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Abstract
Johne's disease in ruminants is caused by the pathogenic bacterium Mycobacterium
avium subspecies paratuberculosis. An experimental infection model in sheep was
developed as a prelude to the testing of new vaccines and the development of
improved diagnostic assays for Johne's disease. The final challenge model developed
used four doses of 109 viable organisms given at two to three day intervals. Gross and
microscopic lesions were found in a high proportion of sheep (80%) at ten months
post challenge. There was considerable variation in immune responses from animals
challenged with different strains of M. paratuberculosis. Sheep challenged with a low
passage laboratory culture of strain (W) M paratuberculosis, produced strong
lymphocyte transformation responses and Interferon gamma (IFN-y) production at
two months post challenge. Subsequent necropsy and culture from intestinal tissues
showed only a low level of infection (25%). In comparison a primary tissue isolate of
M. paratuberculosis (JD3) resulted in higher (60-90%) infection rates in orally
challenged animals. The immune profile from these animals showed very little
reactivity for the first three months post challenge, after which IFN-y production
could be detected. Antibody production and lymphocyte transformation response
could not be measured until at least seven months post challenge. Sheep challenged
with the primary tissue isolate instilled directly into the tonsil resulted in equivalent
levels of Johne's disease to those obtained with oral challenge. However,
intratonsillar challenge resulted in higher levels of immune reactivity than oral
challenge. The propriytary Johne's vaccines; Neoparsec™ and Gudair™ and an
Aqueous vaccine were tested in sheep. The immunological reactions of the sheep to
these vaccines showed some variations between the two separate studies, with the
Neoparasec™ and Gudair™ vaccines evoking high levels of CMI and humoral
reactivity within two months of vaccination. Detailed immunological examination of
gut associated lymphoid tissues were carried out on subgroups of animals that were
either vaccinated or non-vaccinated and went on to develop disease or were immune
to experimental challenge. The results showed that the diseased animals examined
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had multibacillary lesions and strong CMI and humoral responses. There were
decreased proportions of CD4+, CDS+ and CD25+ T cells in peripheral blood and gut
associated lymphatics of diseased animals compared with the immune or
unchallenged subgroups. Profiles from the immune subgroups showed a stronger
lymphocyte transformation response than case matched diseased animals. Tissues
from immune animals showed increased proportions of B cells above those seen in
diseased or unchallenged animals. This study has resulted in the development of a
robust experimental sheep model in which Johne's disease occurs in a high proportion
of challenged animals. Critical time points for the establishment of infection or
disease have been determined. It can be used in the future to evaluate protective
efficacy of vaccines or to critically chart immunological profiles that are associated
with infection, disease or protective immunity. Considerable research is needed to
develop improved diagnostic tests to identify patterns of immunity during the early
stages of infection or while the animal has subclinical disease.
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Paratuberculosis or Johne's disease is a widespread and economically
important chronic bacterial infection found in domesticated ruminants. The disease is
caused by infection with Mycobacterium avium subspecies paratuberculosis, and it
can take years before clinical signs are evident. Disease is manifest as a chronic
enteritis leading to reduced production, weight loss and eventually death. Chronic
enteritis causes malabsorption of protein and essential nutrients across the gut and in
later stages results in protein loss. The first documented case of Johne's disease was
reported by Johne and Frothingham in 1895 in Germany, who diagnosed the
symptoms of chronic enteritis in cattle as 'atypical tuberculosis'. In New Zealand the
first reported case of Johne's disease in sheep was on a South Canterbury sheep farm
in 1952 (Armstrong 1956; Davidson 1970). Globally the disease is widespread, but its
true prevalence has not been determined due to the absence of systematic
surveillance, detailed epidemiological studies, and a lack of accurate diagnostic tests.

Johne's disease has been recorded in ruminants including sheep (Carrigan and
Seaman 1990), goats (Corpa et al. 2000a), cattle (Hines et al. 1987) and more
recently in farmed deer in Australia (Kennedy and Allworth 2000) and New Zealand
(Mackintosh et al. 1999). Other reported hosts include rabbits, foxes, weasels, ferrets
and pigs (Thoen et al. 1975; Greig et al. 1997; Beard et al. 1999; Harris and Barletta
2001; de Lisle et al. 2002). Infection of wildlife species such as ferrets, weasels and
rabbits is of concern because if they were to become maintenance hosts, they could
provide an ongoing threat of infection for domestic ruminants (de Lisle et al. 2002).

