals but this may be due to the greater range of relative expression in the
R group (three out of the ten animals display fold change values greater than 100). In
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contrast, the macrophages from the S animals consistently upregulate this molecule to
a high level (seven of the ten animals upregulate this molecule greater than 100-fold).

Figure 5.1: Gene expression of “Common MAP response - upregulation” genes in MDM from R or S
animals in the Defined Genotype group in response to MAP infection. Fold changes (mean ± SEM) are
defined as expression following infection, compared to the uninfected control; n = 20 (10 R and 10 S).
Statistical significance has been calculated using the Mann-Whitney test; * p<0.05.

The expression of the three other genes which distinguished the R and S animals in the
RNA-Seq experiment (CXCL9, SLAMF1, and LOC100139472) is presented in Figure 5.4.
These three molecules were observed to be upregulated to a greater extent in
response to MAP in MDM from R animals compared to the S animals in the RNA-Seq
data. However, while one of these genes (CXCL9) followed this trend, none of these
molecules could distinguish R from S in the expected way in a larger sample set, with
statistical significance.

Indeed, one of them (SLAMF1) exhibited a directionally

discordant expression pattern – macrophages from the S animals upregulated this
molecule significantly more than macrophages from the R animals in response to MAP
(p<0.05).

Considering the lack of consistency for these targets in particular,

explanation was sought by examining the expression values for these molecules using

- 108 -

Chapter 5 – The Macrophage Transcriptome: Gene Expression in Macrophages from Resistant or
Susceptible Deer

the Q-Seq statistical programme. The expression levels of all of these molecules were
notably low (RPKM < 1) for most of the eight transcriptome samples and this is likely to
have contributed to the lack of reproducible patterns in the Q-PCR data with additional
animals. The other genes used for validation all had expression levels at moderate to
high levels (RPKM > 10) in most of the eight transcriptome samples.

Figure 5.2: Gene expression of “Common MAP response - downregulation” genes in MDM from R or S
animals in the Defined Genotype group in response to MAP infection. Fold changes (mean ± SEM) are
defined as expression following infection, compared to the uninfected control; n = 20 (10 R and 10 S).
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Figure 5.3: Gene expression of “Upregulated in S animals versus R animals” genes in MDM from R or S
animals in the Defined Genotype group in response to MAP infection. Fold changes (mean ± SEM) are
defined as expression following infection, compared to the uninfected control; n = 20 (10 R and 10 S).
Statistical significance has been calculated using the Mann-Whitney test; * p<0.05, ** p<0.01.
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Figure 5.4: Gene expression of “Upregulated in R animals versus S animals” genes in MDM from R or S
animals in the Defined Genotype group in response to MAP infection. Fold changes (mean ± SEM) are
defined as expression following infection, compared to the uninfected control; n = 20 (10 R and 10 S).
Statistical significance has been calculated using the Mann-Whitney test; * p<0.05.

A correlation analysis was undertaken for the results from the candidate gene
expression assays by Q-PCR and from the transcriptome gene expression by RNA-Seq
to compare the two technologies. The expression data from all of the candidate genes
(those above in Table 5.2 and those discussed in Chapter 3.3.2) assessed for the
Defined Genotype group was compared and a correlation of R2 = 0.6716 was found
(Figure 5.5) indicating that approximately 70% of the Q-PCR results agree with the
RNA-Seq results. The samples that were taken for Q-PCR estimates of candidate gene
expression and the samples taken for the RNA-Seq experiment were obtained at
different time points for the four animals. Consequently, the data presented in Figure
5.5 does not represent a direct comparison of the technologies and it is not
unreasonable that there might be differences in the fold changes calculated using
either technology.
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Figure 5.5: Correlation of Candidate Gene Expression analysed by Q-PCR or by RNA-Seq in MDM
samples collected at different times from the same four animals.

5.3.2 Differential Gene Expression – Common MAP Response
The top twelve upregulated genes in all four animals in the RNA-Seq experiment are
displayed in Table 5.3. Interestingly, some common themes are evident. Relative gene
expression shows that there are two chemokines (CXCL10 and CCL8), four genes
related to the guanylate-binding factor family, induced by interferon signalling
(LOC781484, LOC511531, LOC781710 and LOC789628), five other genes induced by
type 1 interferon signalling (IFIT1, IFIT2, ISG15, USP18 and RSAD2) and one surface
molecule involved in receptor function (CLEC4F).

The top twelve genes downregulated in response to MAP infection in cervine
macrophages are presented in Table 5.4 and include several genes with largely
unknown roles in immune responses. Broadly, several of these genes can be classified
as playing a role in the immune system and defence mechanisms (F13A1, RNASE6,
PLXNC1, A2M, LYVE1 and SLC8A1). Three other genes are associated with cellular
metabolic and membrane functions (SYN2, AQP3 and TRERF1) and the remaining three
genes (LYL1, LOC504451 and LOC781126) have an unknown function in the immune
response.
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Table 5.3: Common MAP Response – top 12 upregulated genes. Genes with an RPKM expression value of greater than 0 were ranked on the average fold change (FC) of
all four animals.

Resistant Animals

Gene
Symbol

Gene Product

CXCL10

Susceptible Animals
Average FC

FC in Animal 6

FC in Animal 18

FC in Animal 2

FC in Animal 11

C-X-C motif chemokine 10 precursor

119.2

40.1

118.2

628.1

226.4

IFIT1

interferon-induced protein with tetratricopeptide repeats 1-like

35.1

60.0

112.6

358.2

141.5

CLEC4F

C-type lectin

323.9

19.7

77.8

96.4

129.5

IFIT2

interferon-induced protein with tetratricopeptide repeats 2

38.8

51.0

99.5

232.5

105.5

ISG15

ubiquitin cross-reactive protein

16.0

31.7

158.2

197.9

100.9

USP18

ubiquitin specific peptidase 18

26.3

16.9

171.6

116.0

82.7

LOC781484

guanylate binding protein 4-like

43.1

84.1

53.3

113.3

73.4

RSAD2

radical S-adenosyl methionine domain-containing protein 2

30.0

44.8

80.5

117.7

68.2

LOC511531

interferon-induced guanylate-binding protein 2-like isoform 2

41.7

36.5

141.1

30.5

62.5

LOC781710

hypothetical protein

52.2

58.1

82.9

56.5

62.4

CCL8

C-C motif chemokine 8 precursor

79.9

18.3

53.1

74.9

56.6

LOC789628

guanylate binding protein family, member 6

43.8

59.3

38.7

67.5

52.3
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Table 5.4: Common MAP Response – top 12 downregulated genes. Genes with an RPKM expression value of greater than 0 were ranked on the average fold change (FC)
of all four animals.

Resistant Animals
Gene Symbol

Gene Product

SYN2

Susceptible Animals
Average FC

FC in
Animal 6

FC in
Animal 18

FC in
Animal 2

FC in
Animal 11

synapsin II

-8.4

-14.5

-7.9

-3.4

-6.6

F13A1

coagulation factor XIII A chain precursor

-8.7

-4.3

-35.2

-3.4

-6.0

AQP3

aquaporin-3

-8.1

-9.5

-7.7

-2.8

-5.6

RNASE6

ribonuclease K6 precursor

-5.5

-4.2

-20.7

-3.8

-5.5

LOC504451

nucleolar and spindle-associated protein 1-like

-6.1

-3.2

-4.9

-4.2

-4.3

PLXNC1

plexin C1

-5.6

-3.4

-6.4

-2.5

-3.9

A2M

alpha-2-macroglobulin

-3.7

-2.9

-9.5

-3.2

-3.8

LOC781126

transmembrane and tetratricopeptide repeat containing 2 (predicted)-like

-3.0

-2.5

-8.8

-4.8

-3.8

LYVE1

lymphatic vessel endothelial hyaluronic acid receptor 1 precursor

-2.1

-7.6

-13.2

-2.5

-3.7

SLC8A1

sodium/calcium exchanger 1 precursor

-2.4

-6.3

-6.7

-2.6

-3.6

TRERF1

transcriptional regulating factor 1 isoform 4

-3.3

-3.1

-8.9

-2.4

-3.5

LYL1

lymphoblastic leukaemia derived sequence 1

-2.7

-7.9

-3.3

-2.4

-3.3
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5.3.3 Differential Gene Expression – R versus S
A side-by-side comparison of the genes most upregulated in the two R animals and the
two S animals is presented in Table 5.5. Six of the genes are present in both lists and
all of the genes are upregulated to some extent by macrophages from both types of
animals. A striking feature of the list of genes in Table 5.5 is that for all except two
(CLEC4F and IDO1), the average fold change of macrophages from the R animals is
lower than that found in macrophages from the S animals.

In addition to those upregulated genes which are described in Table 5.3 as part of the
common MAP response, there are three further genes known to be induced following
interferon signalling (ISG12, LOC100335957 and HERC6), and three other genes known
to be involved in the immune response (SOCS1, IDO1 and CSF3).

Table 5.6 describes the most downregulated genes in response to MAP in
macrophages from the R or S animals.

In addition to those genes which are

downregulated as part of the common MAP response (Table 5.4 – SYN2, AQP3, F13A1,
RNASE6, PLXNC1 and LOC504451), there are a further six genes which are highly
downregulated in R animals which are involved in cell division (GPR132), metabolism
(MOSC2, PYGM and UFSP1) and the immune response (CLEC4G and PLD4). While most
of these genes are also downregulated in macrophages from the S animals, GPR132 is
unchanged in macrophages from S animals and CLEC4G presents a fold change in the
opposite direction in the two types of animals (Average R FC = -4.6; Average S FC =
+1.7).

Three genes in the list of the most downregulated genes in macrophages from the S
animals are represented in Table 5.4 (RNASE6, F13A1 and LOC781126) and another
three genes (SYCP3, LOC784270 and LOC782175) are also downregulated in the R
animals (an average FC ranging from -1.6 to -3.4). However, the remaining six genes
(LOC787397, LOC532081, LOC532916, C15H11orf49, SECTM1 and LOC781724) most
downregulated in the S macrophages remain unchanged in macrophages from R
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animals in response to MAP (average FC of less than ±1.5). Apart from one of these six
genes (SECTM1) having a known role in the immune response, these genes have not
been well-defined in the bovine genome and are of unknown function.