The true cost of Johne's disease to the agricultural industry is impossible to
quantify due to a lack of accurate diagnosis of clinical cases, and the inability to
identify a potentially large number of subclinically diseased animals. The major
production factors influenced by Johne's disease in cattle are decreases in milk
production, loss of fertility and lower weight gains (Chaffer et al. 2002). In the USA,
the cost to the cattle industry alone is thought to exceed $US 1.5 billion (Chiodini et
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al. 1984; Stabel 1998). The cost per cattle beast infected in the USA is thought to be

in the region of$US 200 (Dargatz et al. 2001). In the New Zealand agricultural sector
losses from Johne's disease have been projected to exceed 25 million dollars, though
this figure is a crude estimate based on clinical losses only (Brett 1998). Australia has
recently introduced a nationwide scheme for control of Johne's disease in the sheep
flock and there is currently considerable funding of new research initiatives (Sergeant
2001).

Microbiology
Mycobacterium avium subspecies paratuberculosis is a gram positive, acid

fast pleomorphic rod. It is classified within the M. avium complex, which also
includes M avium subsp avium and M avium subsp silvaticum. Even though all the
subspecies are closely related they have different phenotypic traits (Bannantine et al.
2003) and are pathogenic for different target hosts. M. avium subsp paratuberculosis
causes Johne's disease in ruminants, M. avium subsp avium causes tuberculosis in
birds and is a common environmental saprophyte and M. avium subsp silvaticum (M.
silvaticum) causes tuberculoid lesions in wood pigeons (Christiansen et al. 1946;

McDiarmid 1948; Bannantine et al. 2003; Dvorska et al. 2003). The disease
outcomes

following

infection

with

Mycobacterium

avium

subspecies

paratuberculosis and M. avium subsp avium are distinctly different, and there is

considerable debate as to whether these pathogens should be given different
speciation, distinct from M

avium (Collins 2002). Considering that the two

tuberculosis pathogens; M bovis and M. tuberculosis are regarded as separate
species, though they are genetically very similar, there is a precede for regarding M.
avium and M. avium subspecies paratuberculosis as separate species (Collins 2002).

Hereafter in this thesis the ruminant pathogen will be referred to as M.
paratuberculosis. The diagnosis of M. paratuberculosis was first carried out using

biochemical tests and is characterised by its slow growth in culture. An extended
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organism doubling time (22-26 hours) in culture, that requires supplementation with
Mycobactin J, is a key feature for identifying M. paratuberculosis, from M avium or
M silvaticum (Thorel et al. 1990; Juste et a!. 1991). The organisms isolated from

sheep appear to be fastidious and more difficult to culture and very slow growing
compared to cattle isolates. Sheep strains require mycobactin and egg yolk enriched
medium for growth (Whittington et al. 1999).

Molecular biology

Diagnosis of M paratuberculosis infection has advanced significantly with the
introduction of molecular biology techniques to identify DNA sequences specific to
mycobacterial species. The discovery of the unique insertion sequence IS900 has
allowed Polymerase Chain Reaction (PCR) analysis to be applied directly to tissues
or microbial cultures for rapid and accurate diagnosis (Vary et al. 1990; Cousins et al.
1999; Sanna et al. 2000). While IS900 is found in all isolates of M. paratuberculosis,
recent studies have identified IS900-like sequences in other mycobacteria such as
species 2333, which is closely related to Mycobacterium cookii (Bolske et a!. 2002;
Englund et al. 2002). However, due to the absence of IS900 from the other closely
related M. avium organisms, it has become the 'gold standard' for identifying M
paratuberculosis infection using PCR based systems for diagnosis.

The discovery in M. paratuberculosis of a strain specific mutation within
some copies of another insertion sequence (IS13JJ) has allowed for a clear
discrimination between cattle and sheep strains of M. paratuberculosis (Marsh et al.
1999). ISI311 is widespread within the genomes of other mycobacteria such as M
avium and M intracellulare (Harris and Barletta 2001; Bolske et al. 2002). Point

mutations within ISJ311 enable differentiation between cattle and sheep strains
(Marsh et al. 1999). Restriction Fragment Length Polymorphism analysis (RFLP) is
an alternative method to differentiate between strains of M paratuberculosis, which
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has a higher discriminatory power but is a laborious and time consuming technique
requiring significant amounts of cultured bacteria for DNA recovery. This technique
has revealed two major RFLP types (13 Pst I types and 20 Est II) and when these two
enzymes are used in combination they reveal 28 different RFLP strains (Pavlik et al.
1999).

Pathogenesis and Aetiology

The prevalence of M paratuberculosis in domestic livestock is unknown
worldwide as the disease is 'non-notifiable' and it has been given a relatively low
priority compared with more strategically important mycobacterial diseases such as
tuberculosis. The difficulty in determining the extent of disease has been
compounded by the lack of precise diagnostic tests with high levels of sensitivity and
specificity, and the high costs involved with identifying the disease.

The prevalence of M paratuberculosis appears to differ markedly between
countries and even different geographical regions, and in the target species that are
affected (Sergeant 2001). Published data on the prevalence of diseased sheep flocks is
between 2-32% for different countries (Bakker et al. 2000; Sergeant 2001). In Spain
the estimated prevalence within sheep flocks is 8-10% (Sevilla et al. 2002). In
Austnilia M. paratuberculosis is thought to infect 2.4 - 4.4% of the flocks based on
figures obtained from abattoir surveillance. In New South Wales estimates indicate 610% of the flocks are positive while Western Australia has less than 1% of the flocks
infected (Sergeant 2001; Sergeant and Baldock 2002). Cattle studies have shown
estimated prevalence of 1-10% of animals infected with M paratuberculosis with 1070% of herds infected (Bakker et al. 2000). In New Zealand the levels of M.
paratuberculosis in ruminants have not been determined accurately, as it is not a

notifiable disease. Estimates indicate that around 6% of sheep flocks throughout New
Zealand may be infected (Brett 1998). Based on abattoir slaughtered deer in New
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Zealand with suspect Tuberculosis (Tb) lesions from which M paratuberculosis was
isolated, it is estimated that approximately 5% of New Zealand deer herds have
Johne's disease (de Lisle et a!. 2003). This may be a considerable underestimate
(Mackintosh et a!. 1999) as animals presenting with 'suspect Tb lesions' in the
mesenteric lymphatics represent a very small proportion (< 5%) of all animals
infected with M. paratuberculosis (Griffin eta!. 2003) ..

Epidemiology

Heavily infected sheep can shed up to. 108 colony forming units (cfu) of
bacteria per gram of faeces (Whittington et a!. 2000). Cattle appear to excrete much
lower numbers of organisms (10 5- 106 cfu per gram of faeces) (Jorgensen 1982). As
clinically diseased animals, especially scouring animals, shed such a high number of
bacteria, the environment can quickly become heavily contaminated, especially under
wet conditions where there is ample opportunity to spread infection widely over open
pasture. Infection with M. paratuberculosis is generally via the faecal-oral route, with
newborn animals ingesting large numbers of bacilli when drinking milk from faecal
contaminated teats. Other potential sources of infection include contaminated
waterways, pasture and feed supplements (Chiodini et a!. 1984). Whereas vertical
transmission of the disease could conceivably occur from the mother to the foetus
(Seitz eta!. 1989), horizontal transmission is likely to be far more significant (Olsen
eta!. 2002) since animals are constantly exposed to bacteria by the faecal oral route.

Infection usually occurs neonatally, in the first few months after birth, though it is not
until two to five years later that clinical disease becomes apparent in sheep and cattle.
In deer the disease can be more severe and clinical symptoms can become apparent
from 5 months onwards (Gilmour and Nyange 1989; Mackintosh eta!. 1999). The
long subclinical phase of the disease in cattle and sheep may be associated with
intermittent shedding of bacteria, resulting in recurring contamination of pastures
before the disease is detected (Whittington eta!. 2000).
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Pathology

The onset of clinical Johne's disease is thought to be precipitated by stressors
such as birthing, lactation, weaning and lack of feed. The chronic enteritis causes
protein malabsorption and in severe cases protein loss, resulting in the characteristic
symptoms associated with poor condition and growth of the animal. External clinical
signs include loss of weight, loss of wool or alopecia, bottle-jaw (the result of submandibular oedema) and diarrhoea (Carrigan and Seaman 1990; Clarke and Little
1996; Turner 2003). Though diarrhoea is uncommon in sheep, typical gross
pathology seen at the time of necropsy include thickening and corrugation of the
intestinal mucosa, enlargement or cording of the draining lymphatic ducts (lacteals)
and enlargement of the ileocaecal and mesenteric (jejunal) lymph nodes (Carrigan
and Seaman 1990; Clarke and Little 1996). Other signs that may be associated with
the disease are necrosis of fat and oedema of the intestinal tissues. Lesions can also
be found most typically around the terminal ileum (Stamp and Watt 1954; Clarke and
Little 1996).