Using the candidate approach, the activation state of the macrophages from R and S
animals after in vitro MAP challenge was examined using the candidate gene approach.
A heat map representing the average fold changes of the genes encoding M1 and M2
markers in macrophages from R or S animals, in response to MAP infection, is
presented in Figure 5.6. While no obvious trend is observed for the expression of the
individual M1 or M2 genes, there are subtle differences apparent between the R and S
transcriptional profile overall. Most of the M1 macrophage markers from the S
animals are increased in expression to a greater extent than the same genes in the
macrophages from the R animals. This trend is reversed for the M2 markers, where
there was a greater increase in gene expression in the macrophages from the R
animals compared to the S animals.
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Table 5.5: Differential MAP Response – top 12 upregulated genes in both R animals or both S animals. Genes with an RPKM expression value of greater than 0 were
ranked on the average fold change (FC) of the two R animals or the two S animals.
Upregulated in Resistant Animals

Upregulated in Susceptible Animals

Gene
Symbol

Gene Product

Average FC
(R animals)

Average FC (S
animals)

Gene Symbol

CLEC4F

C-type lectin

171.9

87.2

CXCL10

CXCL10

C-X-C motif chemokine 10
precursor

79.7

373.2

IFIT1

LOC781484

guanylate binding protein 4-like

63.7

83.3

SOCS1

LOC781710

hypothetical protein

55.2

69.7

ISG15

LOC789628

guanylate binding protein family

51.6

53.2

IFIT2

SOCS1

suppressor of cytokine signaling 1
isoform 2

49.2

194.1

LOC100335957

CCL8

C-C motif chemokine 8 precursor

49.2

64.1

ISG12

47.6

235.4

45.0

IFIT1
IFIT2
LOC511531
RSAD2
IDO1

interferon-induced protein with
tetratricopeptide repeats 5-like
interferon-induced protein with
tetratricopeptide repeats 2
interferon-induced guanylatebinding protein 2-like isoform 2
radical S-adenosyl methionine
domain-containing protein 2
indoleamine 2,3-dioxygenase

Average FC
(R animals)

Average FC (S
animals)

79.7

373.2

47.6

235.4

49.2

194.1

23.9

178.1

45.0

166.1

16.4

166.0

putative ISG12(a) protein

9.9

148.3

HERC6

hect domain and RLD 6 isoform 2

11.5

146.0

166.1

USP18

ubiquitin specific peptidase 18

21.7

143.8

39.1

86.0

CSF3

28.0

122.3

37.4

99.1

RSAD2

37.4

99.1

31.9

31.3

CLEC4F

171.9

87.2

Gene Product
C-X-C motif chemokine 10
precursor
interferon-induced protein with
tetratricopeptide repeats 5-like
suppressor of cytokine signaling 1
isoform 2
ubiquitin cross-reactive protein
interferon-induced protein with
tetratricopeptide repeats 2
28kD interferon responsive
protein-like

granulocyte colony-stimulating
factor 3 precursor
radical S-adenosyl methionine
domain-containing protein 2
C-type lectin
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Table 5.6: Differential MAP Response – top 12 downregulated genes in both R animals or both S animals. Genes with an RPKM expression value of greater than 0 were
ranked on the average fold change (FC) of the two R animals or the two S animals.
Downregulated in Resistant Animals

Downregulated in Susceptible Animals

Gene
Symbol

Gene Product

Average FC (R
animals)

Average FC (S
animals)

Gene Symbol

Gene Product

Average FC (R
animals)

Average FC (S
animals)

SYN2

synapsin II

-10.6

-4.8

LOC782175

calcitonin gene-related peptidereceptor component protein isoform 1

-1.7

-12.7

AQP3

aquaporin-3

-8.7

-4.2

LOC787397

zinc finger protein 30 homolog

-1.0

-8.2

-6.2

1.0

LOC532081

hypothetical protein isoform 3

-1.2

-8.1

-6.0

-2.1

LOC532916

CG14803-like

-1.2

-7.0

GPR132
MOSC2

G protein-coupled
receptor 132-like
MOSC domain-containing
protein 2

PLD4

phospholipase D family

-5.8

-1.9

RNASE6

ribonuclease K6 precursor

-4.8

-6.5

F13A1

coagulation factor XIII A
chain precursor

-5.7

-6.2

C15H11orf49

hypothetical protein LOC505437

-1.2

-6.3

UFSP1

Ufm1-specific protease 1

-4.8

-1.6

LOC781126

-2.7

-6.2

PYGM

muscle glycogen
phosphorylase

-4.8

-1.8

F13A1

-5.7

-6.2

RNASE6

ribonuclease K6 precursor

-4.8

-6.5

SECTM1

secreted and transmembrane 1

-1.0

-6.0

CLEC4G

C-type lectin domain
family 4

-4.6

1.7

LOC781724

ribosomal protein L6-like

-1.3

-6.0

PLXCN1

plexin C1

-4.3

-3.6

LOC784270

hCG2038584-like

-3.4

-5.8

LOC504451

nucleolar and spindleassociated protein 1-like

-4.2

-4.5

SYCP3

synaptonemal complex protein 3

-1.6

-5.8

transmembrane and tetratricopeptide
repeat containing 2 (predicted)-like
coagulation factor XIII A chain
precursor
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Average FC (S animals)

Figure 5.6: Heat map of the average fold changes (FC) in gene expression of M1 and M2 markers in MDM from two R or two S animals in response to MAP.
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5.4

Discussion

The initial study of the transcriptome of macrophages from R or S animals infected
with MAP identified genes of interest, based on relative levels of expression. This was
based on the premise that while individual gene expression levels may be relevant, a
subtle change in the expression of individual genes may be just as important in
defining the quality of the host defence response and disease outcome as more highly
differentially expressed genes.

As there were only two biological replicates for each

group in the transcriptome experiment, an attempt was made to validate the
transcriptome data by comparison with a larger reference sample tested with Q-PCR.

The candidate molecules chosen for validation were selected solely on the basis of the
average fold change values in the macrophages from the two R and two S animals. The
majority of these genes (CLEC4F, RSAD2, EIF4E, MMP1, AQP3, SYN2, RNASE6, CXCL13
and G0S2) displayed the same expression pattern as that calculated from the RNA-Seq
experiment analysis when samples of the Defined Genotype group of R and S animals
were analysed. However, some genes displayed a different expression pattern (ISG20,
CXCL9, SLAMF1 and LOC100139472) to that observed from the RNA-Seq experiment.
For the gene, ISG20, this was due to a greater range of fold change values observed in
the R group compared to that of the S animals. The remaining four genes showed a
greater upregulation in R animals compared to S animals in the RNA-Seq experiment
but this pattern did not emerge for any of the molecules in the validation experiment.
While CXCL9 was upregulated in R animals compared to S animals, the other molecule,
LOC100139472, was not differentially expressed in response to MAP in either group
and in fact the gene, SLAMF1, was upregulated to a statistically higher level in
macrophages from the S animals compared to those from the R animals.

The lack of reproducible expression patterns for these molecules is most likely due to
the very low expression levels observed for these particular targets in most of the
eight transcriptome samples. In hindsight, greater emphasis could have been placed
on the expression levels of the genes selected for validation to ensure the differences
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that were analysed involved genes that showed a moderate to high degree of
expression in the validation experiment.

Among the most upregulated genes of the cervine macrophage response to MAP are
genes that are identified as well-known chemokines (CCL8, CXCL10, CXCL13 and CSF3),
and genes which have are known to be stimulated by the interferon (IFNα/β/γ)
response and share guanylate-binding function (the four predicted genes of Table 5.3)
or have other functions (IFIT genes, ISG12 and 15, HERC6, USP18 and RSAD2).

The chemokine CCL8 (also called monocyte-chemoattractant protein 2) activates and
attracts a wide variety of leukocytes. It is upregulated in ileal tissue from cattle
infected with MAP compared with tissue from uninfected cattle (76) and is
upregulated in the colonic tissues from patients with IBD (214). The expression of this
chemokine can also distinguish patients with active tuberculosis from those with latent
tuberculosis or healthy controls by detection in antigen-stimulated PBMC supernatants
in vitro (215). Another chemokine highly upregulated in the cervine macrophage
response to MAP, CXCL10, has also been reported to be capable of distinguishing
between active and latent tuberculosis (215) and is highly upregulated in murine lung
cells in response to M. bovis challenge and PBMC from M. bovis-infected cattle in
response to antigen stimulation in vitro (216).

CXCL10 (also known as IP-10, IFN-γ-

induced protein 10) has been reported in many Th1-type inflammatory diseases and is
thought to contribute to the inflammatory features of mycobacterial pathogenesis by
monocyte and T cell recruitment and activation (215). The third chemokine that was
identified as highly upregulated (particularly in macrophages from the S animals, Table
5.5) was CSF3. This molecule stimulates the survival, proliferation and functional
activity of neutrophil precursors and mature neutrophils and is upregulated in
macrophages from tuberculosis-susceptible mouse strains (132). The relatively high
induction of these chemokines in S animals could cause an infiltration of cells into
inflamed tissues leading to further tissue damage without MAP clearance.

Among the common upregulated genes found in response to MAP are four genes
(LOC781484, LOC511531, LOC781710 and LOC789628; Table 5.3) with unknown
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function in cattle, but with sequence homology to members of the guanylate binding
protein (GBP) family in humans. This family of proteins is IFN-inducible, function as
guanosine 5' triphosphatases, and are important to protective immunity against
microbial and viral pathogens (217). Interestingly, many of the genes that were
upregulated in the cervine macrophage response to MAP share this common feature
of interferon inducibility. The IFIT genes, produced in response to IFN-α/β, have
predominantly been reported to be involved in antiviral immunity by binding specific
forms of viral RNA to reduce the growth and pathogenicity of viruses such as vesicular
stomatitis virus in vitro (218) but the function of these genes in immune responses to
mycobacteria is unknown. However, the overexpression of one of these genes (IFIT2)
can repress the expression of other inflammatory mediators such as TNF-α (219)
classified as both an inflammatory and protective mediator in mycobacterial
pathogenesis (73, 74).

Another example of a type 1 interferon-induced gene is ISG15 which can function both
as a cytokine, by stimulating IFN-γ production and proliferation of T cells (220), and as
a chemokine, by mediating neutrophil migration (221). However, the main function of
ISG15 is in the modification of protein substrates (ISGylation) (221, 222). This is similar
to ubiquitination and uses a set of enzymes analogous to the ubiquitin modification
system such as USP18, the deconjugating enzyme responsible for removing ISG15 from
its conjugated proteins (223), and HERC6 which mediates the ligation of ISG15 to the
appropriate protein (224) – USP18 and HERC6 were found to be upregulated in cervine
macrophages (Table 5.3 and 5.5). The role of the ISGylation system is not well defined
but is proposed to modulate target protein stability, function or localization (222) and
is necessary for innate antiviral defence (221). The expression of ISG15 in response to
mycobacteria has not previously been reported, although this molecule is upregulated
in the lymph node tissues of clinically diseased, susceptible red deer compared to the
tissues of healthy, resistant red deer (Colin Mackintosh, personal communication).An
additional gene related to ISG15 and also highly expressed in response to MAP in
cervine macrophages, particularly those from S animals, is ISG12 (also called IFI27 –
interferon alpha-inducible protein 27). This gene has been found to localise to the
mitochondria and is thought to have a role in mediating IFN-induced apoptotic effects
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(225). ISG12 gene expression has also been used as a marker of M1 macrophage
activation (226) and is upregulated in inflammatory bowel disease and in the lung
tissue of M. tuberculosis-infected mice, at early but not late stages of infection (227).