The histological method for diagnosis of Johne's disease and the classification
of the associated lesions is histopathological staining using Haematoxylin and Eosin
(H&E). The Ziehl Neelsen (ZN) stain is also used to identify acid fast organisms
(AFOs) within tissue sections. M paratuberculosis produces a spectrum of disease
that may involve the establishment of infection without any histopathology, through
to extreme pathology. This requires that defined criteria be established to classify
disease. One simple method for the classification of lesions in sheep uses
histopathological classification based on the types of cells involved in the granuloma
formation and the number of AFOs present (Clarke and Little 1996). Multibacillary
or lepromatous lesions are defined as having large aggregates of epithelioid
macrophages containing large numbers of AFOs. Tuberculoid or paucibacillary
lesions have very few, if any, AFOs along with infiltration by numerous lymphocytes
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(Clarke and Little 1996). A more comprehensive lesion assessment system for sheep
was developed by Perez et al (1996), based on separation of the lesions into four
classes, ranging from 0 (no disease) to 3 (severe lesions). Type 3 lesions are further
divided into 3 different subtypes, a, b and c, based on the number of AFOs found
within the lesions (eg paucibacillary or multi bacillary). This system was devised
when the authors (Perez et al. 1996) noted that paratuberculosis lesions in sheep had
pathology equivalent to that seen in other mycobacterial infections such as leprosy.
The lesion scores are based on several parameters including the presence of
granulomatous lesions, the association of the lesions with Peyer's patches (Pp) and
mucosa associated with the Pp, the intensity and distribution of the lesion, the number
and types of immune cells in the lesions and finally the number of mycobacteria
present. Lesion scoring according to the Perez et al (1996) classification is as follows:
Type 1: Small aggregates of macrophages, which form small granules in the ileal

Peyer's patches. No AFOs are observed.
Type 2: More obvious lesions within the ileal Peyer's patches and granuloma seen in

the mucosa. A few AFO's may be seen.
Type 3: Granulomatous lesions can be observed in the Pp and adjacent mucosa as

well as mucosa not associated with the lymphoid tissue.
Type 3a: No gross visible lesions seen at necropsy. Multi-focal and large granulomas

in the lamina propria, submucosa, serosa and draining lymph nodes. The lesions can
. extend to the jejunum. The villi can be distended and mucosa thickened.
Type 3b: Gross visible lesions at necropsy. Histologically there are numerous

epithelioid macrophages with large numbers of AFOs and few giant cells spreading
throughout the lamina propria and submucosa. Thickening of the mucosa and villus
fusion is also observed. This type of lesion correlates with the multibacillary or
lepromatous lesions reported by Clarke and Little (1996).
Type 3c: Gross visible lesions at necropsy. Histological lesions show diffuse

granuloma with lymphocytic infiltration into the mucosa, with giant cells scattered
throughout. The granuloma and giant cells can be observed in the draining lymph
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nodes. This form of lesion correlates with the paucibacillary or tuberculoid lesions
described by Clarke and Little (1996).

Perez et al (1996) hypothesised that the histopathological categories which
they defined represent differing stages of disease. Type 1 may represent animals that
have resisted infection. Types 2 and 3a may indicate the initial failure of the immune
system to contain the disease. Types 3b and 3c indicate severe clinical disease,
although the type (3b or 3c) may depend on the immune response elicited from the
individual animal.

In cattle, symptoms and lesions of M. paratuberculosis infections are similar
to those seen in sheep including chronic wasting and submandibular oedema. Gross
lesions found at necropsy show thickening of the ileum and jejunum, enlarged
lacteals and draining lymph nodes. Histologically the lesions are divided into three
broad categories. In mild lesions there are giant cells and epithelioid macrophages
seen in the lamina propria and draining lymph nodes. Granulomas containing giant
cells with epithelioid macrophages are seen in moderate lesions though they are
larger and spread into the submucosa and subscapular space of lymph nodes. In
severely lesioned animals granulomas are seen throughout the mucosa, submucosa
and serosal surface. The number of AFOs increase with the lesion severity (Clarke
and Little 1996; Clarke 1997).

Pathology in deer is different in that development of necrotic lesions and
clinical disease can be observed in animals under one year of age (Gilmour and
Nyange 1989). M paratuberculosis has been isolated from lymph nodes of the head
such as the retro-pharyngeal and tonsils of infected animals (de Lisle et al. 2003),
suggesting that retro-pharyngeal infection could occur via the tonsils with subsequent
dissemination to the rest of the gut. Deer with Johne's disease may have a thickened
ileum or jejunum, prominent lacteals and enlarged mesenteric and ileocaecal lymph
nodes. Caseous necrotising lesions may occur in mesenteric lymph nodes though
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these are rarely visible macroscopically (Gilmour and Nyange 1989). Histological
lesions typically show a diffuse macrophage infiltrate in the mucosa and lymph nodes
with numerous AFOs.

Immunopathology

When bacteria are phagocytosed by macrophages (or dendritic cells) they are
usually contained intracellularly within the phagosome. The phagosome fuses with
lysosomes to form phagolysosomes, which have lower pH and increased
concentration of proteolytic enzymes. This results in killing of the bacterium and
degradation of macromolecules into peptide antigenic fragments. The peptide
antigens within the phagolysosome are then loaded onto MHC II (major
histocompatibility complex) molecules produced within the endoplasmic reticulum.
Following loading of peptide, the MHC II-peptide complex is transported to the
macrophage cell surface where it is recognised by T helper (CD4+) lymphocytes.
Only specialised antigen presenting cells can utilise this MHC II pathway. By
contrast with most bacteria, pathogenic intracellular bacteria, such as M.
paratuberculosis, and viruses have mechanisms that allow them to survive and grow

within the macrophage. This leads to activation of a second intracellular antigen
processing pathway within macrophages. When a bacterium is not killed within the
phagolysosome soluble proteins from the bacteria are released into the cytoplasm of
the infected cell (Cosma et al. 2003). Complex proteolytic macromolecules
(Proteosomes) in the cytoplasm further process the bacterial proteins, after which
they are transported into the endoplasmic reticulum via transport associated proteins
(TAPs). The peptides are loaded onto MHC I molecules and translocated onto the
surface of the macrophage where they are recognised by T cells (CDS+). This
intracellular (endocytic) antigen processing pathway is utilised by all mammalian
cells, allowing the immune system to recognise any infected cell within the body.
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Pathogenic mycobacteria have evolved virulence factors (as yet poorly
understood) which allow them to survive in macrophages and evade killing. Three
distinct mechanisms may be involved (Tooker et al. 2002):
•

Interference with host protein expression preventing phagosome maturation

•

Expression of proteins that interfere with macrophage activation,

•

Microorganisms enter the macrophage independent of classic phagocytosis and do
not cause activation of the macrophage

It is known from histological observations ex vivo and experimental studies that M.

paratuberculosis can survive within the macrophage in vitro, typically growing for

the first 6 days post infection and starting to die off within six to twelve days
(Zurbrick and Czuprynski 1987; Zhao et al. 1999; Bannantine and Stabel 2002). A
known survival strategy utilised by pathogenic bacteria is inhibition of phagolysosome fusion and pH increase in the phagosome (Kuehnel et al. 2001). The
numbers of organisms with which a macrophage is challenged can also make a
difference to the intracellular survival of M. paratuberculosis. Containment of the
bacteria within the macrophage is critical because cells can tolerate low numbers of
bacteria, whereas higher numbers of M paratuberculosis are cytotoxic to the
macrophage and result in apoptosis (Bannantine and Stabel 2002).

It has also been established that M. avium and M. paratuberculosis induce

different cytokine profiles in macrophages, following phagocytosis in vitro (Weiss et
al. 2002). This could infer that the response of the macrophage may be modulated by

different virulence factors found in the infecting strains of mycobacteria. Once a
macrophage has phagocytosed bacteria it will traffic to the nearest lymphoid follicle,
which in the case of gut infection with M. paratuberculosis is the Peyer's patches
(Pp) of the gut mucosa. Here MHC molecules are loaded with M paratuberculosis
antigens and are presented to T cells within the lymphoid follicle. It has been shown
in M. paratuberculosis infections that MHC processing and presentation may be
down-regulated (Zur Lage et al. 2003). Production and expression of MHC II
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molecules may be reduced in M. paratuberculosis infected macrophages (Alzuherri et
al. 1997). Expression of LFA-1 (Lymphocyte function-associated antigen), a

molecule involved with cell to cell interactions, is also reduced in M
paratuberculosis infected macrophages (Alzuherri et al. 1997).