The final gene increased in response to MAP in cervine macrophages and well-known
to be stimulated by interferon signalling was RSAD2 (also called viperin; Table 5.3). As
well as being induced by type 1 and 2 interferons, RSAD2 is highly upregulated in
response to a range of different viruses and microbial products (228). Viperin is
proposed to mediate immune response signalling pathways, particularly those
involving type 1 interferons, and associates with lipid droplets which allows it to
restrict the replication of a range of viruses. While a role for viperin has not been
established in bacterial infections, the inducible expression of RSAD2 following IFNα/β/γ signalling and other microbial products in macrophages, point towards a general
role in innate immune defences (228-230).

The cluster of genes upregulated here and known to be downstream of interferon
signalling, particularly IFN-α/β, is intriguing. There is a body of literature on the role of
IFN-γ in MAP infections but research is lacking in assessing the involvement of type 1
interferons. An increase in IFN-α/β-inducible transcripts is associated with disease
severity in humans infected with M. tuberculosis (78) and in mice infected with a highly
virulent strain of M. tuberculosis (79). A lack of type 1 interferon signalling also confers
protection against other intracellular bacterial infections such as

Listeria

monocytogenes in a murine model and this is linked to reduced responsiveness to IFNγ (231). It remains to be seen if type 1 interferons are involved with the pathology
observed in Johne’s disease, particularly if S animals have a high level of expression of
these molecules originating from macrophages responding to MAP in vivo.

There are two other genes (IDO1 and SOCS1) that are upregulated in response to MAP
in cervine macrophages which merit further investigation (Table 5.5). IDO1 is a gene
which has been ascribed a role in host defence and more specifically, mycobacterial
pathogenesis in macrophages. This gene encodes indoleamine 2,3-dioxygenase which
catalyses the degradation of the essential amino acid L-tryptophan (232). The classical
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view of this enzyme’s broader function is that IDO1 inhibits pathogen replication by
depriving the microorganism of this amino acid. However, this has only been shown to
be effective in defence against those organisms which are tryptophan auxotrophs
which excludes mycobacterial species (233). The depletion of tryptophan leads to the
arrest of T cell proliferation (by upregulating the GCN2 kinase stress response
pathway) and the production of bioactive tryptophan metabolites is known to facilitate
the generation of Tregs (232).

The opposing functions of IDO have seen it described as a marker for both M1
macrophage activation (204) and M2 macrophage activation (203).

This gene is

upregulated in bovine MDM challenged with M. bovis in vitro after 24 hours (54) and is
upregulated in human macrophages infected with MAP in vitro up to 48 hours after
challenge (234). High IDO1 expression has also been observed in peripheral blood cells
from sheep with clinical but not subclinical Johne’s disease (234). Furthermore, Plain
et al. observed that sheep exposed to MAP had an early peak in IDO1 expression in
peripheral blood cells that returned to baseline once the animal cleared the infection.
This is in contrast to the chronically infected sheep which lacked this early peak in IDO1
expression.

Plain et al. have proposed that IDO1 is activated to limit immune-

mediated tissue damage but that this may enable MAP persistence (234). Cervine
macrophages from both R and S animals showed an increase in expression of IDO1 of
approximately 30-fold in response to MAP (Table 5.5). It would be interesting to
conduct a longitudinal experiment to investigate the expression of IDO1 in
macrophages from R or S animals that had been experimentally-infected with MAP to
answer the question of whether IDO1 helps or hinders MAP infection progression to
Johne’s disease.

The final gene to be considered in the context of upregulation in the cervine
macrophage response to MAP is SOCS1. This molecule is a member of the SOCS
(suppressor of cytokine signalling) family which are generally unstable proteins
induced as early response genes to many external stimuli including cytokines, growth
factors and TLR ligands. SOCS1 negatively regulates signalling pathways within the
immune system, specifically by acting as a pseudosubstrate inhibitor for Janus kinase
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(JAK) proteins and blocking the interaction of the JAK catalytic domain with their STAT
protein substrates, terminating signal propagation. In vivo studies of SOCS1-deficient
mice have found that macrophages derived from these mice manifest an increased
capacity to kill intracellular bacterial pathogens (235). Furthermore, increased SOCS1
gene expression has been observed for M. avium-infected human macrophages which
depends on TLR2 signalling (mycobacterial LAM also triggers SOCS1 expression).
Induction of SOCS may be a strategy that allows mycobacterial invaders to render
macrophages unresponsive to IFN-γ, which otherwise promotes clearance of the
infection (236). This gene is upregulated 49-fold and 194-fold in macrophages from R
and S animals, respectively, thereby potentially limiting the ability of S macrophages to
control the MAP infection more than that of the R macrophages.

A common theme for the collection of upregulated genes described above is that the
macrophages from S animals increase the expression of these molecules to a greater
extent than the cells from the R animals, reflecting the same trend observed in Chapter
3. The direct consequences of over-expression of some of these molecules is unknown
but suggests an uncontrolled, dysregulated macrophage immune response in the S
animals which could lead to the persistence of MAP infection and the characteristic
inflammatory pathology of Johne’s disease. This is in contrast to a relatively modest
level of upregulation in the macrophages from the R animals; more indicative of an
immune response effective against mycobacteria but with the inflammatory features
kept in check.

The most downregulated genes (Table 5.4 and 5.6) are a mixed group of molecules,
most of which have not previously been described in mycobacterial pathogenesis.
Among this group, there are three genes which are known to be involved in
macrophage activation, particularly M2-type activation – RNASE6, F13A1, and PLXNC1.
RNASE6 is a gene expressed in neutrophils, monocytes and macrophages and is
thought to play an as yet undefined role in host defence (237). The expression of this
molecule is used as a marker of M2 macrophage activation (212) and has been found
to be repressed following exposure of human MDM to M. tuberculosis (238) and in
response to LPS or IFN-γ in bovine monocytes (239). F13A1 encodes the coagulation
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factor 13 and is also a well-known marker of human macrophage alternative activation
(212). PLXNC1 (plexin C1) is the gene for a receptor which interacts with Sema7A, a
semaphorin involved in the communication of signals from activated T cells to
macrophages resulting in macrophage activation (240).

Several of the other downregulated genes, while not directly involved in macrophage
activation, have roles in modulating aspects of the macrophage immune response and
the broader immune response. One such gene is GPR132 (also called G2a), a member
of the G protein-coupled receptor family and regulates cell proliferation in immune
cells. GPR132-deficient murine macrophages also have a reduced rate of apoptosis
and are pro-inflammatory (241). Another gene, SECTM1 (a type 1 transmembrane
glycoprotein on antigen-presenting cells) has been found to act as a potent
costimulatory ligand for T cell proliferation (242). AQP3, downregulated 5.6-fold on
average in cervine macrophages (Table 5.4), encodes an aquaporin which are proteins
embedded in the cell membrane that regulate the flow of water. In addition to
controlling water transport, AQP3 is also categorised as an aquaglyceroporin because
it is permeable to glycerol. Until recently, there has been little research on the
involvement of aquaporins in immune function, but these molecules are expressed in
leukocytes and have a role in dendritic cell function and migration (243). Zhu et al
have shown that lack of AQP3 expression in murine peritoneal macrophages results in
impaired phagocytosis and migration of these cells (244). CLEC4G (also called LSECtin)
has been shown to be expressed in human DC and macrophages in vitro and exhibits
ligand-induced internalisation although its sugar group specificity is unknown (245).
Finally, SLC8A1, while involved in maintaining homeostasis of intracellular Ca+, has
been shown to regulate the release of TNF-α from human alveolar macrophages (246).

Other molecules downregulated in response to MAP have been ascribed functional
roles in host defence and are also downregulated in response to other intracellular
bacterial infections. A2M (alpha-2-macroglobulin) is decreased both in response to
LPS and IFN-γ as well as virulent M. tuberculosis but not mutated, avirulent strains of
M. tuberculosis (247). This molecule acts as an anti-protease and is able to inactivate a
wide variety of proteinases. Proteases are important virulence factors for several
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pathogens and as such A2M is an evolutionarily conserved molecule of the innate
immune system (248). TRERF is a gene downregulated in response to viral infections
and is involved in lipid metabolism (249) as well as the control of cell proliferation
(250). LYL1 is a helix-loop-helix DNA binding protein of unknown immune function
although LYL1 gene expression is downregulated in response to another intracellular
pathogen, Pseudomonas aeruginosa, in human alveolar macrophages (251). Further,
the hypothetical protein, LOC781126 (predicted to be a transmembrane and
tetratricopeptide repeat containing molecule), is downregulated in bovine MDM in
response to M. bovis (54).

The most downregulated gene in cervine macrophages in response to MAP was
synapsin 2 (SYN2) at an average of 6.6-fold downregulation (Table 5.4). SYN2 is a
phospholipoprotein involved in neuronal development and function. Although it is
expressed in many cell types, including macrophages, this is at a basal level unless the
cell has a specialised neuronal function.

In terms of host defence, there is no

attributed function for SYN2 although the downregulation of this gene has been
reported in the brain tissue of HIV encephalitis patients (252). In addition, synapsin
proteins may play a role in the autoimmune disease experimental autoimmune
encephalomyelitis (EAE) in rats (a commonly-used model for multiple sclerosis in
humans). The amount of synapsin in the brain tissue of rats with EAE is diminished but
treatment with this protein along with an adjuvant can cause a reduction in the
symptoms of EAE which is associated with a shift from a predominantly Th1 to Th2-like
response and a decrease in M1 macrophage activation (253). The implications of a
downregulation in SYN2 in the context of MAP infection are unknown but may warrant
further investigation.

Having recognised that some of the genes downregulated in the macrophage in
response to MAP are involved in macrophage activation, the expression of a panel of
M1 and M2 macrophage activation markers was analysed. Although the difference
was subtle, the relative expression of the M1 markers was higher overall in
macrophages from S animals compared to R animals and this trend was the opposite
for the M2 markers. This corresponds with the transcriptional signature of patients
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with active tuberculosis which mostly comprises M1-related genes and few M2
markers (254). The nature of the molecules secreted by M1 and M2 cell types may
influence downstream differentiation of T cells into Th1/Th17 or Th2/Treg pathways.
Conventional dogma in the field of mycobacterial disease research suggests that
Th17/Th2/Treg immunity is associated with clinical disease while a Th1 biased immune
response is protective (26, 255).

Understanding macrophage activation following MAP infection may be important as a
model system to explore mechanisms of pathogenesis found more generally in other
inflammatory bowel diseases. Recruitment and differentiation of highly inflammatory
M1-like macrophages to the intestinal mucosa is observed in murine models of IBD.
The delicate balance of M1 and M2 cells which exists at the intestinal mucosa may be
disrupted if the resident M2-like macrophages become outnumbered by the
infiltrating M1 inflammatory population (256). As yet, the macrophage sub-type
involved in clinical Johne’s disease has not been well characterised but could
conceivably involve elements of both M1 and M2 activation. Their role may, in effect,
be quite complex as macrophage populations are known to be very plastic and
expression of phenotypic markers appears to be somewhat species-specific (204).

The upregulation of M1 markers and other genes to such a high level in macrophages
from S animals could result in an exacerbation of pathology and the ablation of any
functional protection at a host level compared to the more controlled level of gene
expression observed in macrophages from the R animals.

The lower relative

expression of the M2 markers in macrophages from the S animals compared to those
of the R animals could also contribute to the immunopathology observed in animals
with a susceptible phenotype.

Applying a candidate gene approach to analyse the transcriptome data has been
valuable in an initial exploration of signature molecules that could be linked with
resistance or susceptibility to chronic MAP infections. This data has shown that there
exists a quantitative gene expression difference between the R and S animals – while
many of the genes were up- or downregulated in both types of macrophage, the
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extent of this relative expression differed markedly. Understanding of the biological
mechanisms involved notwithstanding, the existence of quantitative differences in
expression of markers between resistant and susceptible animals suggests that a
laboratory assay for these traits in naïve animals may be an achievable goal.

However, it is unlikely that a small number of genes are sole contributors to Johne’s
disease development or resolution of MAP infection. A network of genes will more
than likely interact within the biological system of innate or adaptive immunity to give
rise to the R or S phenotype.

In order to gain a better understanding of the

transcriptome, it is necessary to identify key biological pathways which are
differentially expressed following MAP infection in macrophages from R or S animals.
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6.1

Introduction

RNA-Seq technologies provide new opportunities and wider capabilities to monitor the
expression of thousands of genes simultaneously. Typically, technologies that assay
the transcriptome produce large lists of differentially expressed genes. The extensive
amount of data generated presents challenges in translating the genetic information
into functional pathways that can be used to elucidate meaningful biological
mechanisms. Consequently, data interpretation for this project required support from
specifically-designed bioinformatics software packages (257).

In this study, functional annotation analysis of transcriptome data was undertaken
using the Functional Annotation Tool available through the web-based database for
annotation, visualization and integrated discovery (DAVID) bioinformatics resource
(189). An advantage of this program is that DAVID is capable of extracting biological
meaning from any type of gene list, regardless of the technology platform or software
package that has generated the data (189). The DAVID functional annotation tool has
been used for bovine-derived transcriptome analyses (258-261), including that of the
bovine MDM response to infection with MAP in vitro (136). All of these studies have
used data generated by microarray; to date, no study has been published which has
utilised RNA-Seq technology to study mycobacterial infection of macrophages from
any model organism, making this project the first of its kind. The aim of this work was
to provide information on the common transcriptional response of deer macrophages
to MAP infection in vitro. A further aim was to describe the differentially expressed
genes, from genotypically-defined resistant and susceptible animals, in terms of their
functional annotation, allowing insight into either protective or pathological
mechanisms associated with the macrophage response to MAP.
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6.2
6.2.1

Methods
Gene Group Sorting

Genes were grouped using the strategy presented in Figure 2.11 to identify gene sets
with common functionality or pathway involvement. Those genes expressed at an
RPKM value greater than 0 in every sample (11,158 genes) were filtered and sorted
into those upregulated or downregulated in macrophages from all four animals
(Common MAP Response) or those genes upregulated or downregulated only in
macrophages from the two R animals or only in macrophages from the two S animals
(Differential MAP Response). For instance, a gene expressed more than 2-fold in both
animals of one type but unchanged in both animals of the other type was considered
as part of the Differential MAP Response.

Upregulation or downregulation was

defined by a 1.5-fold or greater change in gene expression following MAP infection.

6.2.2

DAVID Pathway Analysis

The groups of genes that resulted from the sorting strategy were uploaded to the
DAVID Functional Annotation tool version 6.7 (189). Genes in each group were
assigned to annotation terms and a modified right-tailed Fisher’s exact test was used
to calculate the p value for each annotation term, giving an indication of the overrepresentation of the term within the gene list. The Functional Annotation Clustering
tool was used to cluster these terms into related groups. Annotation clusters were
scored by enrichment values which ranks the overall importance of the cluster. The
enrichment score is the geometric mean of all the p values of each annotation term in
the cluster. To indicate that the enrichment score is a relative score instead of an
absolute p value, a minus log transformation is applied on the average p value of each
cluster; an enrichment score of 1.3 is equivalent to non-log scale 0.05. A higher score
for a cluster indicates that the annotation term members in the group are overrepresented in the gene set and may be playing important roles in the system. For the
analysis of the gene groups in this study, the top ten functional annotation clusters are
presented and those with enrichment scores of 1.3 or higher were examined.
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The Functional Annotation Chart tool in DAVID was also used to look specifically at
genes of the list involved in KEGG pathways. The KEGG pathway database is a
collection of graphical diagrams, representing molecular pathways for metabolism,
genetic information processing, environmental information processing, other cellular
processes, human diseases, and drug development (262).

Genes involved in a

selection of KEGG pathways are indicated in the figures below.

6.3
6.3.1

Results
Gene Sets

The results of the gene sorting strategy described in Section 6.2.1 are presented as
Venn diagrams in Figure 6.1. Overall, the number of differentially expressed genes was
greater in macrophages from the two S animals compared to macrophages from the
two R animals. In the common MAP response, those genes differentially expressed in
macrophages from all four animals, 312 genes were upregulated (Gene Set B; Figure
6.1A) and 193 genes downregulated (Gene Set G; Figure 6.1B).

The differential MAP response encompasses genes which are differentially expressed
exclusively in the R animals or exclusively in the S animals. Considerably more genes
(499 genes) were upregulated in macrophages from S animals compared to 94 genes
which were upregulated in the R animals only (Gene Set A and C respectively; Figure
6.1A). A higher number of genes were also downregulated in the S animals than in the
R animals; with 1,388 genes downregulated exclusively by S animals compared to 374
genes downregulated by the R animals (Gene Set F and H respectively; Figure 6.1B).
Overall, the data provides evidence of greater differential gene expression in
macrophages from S animals compared with R animals in response to MAP, even
though the number of animals in each group is extremely small.

The genes differentially expressed in the R and S animals were further stratified into
genes which showed directionally discordant expression profiles. Fifteen genes were
identified as being upregulated in the S animals but downregulated in the R animals,
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and four genes were downregulated in the S animals but upregulated in the R animals
(Gene Set D and E, respectively; Figure 6.1).

Details of these genes are presented in Table 6.1. Genes upregulated in the S animals
and downregulated in the R animals include eight genes of unknown function (PURG,
LOC504425,

LOC789328,

LOC531868,

LOC783726,

LOC785987,

LOC508470,

LOC100295296, and MGC142811), two genes which may play a role in cell survival or
death (TUSC1 and RAS11A1), a metabolic enzyme (PKLR), a molecule which has been
associated with inflammatory disorders (TGM2), a gene with a proposed pathogen
recognition receptor function (CLEC4G) and a gene involved in cell trafficking
(RPH3AL). Of the four genes upregulated in R animals and downregulated in S animals,
three have no defined function (LOC516616, FAM65B and TDRD1) and the other is a
scaffolding protein associated with the cell membrane (TSPAN33).
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Figure 6.1: VENN Diagrams of gene set sorting (A) Genes which were upregulated more than 1.5-fold
(B) Genes which were downregulated more than 1.5-fold.
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Table 6.1: Differential MAP Response – directionally discordant gene expression in both R and both S animals (Gene Set D and E; Figure 6.1).

Gene Symbol

PKLR
LOC783726
CLEC4G
TUSC1
LOC504425
LOC789328
RASL11A
TGM2
LOC531868
LOC785987
LOC508470
LOC100295296
MGC142811
PURG
RPH3AL
TSPAN33
LOC516616
FAM65B
TDRD1

Resistant Animals
Susceptible Animals
FC in Animal
FC in Animal
FC in Animal
FC in Animal
6
18
2
11
Gene Set D: Upregulated in S animals and Downregulated in R animals
pyruvate kinase
-1.9
-1.6
2.3
4.9
ubiquitin-like protein fubi and ribosomal protein S30
-1.6
-2.0
1.9
5.1
isoform 1
C-type lectin domain family 4
-5.6
-3.9
1.5
1.9
TUSC1 protein-like
-1.9
-2.0
2.6
1.5
ribosomal protein L18a-like
-3.7
-2.4
5.6
1.7
ferritin light chain-like
-1.6
-2.4
3.1
11.2
RAS-like
-1.7
-1.8
5.3
6.5
transglutaminase 2
-2.8
-1.8
9.8
11.5
glioma tumor suppressor candidate region gene 1
-1.5
-1.8
2.1
1.6
ferritin light chain-like isoform 1
-1.9
-1.5
4.1
2.8
hypothetical protein
-1.7
-1.5
4.6
1.6
ribosomal protein L35a-like
-2.2
-2.1
2.3
2.4
hypothetical protein
-1.6
-3.6
1.5
1.6
purine-rich element binding protein G
-1.7
-2.3
1.5
2.7
Rab effector Noc2
-1.7
-3.2
2.5
4.3
Gene Set E: Downregulated in S animals and Upregulated in R animals
tetraspanin-33
2.4
4.9
-2.0
-1.9
heterogeneous nuclear ribonuleoprotein A2/B1-like
3.6
5.2
-3.3
-2.8
hypothetical protein
4.0
3.8
-3.0
-1.7
tudor domain containing 1
1.6
1.8
-5.3
-2.8
Gene Product

Average
FC (R
animals)

Average
FC (S
animals)

-1.8

3.6

-1.8

3.5

-4.8
-1.9
-3.1
-2.0
-1.7
-2.3
-1.7
-1.7
-1.6
-2.1
-2.6
-2.0
-2.4

1.7
2.1
3.6
7.2
5.9
10.6
1.8
3.5
3.1
2.3
1.5
2.1
3.4

3.7
4.4
3.9
1.7

-1.9
-3.0
-2.3
-4.0

- 135 -

Chapter 6 – The Macrophage Transcriptome: Pathway Analysis

6.3.2

DAVID Pathway Analysis

Once the sorting of the genes into groups was complete, the gene sets A – C and F – H
were uploaded to the DAVID Functional Annotation tool. This web-based database
identified the genes in each list by their official gene symbol and assigned annotation
terms to groups of genes where possible. The annotation terms were then clustered
using the Functional Annotation Clustering tool and the top ten clusters for each gene
set are presented in Figure 6.2 to Figure 6.4.

Among the common MAP response genes, several immune system processes were
highly enriched (enrichment score of greater than 1.3) in the upregulated gene set B.
These included cytokine and chemokine production, inflammatory processes and
antigen presentation (Figure 6.2A). Annotation terms representing metabolic turnover
(proteasome function, lipoprotein and extracellular components) were also enriched in
the upregulated gene set. In the downregulated gene set of the common MAP
response (gene set G), only three annotation clusters attained a significant enrichment
score – DNA replication, DNA binding and the cellular response to stress (Figure 6.2B).