The first T cells to interact with the infected macrophage in a primary
infection are CD4+ T helper cells, which express antigen specific receptors for the
MHC II-peptide molecules. This initial interaction between the macrophage and the
naive CD4+ T helper cell directly influences the downstream effector immune
response to the pathogen (Figure 1.1 ). Depending on the cytokine signals received
from the macrophage the T helper cell may differentiate into either aT helper 1 (Thl)
cell or a T helper 2 (Th2) cell. T helper 1 cells will activate a cell mediated immune
(CMI) response via cytokine signals to macrophages or CDS+ T cells. CDS+ T cells
are effector cytotoxic killer cells which recognise MHC !-peptide complexes
expressed on the surface of intracellularly infected cells, especially those involving
acute virus infection. In chronic intracellular infections such as mycobacterial
diseases, CD4+ T cell activation and the production oflnterferon-y (IFN-y) causes upregulation of macrophage microbiocidal activity. T helper 2 cells activate humoral
immune responses, stimulating B cells to produce antibody. Whereas antibody
provides effector pathways to control extracellular infections, it appears to have little
effect on chronic intracellular bacterial infections (Chiodini 1996).
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Figure 1.1: An immune paradigm. This shows the immune pathways associated
with different types of infections. The main regulatory and effector cell types and their
associated cytokines are shown for each pathway. Straight black arrows indicate
progression of the immune response, whereas circular arrows signify suppression
pathways. The + symbol on circular arrow indicates up-regulation by the relevant
cytokine while - indicates down-regulation.

Following M. paratuberculosis infection, paucibacillary and multibacillary
disease correlates broadly with the pathway of immunity produced by the host
(Figure 1.2) (Clarke 1997). Paucibacillary lesions are associated with the CMI
response (Clarke eta!. 1996a). In this case, large numbers of lymphocytes infiltrate
the lesion and few AFOs are seen. Lesions found in the small intestine show an
increase in the numbers of CD4+ T cells and gamma delta (yo) T cells and the ratio of
CD4+ to CD8+ is> 1 (Little eta!. 1996). Increased number of CD4+ T cells appear to
be necessary for activation of macrophages, to increase microbiocidal activity against
invading bacteria (Navarro et al. 1998). Increased levels of Type I cytokines are
produced within the intestinal tissues by leucocytes in animals with paucibacillary
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lesions. The predominant cytokines are Interferon gamma (IFN-y) and Interleukin 2
(IL-2) (Clarke et al. 1996a; Burrells et al. 1999). CMI responses, as measured by
lymphocyte transformation assays are stronger in peripheral blood than the
mesenteric lymph node. The lowest level of reactivity is found in the lamina propria
leucocytes of the intestinal wall (Burrells et al. 1998).

Measured cvtokine
increases
IFN-y
IL-2

Lesion description
Small No of AFOs
1' lymphocytes

---~·~ Paucibacillary
Lesion

?

Clinical disease

I
Th2 (CD4)

....,

---•p~

B cell
--lh~ Mul~ibacillary
(Antibody)
"' Les1on
Measured cytokine
increases
IL-1 a, IL-113
IL-6, TNF- a
IFN-y?

Lesion description
Large No of AFOs
-J... lymphocytes
1' Macrophages

Figure 1.2: An immune paradigm for M. paratuberculosis infection. The types of
lesions appear to correlate with differing immune pathways. Paucibacil/ary lesions
are more associated with a CMI response and up-regulation of Type-1 cytokines.
Multibacil/ary lesions are more associated with antibody responses and up-regulation

of Type-2 cytokines.