The differential MAP response gene sets highlighted the differences between the
resistant and susceptible transcriptional profile.

Only three annotation clusters

reached the enrichment score threshold of 1.3 in the upregulated genes of the R
animals (gene set C), amino acid transport, chemotaxis and cell motility (Figure 6.3A).
In contrast, the upregulated genes in the S animals (gene set A) included many highly
enriched, functionally related annotation terms including antigen processing and
presentation (both by the MHCI and MHCII pathways), binding (carbohydrates,
lipoproteins and proteins), angiogenesis, cytokine synthesis and cell motility.
Annotation terms related to immune-mediated pathology were also highly enriched in
the upregulated genes of the S animals (Figure 6.3B).

Among the downregulated genes in the R animals (gene set H), five functional
annotation clusters were highly enriched – glutathione transferase activity, oxidationreduction activity, DNA replication, KELCH-domain containing proteins and

- 136 -

Chapter 6 – The Macrophage Transcriptome: Pathway Analysis

mitochondrial components (Figure 6.4A). Gene set F (genes downregulated in the S
animals only) gave rise to many related annotation terms that clustered together and
attained a high enrichment score. The top ten clusters could broadly be classified as
maintaining cellular processes and included ribosome components and function,
mitochondrial components, DNA replication, DNA repair and cell cycle processes
(Figure 6.4B).

A common theme which emerged from the DAVID Functional Annotation Clustering
analysis was that more clusters were highly enriched (enrichment score of greater than
1.3) in the gene sets from the S animals compared to the gene sets of the R animals. A
possible reason for this is the unbalanced numbers of genes differentially expressed in
the R animals and S animals. A highly populated gene list could be more likely to have
a greater number of annotation terms on which functional clustering can be
performed resulting in a potentially higher number of enriched annotation clusters.
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(A)

Enrichment Score
0

1

2

3

4

5

6

4

5

6

Cytokine signalling
Acute Inflammatory Response
Extracellular Components
Antigen Processing and Presentation
Proteasome Component and Function
Response to Virus
Chemokine Signalling
Lipoprotein Components
Cytokine Biosynthesis
Immune System Development

(B)

Enrichment Score
0

1

2

3

DNA Replication/Cell Cycle
DNA Binding
Cellular Response to Stress
Mitochondrial Component
Chromosomal Component
Metal Ion Binding
Response to UV
Cell Cycle
Transcriptional Regulation
Nucleotide Binding

Figure 6.2: Top ten Functional Annotation Clusters for the Common MAP Response. (A) Gene Set B
(upregulated genes); (B) Gene Set G (downregulated genes). The enrichment score ranks the overall
importance of the cluster; a score of 1.3 (marked by the black line) or greater indicates a high level of
enrichment for the annotation term.
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(A)

0

0.5

Enrichment Score
1
1.5
2
2.5

3

3.5

4

3

3.5

4

Amino Acid Transport
Cell Motility
Chemotaxis
Plasma Membrane Component
Cell Adhesion
Membrane Component
Metal Ion Binding
Nucleotide Binding
Regulation of Transcription

(B)

Enrichment Score
0

0.5

1

1.5

2

2.5

Antigen Processing and Presentation (MHCI)
Antigen Processing and Presentation
(MHCII)/Immune-mediated Pathology
Carbohydrate Binding
Secreted Signalling Protein
Lipoprotein Binding
Angiogenesis
Protein Binding
Cytokine Biosynthesis
Heparin Binding
Cell Motility

Figure 6.3: Top ten Functional Annotation Clusters for the Differential MAP Response (upregulated
gens). (A) Gene Set C – upregulated in R animals; (B) Gene Set A – upregulated in S animals. The
enrichment score ranks the overall importance of the cluster; a score of 1.3 (marked by the black line)
or greater indicates a high level of enrichment for the annotation term.

- 139 -

Chapter 6 – The Macrophage Transcriptome: Pathway Analysis

(A)
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2
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Enrichment Score
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8

Glutathione Transferase Activity
DNA Replication
Oxidation-Reduction
Kelch Domain-containing Protein
Mitochondriondrial Component
Repression of Transcription
FAD-Binding
Metal Ion Binding
Nucleotide/ATP Binding
Regulation of Transcription

(B)
0
Ribosome Component and Function
Intracellular Organelle Lumen
Component
Mitochondrion
Cell Cycle
Nucleotide/ATP Binding
DNA Replication
DNA Repair
Chromosomal Component
Ribosomal RNA Processing
Non-coding RNA Processing

Figure 6.4: Top ten Functional Anotation Clusters for the Differential MAP Response (downregulated
genes). (A) Gene Set H – downregulated in R animals; (B) Gene Set F – downregulated in S animals.
The enrichment score ranks the overall importance of the cluster; a score of 1.3 (marked by the black
line) or greater indicates a high level enrichment for the annotation term.
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6.3.3

KEGG Pathways

The Functional Annotation Chart in DAVID was used to access the KEGG pathway maps
that contained genes of set B and G (common MAP response upregulated and
downregulated genes, respectively) and the genes of set A and F (upregulated and
downregulated, respectively, only in the S animals). Some of the key KEGG pathways
identified from the Chart are presented in Figures 6.5 – 6.9; all of these pathways had
a p value of less than 0.05, indicating the genes in the annotated pathway are
significantly over-represented in the gene set.

Figure 6.5 presents the KEGG pathway representation of apoptosis. Genes which play
both an inhibitory (IAP) and activating role (CASP3 and CASP9) in the apoptosis
pathway were found to be enriched in the upregulated genes of the common MAP
response, making it difficult to speculate on whether the apoptosis pathway is
upregulated or downregulated in macrophages in response to MAP.

Numerous

cytokines and cytokine receptors were found to be upregulated in both the common
MAP response and the macrophages from the two S animals (Figure 6.6). As well as
those molecules upregulated in the common MAP response, the S animals also
upregulated four other chemokines (CXCL7, CXCL16, CXCL4 and CXCL14), macrophage
colony stimulating factor (CSF1), members of the TNF family (TNFSF15, TNFSF8 and
TNFSF18) and members of the IL-1 signalling family (IL1RA and IL18).

The Toll-like receptor signalling pathway was also highly enriched in the gene sets A
and B (Figure 6.7). While many of the downstream effects of TLR signalling were
upregulated in both R and S animals (common MAP response; TNF-α, IL-1β and CD40),
some of the key mediators of this pathway were only upregulated in S animals (PI3K
and AP-1). Two TLR were also exclusively upregulated in macrophages from the S
animals, TLR2 and TLR3, the latter may have resulted in the upregulation of the
transcription factor, interferon regulatory factor 3 (IRF3). Antigen processing and
presentation via the MHCI pathway was upregulated in both the R and the S animals
but the S animals also upregulated genes involved in the MHCII pathway (Figure 6.8).
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Lastly, a common annotation theme amongst the downregulated gene sets
(particularly for gene set F and G) was cell cycle processes (Figure 6.2B and Figure
6.4B).

This indicates that while macrophages from both R and S animals

downregulated genes in this pathway, those cells from S animals downregulated
additional genes.

The specific molecules downregulated in the KEGG pathway

representation of the cell cycle are shown in Figure 6.9. Both inhibitors and activators
of the cell cycle are downregulated which makes it difficult to interpret whether the
cell cycle is promoted or repressed overall. However, given that some of the key genes
necessary for DNA replication and that the annotation term DNA replication are
downregulated (Figure 6.2B, Figure 4 and Figure 6.9), the downregulation of the cell
cycle is more probable.

The gene set H (genes downregulated only in the R animals) resulted in four KEGG
pathways that were highly enriched in the gene set: DNA replication, metabolism of
xenobiotics by cytochrome P450, base excision repair and glutathione metabolism
(data not shown). The gene set C (genes upregulated in R animals only) did not result
in any significantly enriched KEGG pathways.
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Figure 6.5: KEGG Pathway – Apoptosis. Genes upregulated in all four animals (Gene Set B; p = 0.007239) are highlighted with red stars. Genes coloured green in the
KEGG reference pathway have been identified in the Bos taurus genome.
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Figure 6.6: KEGG Pathway – Cytokine signalling. Genes upregulated in all animals (Gene Set B; p = 0.000001) are highlighted with yellow stars and genes upregulated
only in the two S animals (Gene Set A; p = 0.001181) are highlighted by red stars. Genes coloured green in the KEGG reference pathway have been identified in the Bos
taurus genome.
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Figure 6.7: KEGG Pathway – TLR signalling. Genes upregulated in all animals (Gene Set B; p = 0.013755) are highlighted with yellow stars and genes 1.5-fold only in the
two S animals (Gene Set A; 0.011859) are highlighted by red stars. Genes coloured green in the KEGG reference pathway have been identified in the Bos taurus genome.
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Figure 6.8: KEGG Pathway – Antigen Processing and Presentation. Genes upregulated in all animals (Gene Set B; p = 0.01291) are highlighted with yellow stars and
genes upregulated only in the two S animals (Gene Set A; p = 0.008232) are highlighted by red stars. Genes coloured green in the KEGG reference pathway have been
identified in the Bos taurus genome.

- 147 -

Figure 6.9: KEGG Pathway – Cell Cycle. Genes downregulated in all animals (Gene Set G; p = 0.049799) are highlighted with yellow stars and genes downregulated only
-13
in the two S animals (Gene Set F; p = 7.9x10 ) are highlighted by red stars. Genes coloured green in the KEGG reference pathway have been identified in the Bos taurus
genome.
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6.4

Discussion

For the identification of enriched biological processes among the differentially
expressed genes in deer macrophages upon MAP infection, the web-based functional
annotation database, DAVID, was used. A conservative approach was taken to sort the
genes for this analysis whereby the two R and two S animals were treated as true
replicates and did not allow for biological variation between the individuals of one
type. In order for a gene to be considered as differentially expressed, it had to have
the same pattern of expression for both animals of a defined genotype. In contrast, a
more lenient approach would have been to sort genes based on the mean of the two
animals of a type. While increasing the pool of genes selected, this strategy would
have resulted in the inclusion of genes that were highly up- or downregulated in one R
animal but were not substantially changed in the other of the pair.

There were considerable differences in the number of differentially expressed genes
between the R and the S animals (Figure 6.1). The number of genes that were
downregulated exceeded the number of upregulated genes for both pairs of animals
(e.g. 1,388 genes downregulated compared to 499 genes in the S animals). A similar
pattern has been observed in M. bovis and MAP infection of bovine MDM in vitro (54,
103, 202). For both the upregulated and downregulated genes, more molecules were
differentially expressed in the S animals compared to the R animals. This indicates a
greater MAP-induced effect on gene expression in the macrophages from S animals
while macrophages from R animals assume a less perturbed transcriptional profile
upon infection.

An interesting set of genes arose from the sorting process; those genes that had
directionally discordant expression in response to MAP in macrophages from the R and
S animals (Table 6.1). Two genes (PKLR and TGM2) are particular candidates in the
setting of resistance and susceptibility to MAP infection – both are upregulated by S
animals but downregulated by R animals. PKLR encodes pyruvate kinase which is an
enzyme involved in glycolysis; it catalyses the transfer of a phosphate group from
phosphoenolpyruvate to ADP, yielding one molecule of pyruvate and one molecule of
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ATP. While the immune system and energy metabolism are separate entities, they are
also inexorably linked (263). In models of highly inflammatory conditions involving
macrophages (e.g. type 2 diabetes mellitus), the metabolic programme of M1
macrophages (culprits in diabetes pathogenesis and a source of inflammation) is of
anaerobic glycolysis whereas M2 macrophages have been shown to use oxidative
metabolism to generate ATP (264). The glycolytic metabolism of M1 macrophages can
be directly related to their activation state; the release of nitric oxide (a potent
molecule increased on M1 activation) arrests oxidative phosphorylation and inhibits
mitochondrial respiration. The ability to switch to glycolysis allows the macrophage to
continue to produce ATP as well as maintain the mitochondrial membrane potential
which would otherwise collapse, resulting in apoptosis (265, 266). The upregulation of
the PKLR gene could indicate an increase in glycolytic metabolism in macrophages
from S animals. This corroborates the evidence presented in Figure 5.6 that the
macrophages express a predominantly M1 phenotype following MAP infection. The
macrophages from the R animals downregulated the gene expression of pyruvate
kinase in response to MAP. Taken together with Figure 5.6, it appears that the R
macrophages have acquired features of both the M1 and the M2 activation state.

Another molecule that was upregulated by macrophages from S animals and
downregulated by macrophages from R animals, in response to MAP, was TGM2. This
gene encodes transglutaminase 2, an enzyme with transamidation activity. As well as
acting within the cell, transglutaminase 2 can be secreted into the extracellular
environment where it may facilitate cell adhesion or stabilization of the extracellular
matrix. Contradictory roles have been proposed for TGM2 where it is inferred that it
promotes apoptosis as well as promoting cell survival (267). While TGM2 is considered
to be crucial to the promotion of tissue repair, aberrant induction of TGM2 activity has
been correlated with a range of disease pathologies, particularly inflammatory
diseases.

TGM2 is able to activate the transcription factor NFkB leading to the

increased expression of inflammatory mediators. Increased TGM2 activity can be
detected in diseased, inflamed tissues and in cells responding to inflammatory
stressors supporting the hypothesis that this molecule could mediate some of the
pathogenesis of inflammatory diseases (268). Indeed, there is a body of literature
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devoted to developing TGM2 inhibitors as therapeutic agents in inflammatory
disorders (269, 270).

There are clear implications for the upregulation of

transglutaminase 2 in S animals – this molecule could directly contribute to the
inflammatory pathology of Johne’s disease. The downregulation of TGM2 in R animals
may enable these animals to avoid activating an excessive, damaging inflammatory
response.

The gene sets (Figure 6.1 A&B) were used to interrogate the DAVID web-based
database to identify highly enriched annotations and pathways among the upregulated
or downregulated genes.

An interesting pathway that was identified in the

upregulated genes of macrophages from all of the animals was apoptosis. This cell
death pathway is thought to contribute to the protective immune response against
virulent mycobacteria (46, 69, 194). The results reported here indicate that both
activators and inhibitors of this pathway are upregulated (Figure 6.5). This is in
agreement with independent research which showed M. bovis challenge of bovine
macrophages results in both pro- and anti-apoptotic signals (54, 134). Kabara et al.
also found that there was no clear bias towards promotion or downregulation of
apoptosis in MAP-infected bovine MDM in vitro (136). The increase in inhibitors may
represent mycobacterial subversion of apoptosis induction in order to establish
infection and enable survival within the host. It is also possible that the mixed
population of infected and uninfected macrophages in the in vitro culture could result
in bystander apoptosis.

This phenomenon occurs when uninfected macrophages

undergo apoptosis following contact with MAP-infected macrophages and could
account for the detection of both pro- and anti-apoptotic signals in the transcriptome
of this heterogeneous cell population.

Another pathway that was enriched in the upregulated genes of macrophages from all
of the animals in response to MAP infection was the TLR-signalling pathway. Indeed, a
specific TLR that was upregulated was the intracellular TLR9 which recognises
unmethylated cytidine phosphate guanosine (CpG) DNA motifs of bacterial, fungal or
viral origin (271). TLR9 has been shown to act in concert with TLR2 to mediate
resistance to M. tuberculosis infection – mice deficient in both receptors are highly
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susceptible to tuberculosis infection compared to the single TLR knock-outs which
have moderate susceptibility compared to wild-type mice (55).

An additional

intracellular TLR was upregulated in the macrophages from the S animals, TLR3, which
recognises double-stranded RNA of viral origin (271). Despite TLR3 recognising viral
RNA, there have been reports of differential expression of this molecule in bovine
MDM in response to M. bovis and MAP challenge in vitro (53, 54). Gene expression of
TLR3 is also increased in tissues from sheep with pauci- and multibacillary Johne’s
disease (272). The augmented expression of these intracellular PRR is somewhat
unexpected as the main TLR involved in the recognition of mycobacteria is TLR2 (50,
51). While the TLR2 gene is upregulated in macrophages from the S animals, the role
of TLR3 and TLR9 in mycobacterial pathogenesis is relatively unknown. However,
other researchers have also found these intracellular PRRs are upregulated in response
to both Gram-negative and Gram-positive bacteria in human and murine mononuclear
cells in vitro (273, 274). It is proposed that activation of these PRRs could be due to
the transfer of bacterial RNA into host cells or as a result of the generation of hostderived RNA ligands which may arise from the disruption of host cellular processes
during infection (274).

Alternatively, other research has suggested a role for

intracellular PRRs in autophagy of infected macrophages (275). The activation of these
intracellular TLR, commonly associated with viral infections, also leads to type 1
interferon production and the induction of interferon-regulated genes (271). This
could be a source of the interferon-induced gene expression in macrophages from
both R and S animals observed in Chapter 5.

The antigen processing and presentation annotation term was highly enriched in the
genes upregulated for all animals (Figure 6.2A); specifically components of the MHC
class I (MHCI) pathway (Figure 6.8). This is similar to research on the transcriptional
signature of bovine alveolar macrophages challenged in vitro with M. bovis which
showed that the MHCI pathway is upregulated (134). The current dogma is that
processing and presentation of mycobacterial antigens is predominantly via the MHC
class II (MHCII) pathway to activate CD4+ Th1 cells, leading to IFN-γ production.
Virulent mycobacteria are capable of subverting this pathway by downregulating the
surface expression of MHCII (71, 276). The MHCI pathway processes endogenous
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antigens and presents them to CD8+ cytotoxic T cells; this pathway has also been
shown to be crucial to mycobacterial defence (277, 278). In this study, both R and S
animals upregulated the expression of the MHCI pathway, suggesting it is a component
of the general MAP response.

Alternatively, this upregulation could again be

representative of the heterogeneous macrophage population of uninfected and MAPinfected cells.

Following apoptosis, MAP-infected cells would release vesicles

containing mycobacterial antigens that could be endocytosed by uninfected cells and
targeted to the MHCI pathway (279). Given that molecules of the apoptosis pathway
were upregulated, this cross-presentation of antigens to stimulate CD8+ T cells could
occur in MAP-infected macrophages. In addition to upregulating the MHCI pathway,
macrophages from the S animals also upregulated genes involved in the MHCII
pathway (Figure 6.8), perhaps as a result of their highly activated state. Further
investigation is necessary to determine whether this upregulation of MHCII expression
is sustained as MAP infection progresses.

Several of the functional annotation categories upregulated exclusively by the S
animals were immune-related compared to the annotation terms upregulated only by
the R animals (Figure 6.3). The increase in immune-related genes in the S animals is
also clearly demonstrated in the KEGG pathway diagrams of cytokine-cytokine
receptor interactions (Figure 6.6) and TLR signalling (Figure 6.7) – in addition to those
molecules upregulated by all four animals, the S animals upregulated even more
molecules in these pathways. Interestingly, among the annotation clusters of the
terms associated with the S upregulated gene set were annotations associated with
dysregulated immune responses and immune-mediated pathologies (2nd highest
enriched annotation cluster, Figure 6.3B). This cluster included annotation terms for
asthma, type 1 diabetes mellitus and autoimmune thyroid disease (data not shown).
The absence of this annotation term from the equivalent gene set in the R animals
supports the hypothesis that the macrophages from S animals produce a hyperactive,
dysregulated immune response to MAP infection.

Predominant themes of the highly enriched annotation terms in the downregulated
genes were the cell cycle, DNA replication and repair, and cell maintenance functions.
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These annotations were particularly prominent in the two S animals where enrichment
scores for the cell cycle and DNA processing clusters among the downregulated genes
was higher (Figure 6.2B) than for a similar annotation cluster found in the
downregulated genes of all the animals (Figure 6.4B). The KEGG pathway map also
clearly shows this bias towards downregulation of molecules involved in the cell cycle
(Figure 6.9).

It is possible that processes such as DNA replication or cell cycling

become less of a priority and are downregulated to enable the cell to focus its energy
on the response to the mycobacterial invader. Alternatively, the downregulation of
these processes, particularly DNA repair and mitochondrial components, may be
indicative of the early stages of cell death, either by apoptosis or necrosis. Virulent
strains of M. tuberculosis have been found to modulate the expression of genes
involved in cellular growth and proliferation, cell cycle and DNA replication and repair
in murine macrophages infected in vitro (280). However, although the cell cycle is
altered in this study, it is difficult to interpret whether the process is being promoted
or repressed as both inhibiting and activating signals are downregulated in this
pathway (Figure 6.9).

While only three annotation clusters attained the highly enriched threshold in the
genes downregulated exclusively by the resistant animals, one of these clusters
comprised annotation terms describing glutathione transferase activity. Glutathione
transferases are housekeeping enzymes which can detoxify endogenous and
exogenous substances by catalysing the conjugation of glutathione to a variety of
compounds. A member of this group of enzymes has also recently been ascribed a
role in cell signalling leading to apoptosis and proliferation. The GSTP1-1 enzyme is
able to inhibit c-Jun N-terminal kinase (JNK) signalling which then prevents the activity
of the transcription factor, activator protein-1 (AP-1). This signalling cascade results in
the expression of AP-1-dependent target genes involved in cell proliferation and cell
death.

High levels of glutathione transferases, particularly GSTP1-1, have been

reported for human cancers, supporting their role in inducing cellular proliferation
(281). Furthermore, another glutathione transferase enzyme has been reported to
contribute to inflammasome function within macrophages (282). A downregulation of
glutathione transferase activity may represent a mechanism by which macrophages
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from R animals can resolve a MAP infection through the promotion of apoptosis and a
decrease in inflammasome activity. This would both deprive MAP of a host cell and
reduce excessive inflammation.

The functional annotation of this data is subject to certain limitations (257).
Regardless of the database used for analysis, annotation of genes is incomplete for all
sequenced organisms. Bias also arises from those genes that are annotated for a given
model organism as some biological processes are more studied than others e.g.
apoptosis. This can result in a particular process appearing more enriched than others
if there are more genes known to be associated with it. Despite these limitations,
interesting trends have emerged from the biological interpretation of the
transcriptome data. This opens up avenues of research to further explore the role
these candidate genes and pathways are playing in the outcome of mycobacterial
infection of macrophages.
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7.1

Experimental Hypotheses

Historically, infectious disease has played a major role in shaping the genetic make-up
of populations due to natural selection. Subsequently, susceptibility and resistance to
infectious disease shows marked variation in genetically diverse populations (105).
The current study focused on Johne’s disease, an inflammatory bowel disease of
ruminants, caused by a mycobacterial infection. This disease exhibits the classic
iceberg model for infection and disease, where only a small proportion of MAPinfected animals in an outbred population develop overt clinical disease while the
majority remain uninfected or are infected with little or no symptoms. A unique
opportunity was presented to study the underlying biology of this susceptibility and
resistance spectrum by accessing animals which had a genetic bias towards either of
these two extreme poles.

The approach taken to investigate this phenomenon was to culture monocyte-derived
macrophages (MDM) from the genetically resistant or susceptible animals and
interrogate the in vitro response of these cells to MAP.

Given the limited reagents

available for cervine immunological assays, emphasis was placed on gene expression
differences between macrophages from resistant or susceptible animals. Quantitative
PCR was the method selected to measure gene expression differences between
animals of resistant or susceptible type by analysing the expression of markers
associated with MAP pathogenesis and the macrophage immune response (iNOS, IL1α, TNF-α, IL-23, IL-12 and IL-10). A transcriptome sequencing project was also
undertaken to obtain a transcriptional signature that would differentiate a
macrophage response to MAP in a protective setting (MDM from resistant animals)
and in a pathological environment (MDM from susceptible animals).

The key goal of this study was to determine if animals of certain genotypes could be
distinguished by gene expression without the requirement for MAP exposure and the
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subsequent delay for the phenotype to be expressed, as in natural or experimental
challenge.

This may aid the development of diagnostic tests for resistance or

susceptibility in animals and eventually lead to the improvement of on-farm
management and intervention strategies to prevent Johne’s disease.

7.2

Main Findings

In vitro infection with MAP of MDM resulted in quantitatively different gene
expression in macrophages from animals of resistant or susceptible genotypes. A
notable trend was that macrophages from genetically susceptible, naive animals
increased the expression of candidate inflammatory markers (iNOS, IL-1α, TNF-α and
IL-23p19), monitored by Q-PCR, to a greater extent than the macrophages from
genetically resistant, naive animals. The balance between the immune response to
MAP versus the immunopathology it induces appears to be disrupted in clinical Johne’s
disease suggesting that excessive transcription of inflammatory molecules by
genetically susceptible animals may lead to a dysfunctional or dysregulated innate
immune response that is incompatible with the development of a protective adaptive
immune response.

Beyond what is already known or hypothesised, we are limited to these surrogate
markers (such as iNOS, IL-1α, TNF-α and IL-23p19) identified in the literature, arising
predominantly from human or murine experiments. This limitation provided the
impetus to sequence the transcriptome of macrophages from resistant or susceptible
animals. A greater number of genes were differentially expressed in response to MAP
in macrophages from the susceptible animals than the macrophages from the resistant
animals and those genes that were differentially expressed in both tended to be
expressed to a higher level in S macrophages than R macrophages. The broad effect
on the transcriptional profile in macrophages from susceptible animals could infer that
the general function of the cell may be disrupted to a greater level than resistant
macrophages.

A striking feature of the transcriptome data was that many of those genes highly
upregulated in macrophages in response to MAP were associated with type 1
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interferon signalling. This included RSAD2, IFIT1, IFIT2, IFIT3, ISG12, ISG15, USP18 and
HERC6 as well as many IFN-inducible hypothetical guanylate-binding proteins. This
could be a result of signalling through intracellular PRRs, particularly TLR9 which was
increased in expression in macrophages from all animals in response to MAP and TLR3
which was increased in response to MAP in macrophages from susceptible animals. It
is well established that intracellular PRR recognition of microorganisms, such as viruses
(283) and mycobacteria (284), causes type 1 interferon production and the expression
of interferon-stimulated genes. Highly virulent strains of M. tuberculosis have been
shown to induce high levels of type 1 interferons coinciding with a downregulation in
Th1 type immunity in mice (79, 285). In addition, interferon-associated signalling,
particularly IFNα/β, is neutrophil-driven and over-represented in the blood
transcriptional signature of human patients with active tuberculosis (78). Further
investigation will be required to elucidate the role of type 1 interferons in the MAPspecific response of macrophages and their role in the pathogenesis of Johne’s
disease.

The apoptosis pathway was upregulated in the transcriptome of macrophages from
both resistant and susceptible animals in response to MAP. As expression of both
promoters and inhibitors of this pathway were increased, it was difficult to predict an
outcome from this data. However, the rate of apoptosis was higher in the MAPinfected macrophage cultures from genetically resistant animals compared to those
from genetically susceptible animals, as detected by TUNEL staining. Glutathione
transferase activity was also highly enriched among the downregulated genes in the
macrophages from the resistant animals, but was absent from the downregulated
genes of the macrophages from the susceptible animals.

A lack of glutathione

transferase activity in macrophages from resistant animals could lead to the observed
increase in apoptosis compared to susceptible macrophages. Apoptosis could be a
potential mechanism by which resistant animals control MAP infection as this process
has been shown to be downregulated by pathogenic mycobacteria (194). Conversely,
the highly inflammatory environment created by macrophages from susceptible
animals would be predicted to result in more necrotic cell death than apoptosis,
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adding fuel to the fire. The cell death modalities employed by macrophages from
resistant and susceptible animals in response to MAP is worth further investigation.

Chemotaxis was a highly enriched annotation term among the upregulated
macrophages from both resistant and susceptible animals. However, a quantitative
difference was observed in relative gene expression in response to MAP whereby the S
macrophages upregulated the expression of the chemokines CCL8, CXCL10 and CSF3 to
a much higher level than did the R macrophages. The chemokines CCL8 and CXCL10
are both associated with disease severity in tuberculosis in humans and CCL8 is also
associated with IBD and has been shown to be upregulated in the ileal tissue of cattle
infected with MAP (76, 214, 215). The chemokine CSF3 is involved in maintaining
neutrophil populations (132). The role of neutrophils in mycobacterial pathogenesis is
controversial with some studies promoting a protective role while others advocate a
destructive role (45). There is an acknowledged function of Th17 cells in neutrophil
recruitment and homeostasis (286). In M. bovis infection of white-tailed deer, IL-17 is
associated with pathology of infection (158, 159) and this is reinforced by work on
MAP infection in red deer where clinical disease is correlated with higher levels of IL-17
expression in jejunal lymph nodes (95).

Cytokines and chemokines promoting

neutrophil infiltration, therefore, are more often correlated with mycobacterial
pathology (45, 78), adding to the evidence that neutrophils may harm more than help
in an antimycobacterial response, at least in later stages of disease.

The Th1/Th17 dynamic is an interesting relationship worth exploring in terms of
macrophage activation and function. The signature cytokines of each cell type, IL12/IFN-γ for Th1 and IL-23/IL-17 for Th17 (93, 181), have all been associated with both
protection and pathology in mycobacterial disease (95, 97, 128, 158, 159, 287).
Cervine macrophages expressed markers associated with interactions with Th1 and
Th17 cells in response to MAP, however, macrophages from susceptible animals
increased the expression of these molecules (particularly iNOS and IL-23) to a
significantly higher level compared with macrophages from resistant animals. The role
of these cells in initiating both Th1 and Th17 responses in these animals does not
appear to be protective but rather as a promoter of excessive inflammation. Further
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supporting the observation that susceptible macrophages display a hyperactive
inflammatory transcriptional profile was the analysis of markers representing M1 and
M2 macrophage activation.

The transcriptome of macrophages from susceptible

animals demonstrated a bias towards M1 activation compared with a more mixed
M1/M2 activation profile in macrophages from resistant animals, in response to MAP.

A model proposed by Casanova to describe inflammatory bowel disease susceptibility
(particularly Crohn’s disease which is similar to Johne’s disease in pathological
presentation but lacks a causal infectious agent) is that a fundamental deficiency in the
inflammatory response to intestinal bacteria by macrophages is the cause of this
chronic inflammatory disorder (288). This paradoxical theory is supported by data by
Smith et al. where macrophages from CD patients are defective in apoptosis, reactive
oxygen species production and in the production of inflammatory cytokines. This is
not at the transcriptional or translational level but rather a result of these cytokines
being targeted for destruction by the host before they can be secreted (289, 290). A
primary macrophage defect in acute inflammation is proposed to impair bacterial
clearance in the gut and set up for chronic inflammation as the disease develops.
Macrophages from IBD patients have also been shown, by an independent group, to
be defective in TNF-α secretion but to display otherwise normal or augmented proinflammatory responses to bacterial infections (291).

In addition, Sibartie et al.

propose that an innate inability to produce sufficient levels of IFN-γ could also drive
mucosal inflammation in susceptible individuals when infected with certain pathogenic
intracellular microorganisms (31).

Unpublished data from the Disease Research Laboratory has shown that circulating
leukocytes from genetically resistant, naïve red deer produce more IFN-γ in response
to non-specific in vitro activation by staphylococcal enterotoxin B compared to
genetically susceptible, naïve animals (personal communication, Simon Liggett, Disease
Research Laboratory, University of Otago). This may reflect an optimal environment
for macrophage activation in resistant animals where they respond more appropriately
to an infectious stimulus than susceptible animals, particularly at the inductive stage in
very early immune responses to MAP infection. It is possible the high degree of
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upregulation of a variety of inflammatory mediators at the mRNA level could indicate
an over-compensation for a lack of these molecules at a protein level in susceptible
animals. However, in the absence of data on cytokine protein levels in macrophages
from the resistant and susceptible deer, it is impossible to say whether this
phenomenon is occurring in these cells.

Alternatively, the substantial increases observed in the expression of the inflammatory
molecules by susceptible animals could be a result of a deficiency in regulation of this
response, causing the production of these molecules to go into overdrive. Given that
immune responses to MAP in macrophages occur early and mycobacterial pathogens
are known to express different antigens at different times in the infection process (53,
134, 292), the pronounced differences observed in gene expression between resistant
and susceptible animals could be a consequence of the sampling time period. At 24
hours after infection, the macrophages from resistant animals may have dampened
down the response which, initially, may have been considerable. By contrast, the
macrophages from susceptible animals may have a persistently high inflammatory
profile which could contribute to the activated state of these cells at 24 hours post
infection. A sustained inflammatory response could trigger immunopathology and
become self-propagating causing chronic MAP infection. Monitoring immune markers
at earlier and later time points than 24 hours will be required to investigate this
speculative hypothesis.

Besides the time point used in this study, another key parameter in determining
macrophage responses was the MAP strain used for the infection. MAP K10 is a strain
which was originally isolated from a clinically diseased cow (38) and has been used as a
model MAP strain to study the pathogenesis of Johne’s disease in a variety of studies.
However, strain differences have been observed in host responses, in both gene
expression and capacity to kill phagocytosed bacilli (41, 136, 190). While a low passage
strain of MAP K10 was used to infect cervine macrophages, it cannot be ruled out that
this strain may have lost virulence factors following in vitro culture passage. However,
given that the aim of this study was to investigate differences in host response of
resistant and susceptible animals, the strain of MAP used is of lesser consequence as
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long as the same strain, at the same passage, was used for every experimental
infection of macrophages. As the infection rates for macrophages from the susceptible
and resistant animals were approximately the same (50%), differences in the level of
infection was not considered to be a source of any variation in gene expression.
However, the strain of MAP does have implications for the biological interpretation of
this data and consequently the direct relevance of the gene expression uncovered in
this system to an in vivo infection by a different MAP strain is unknown.

An evident limitation of the transcriptome data was the number of biological replicates
that could be included in the RNA-Seq project due to practical and cost constraints.
Ideally, the number of replicates would be increased to improve the reliable detection
of differentially expressed genes in macrophages from the resistant and susceptible
red deer. A further issue not addressed by the transcriptome analysis strategy used in
this study was the expression of isoforms of different genes due to the unavailability of
a sequenced, annotated cervine genome that could be used for mapping and
identification of transcripts.

Alternative splicing of transcripts may affect gene

expression, as a change in transcription may not result in a corresponding change in
raw gene levels due to expression of multiple isoforms, (185) and can ultimately
modulate a response as different isoforms of some genes have been shown to be
associated with different functions (293). Moreover, roughly half of the sequences
generated by the RNA-Seq project of all the transcriptome samples could be aligned
and identified using the bovine genome as a scaffold; this implies that half of the gene
expression information could not be accessed. When a cervine genomic resource
becomes available in the future, this data could be re-analysed and may be a valuable
source of information for further study.

Many factors contribute to the outcome of MAP infection, including characteristics of
the pathogen and its dynamic interaction with the host. An aspect that was not
explored in this study, due to the exclusive targeting of eukaryotic transcripts in the
RNA-Seq process, was the transcriptome of the pathogen. It would be interesting to
compare the gene expression of MAP in macrophages from resistant versus
macrophages from susceptible animals to investigate the possibility that either
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phenotype may influence the virulence of the pathogen, contributing to the outcome
of infection.

This study focused on the innate immune response during the very early stages of MAP
infection, which may be pivotal for the establishment of chronic infection in
susceptible animals, or lead to the resolution of infection in resistant animals. The
results presented in this thesis are also an artificial representation of macrophage
function in vitro which may be different to the function of the cells in vivo where other
cells such as T cells will modulate macrophage cell and infection outcome. The
adaptive immune response undeniably plays a major role in immunity against
mycobacterial pathogens. Exogenous addition of soluble CD40L and plasma was
added to macrophage cultures to compensate for the lack of adaptive cell interactions
a macrophage would normally be exposed to and participate in, particularly with T
cells.

These strategies were not particularly informative in segregating gene

expression responses of resistant and susceptible animals. However, it has been
observed that, following both experimental challenge and natural exposure, resistant
animals do not completely prevent the multiplication of MAP but can eventually
control and resolve infection more effectively than susceptible animals (16, 127). This
suggests that the adaptive immune response is likely to play an essential role in
determining the outcome of infection particularly in resistant animals. Therefore,
further studies that link macrophage responses to adaptive immunity, in either
resistant or susceptible animals, may be crucial in elucidating the mechanisms that
underlie protection and pathology in Johne’s disease.

7.3

Implications of Findings

Hill (294) proposes three models that could describe the genetic architecture of
infectious disease susceptibility.

Firstly, that most of the genetic component to

common diseases can be explained by common variants.

Secondly, that rare

monogenic variants with high penetrance, account for most of the genetic component
of infectious disease. Lastly, that the genetic component may be accounted for by the
cumulative effects of multiple disease-associated variants each with limited
penetrance (295). This last hypothesis aligns best with the findings obtained from this
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study of Johne’s disease susceptibility, and appears compatible with the host response
to complex mycobacterial diseases in general (128).

Considering that multiple genes may contribute to Johne’s disease susceptibility or
resistance, reliable tests for these traits will likely involve the detection of a panel of
genes’ expression correlated with either phenotype. Theoretically, a threshold of
genes exhibiting a susceptible expression pattern could be used to indicate potential
susceptibility traits and mark these animals for tailored management on farm.

It is important to reaffirm that there is a spectrum of resistance and susceptibility
within these two traits; a black and white distinction rarely exists in nature but rather
shades of grey and the terms “resistant” and “susceptible” imply absolute states which
are unrealistic. This is highlighted by the identification of outliers in the groups of
animals used in this study. An animal in the experimentally MAP-infected Defined
Phenotype group was shown to display a resistant phenotype despite possessing a
susceptible genotype and a cluster of three genetically susceptible animals in the
Defined Genotype group displayed remarkably similar gene expression profiles to the
genetically resistant animals. The identification of these animals by measuring gene
expression may enable the salvage of a subgroup of animals from a genotypically
susceptible pool that in reality express the resistant phenotype.

Among a group of resistant animals are likely to be those that are protected from MAP
infection following exposure as well as animals that resolve a MAP infection quickly or
remain chronically infected with no outward symptoms. This latter trait of resilience
or disease tolerance is defined as the ability to maintain normal productive capacity
despite infection (296, 297). Resilient animals may share characteristics of both
resistant and susceptible animals, in terms of gene expression profiles, and may be
important to identify due to the possible transmission risk they pose to more
susceptible animals.

Several studies have investigated the basis for resistance and susceptibility to
infectious disease in ruminants (16, 88, 298, 299) and breeding programs incorporating
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resistance traits into selection criteria have been directed towards reducing footrot,
facial eczema and parasites in sheep (296, 300). A logical use of genetic profiling for
resistance and susceptibility to Johne’s disease would be to select resistant males as
master sires and remove susceptible males from breeding programs. Selection of
females with a resistant phenotype would also be important as they could be used for
cross breeding with males of indeterminate phenotype for disease resistance, but
possessing other highly desirable production traits. Using genetic resistance could
limit the costs of disease control as well as directly having a positive impact on
production and reproduction (296). In addition, increasing the genetic resistance of a
herd may reduce the level of MAP transmission (105) as more resistant animals would
excrete lower titres of the pathogen compared to susceptible animals which are a
replication niche for MAP.

Nonetheless, a constraint to genetic improvement for disease resistance is
competition between selection for production traits and disease resistance where a
trade-off between the two may exist. There are reports of alleles which confer
protection to one disease that can increase the risk for another in human populations
(301) and there may be a direct fitness cost in maintaining resistance to disease,
particularly in the absence of exposure (302). Correlations between disease resistance
and production traits have been observed in ruminants but these vary considerably
and are not necessarily antagonistic (296). Resistance to Johne’s disease has not been
linked with particular production traits as yet but it is possible that selection of
resistant animals in breeding programs could have a negative impact on production.
However, the benefits of including resistance in breeding programs must be weighed
against the relative costs of excluding this trait, especially where disease burden is
high. Mackintosh et al. observed a 10kg weight gain in the male offspring from a
resistant stag compared with the male progeny from a susceptible stag over a 49 week
experimental MAP infection trial (16). This was despite a greater growth potential of
the susceptible offspring compared to the resistant offspring based on their growth
rate breeding values. Clearly, the severity of disease in the susceptible progeny
impacted upon their growth and productivity where the genetic potential for increased
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growth was ablated by disease susceptibility; a consideration for any farm where
pressure from infections such as Johne’s disease is high.

A further advantage to identifying animals with susceptible phenotypes for Johne’s
disease could lead to the development of tailored strategies that avoid disease in these
animals. While vaccination against Johne’s disease has limited efficacy in preventing
MAP infection and transmission at this time, vaccines could be targeted to genetically
predisposed animals thus decreasing disease burden in these animals or delaying the
onset of clinical symptoms for long enough for the animal to attain its target weight for
slaughter (107).

7.4

Conclusions and Future Directions

Control of MAP infection requires a properly balanced and regulated cytokine
environment within infected tissues. This study suggests that a dysregulated immune
response characterised by inflammatory gene expression in macrophages from
susceptible animals may contribute to the extreme immunopathology observed in
clinical Johne’s disease.

In contrast, macrophages from resistant animals, while

expressing the same inflammatory genes as those cells from susceptible animals, do so
at a significantly lower level, implying that controlled regulation of inflammation may
be pivotal to protection against disease caused by MAP infection.

While this study has identified correlates of resistance and susceptibility, causality is
more difficult to establish. The biological plausibility of the data supports future
studies to establish direct relationships between the genes differentially expressed
between animals of resistant or susceptible genotypes, and the animal’s phenotype.
An approach involving the informed monitoring of macrophage responses of animals
of resistant or susceptible genotype, before and after experimental challenge, would
be beneficial to determine if transcriptional signatures can truly predict MAP infection
outcome. Further functional studies analysing the mycobactericidal capabilities of
resistant or susceptible macrophages will also be crucial in assigning biological
meaning to gene expression data. However, it is unlikely that a broad range of protein
based reagents will become available for cervids in the foreseeable future, suggesting
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that sequence-based approaches will remain the best and only option for biological
assay of pertinent pathways.

Johne’s disease is clearly the result of a complex interplay between the expression of
host genes as well as pathogen characteristics and environmental influences.
Pressures due to many factors such as farm economics, food safety and zoonotic
concerns, may force breeders to consider genetic solutions to improve the control of
Johne’s disease which in turn will drive research into the elucidation of genes
underlying resistance and susceptibility to this infectious, inflammatory bowel disease.
This study has focused exclusively on aspects of the innate response to a chronic
mycobacterial pathogen (MAP). The fact that it has identified potentially polygenic
facets of host resistance and susceptibility involving non-specific immune markers
gives hope to the prospect that the underlying mechanisms may be generic for a wider
range of chronic intracellular infections.
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Appendix 2 – Primer Dissociation Curves
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Appendix 3 – Agilent 2100 Bioanalyzer RNA Profiles
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Animal 11, untreated
RIN = 8

Animal 11, MAP-infected
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Animal 18, untreated
RIN = 8.2
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