In contrast to paucibacillary lesions, multibacillary lesions typically contain
larger numbers of macrophages, large numbers of AFOs and a strong Type 2
(humoral) antibody response. Multibacillary lesioned animals have a significantly
reduced lymphocyte transformation (LT) response, with very little difference in the
levels found in the peripheral blood, mesenteric lymphatics and lamina propria
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lymphocytes (Burrells et al. 1998). The number of CD4+ T cells in the lesion
decreases and the ratio of CD4+: CD8+ cells changes from> 1 to <1 (Clarke and Little
1996; Little et al. 1996). The reduction in CD4+ T cells may result in a reduction of
the Type I CMI response and a lack of macrophage activation and killing (Navarro et
al. 1998; Koets et al. 2002). An increase of Type 2 cytokine production is seen in
multi bacillary lesions, typically the cytokines that increase are IL-l a, IL-113, IL-6 and

Tumour Necrosis Factor-a (TNF-a) (Alzuherri et al. 1996; Lee et al. 2001). There is
a corresponding decrease in the production of IL-2 (Clarke et al. 1996a; Burrells et
al. 1999). Inconsistent changes in the production of IFN-y have been reported by

different research groups. Most studies report a decrease of IFN-y production in
multibacillary lesioned or clinically affected animals (Clarke et al. 1996a; Burrells et
al. 1999; Stabel 2000). By contrast Lee et al (2001) observed increased IFN-y levels

in clinically infected animals. Their rationale for this was that T cell derived IFN-y
can be used to prime macrophages and cause their accumulation at the infection site.
The immune activity resulting from different cytokines may change depending on the
dose of the cytokines. Altering the amounts ofTNF-a added to macrophages in vitro,
before infecting them with M paratuberculosis can alter the survival and growth of
the bacteria (Stabel 1995).

Apart from CD4+ and CD8+ T cells, y8 T cells may also play a role in M.
paratuberculosis infections. In young ruminants the y8 T cells make up a large

proportion of the T cells, unlike in humans and mice where al3 T cells (CD4+ and
CD8+ T cells) predominate (Mackay et al. 1989; Hein and Griebel 2003). High
numbers of y8 T cells found in the ruminant gastrointestinal tract (Chiodini 1996)
may have a role in the regulation of mucosal immunity to invasion by enteric
pathogens (Ferguson 1990). A major function of mucosal immunity is to down
regulate the immune response to foreign antigens in food and the development of
tolerance to the normal microflora of the gut (Chiodini 1996).
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Figure 1.3: An immune paradigm involving gamma delta T cells. In this case the yo
T cells cause down regulation of CD4+ T cells, while cos+ T cells down regulate yo T
cells allowing in normal CD4+ T cell responses to occur.
It has been established that yo T cells are reactive to mycobacterial antigens and could

play a role in the early stages of the mucosal immune response (Chiodini and Davis
1993; Chiodini 1996). yo T cells can suppress the proliferative response of CD4+ T
cells cultured with antigens in vitro (Chiodini and Davis 1993) (Figure 1.3). While yo
T cells can down-regulate CD4+ T cells, the addition of CD8+ T cells appears to
reverse this (Chiodini and Davis 1993). Published data suggests that in lepromatous
(multibacillary) lesions in M. paratuberculosis infected sheep, the numbers of CD4+

T cells are decreased while the number of yo T cells stay the same (Little et al. 1996).

Regulatory cells of another type may also play a role in the control or
dissemination of Johne's disease. T regulatory cells (T regs) have been found to
inhibit immunopathology and autoimmune disease in vivo (O'Garra and Vieira 2004).
Two major populations ofT regs have been described so far, CD4+CD25+ T cells and
IL-10 secreting cells. It is thought that CD4+CD25+ T cells which can be found the in
the lamina propria of mice may contribute to the intestinal homoeostasis of mice
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(Makita et al. 2004). Suppression of CD4+ effector T cell functions in mice has been
observed by CD4+CD25+ T reg cells and has been linked to the control of
inflammatory bowel disease (Martinet al. 2004). The role ofT reg cells in ruminants
with regard to mycobacterial infections has not been examined.

Another specialised aspect of the ruminant immune system that may make
them more susceptible than other mammals to M paratuberculosis infection is that:
most of the mucosal immunity in newborn ruminants is from IgG 1 antibodies in the
colostrum (Salmon 1999), which may reach levels of 50mg/mL of milk. IgA, which
is classically associated with mucosal immunity in mammals, is found at reduced
concentrations (2-10 mg/mL) in ruminant milk (Sheldrake and Husband 1985).

Sheep ileal Peyer' s patches, unlike humans, show prenatal maturation with
antigen independent lymphopoiesis and a rate of lymphocyte production greater than
the thymus. The ileal Pps in sheep are unique in that they are required for the
development of B cells and like the thymus they involute with age (Landsverk et al.
1991). The ileal Pp of neonatal ruminants is considered to be a primary target forM.
paratuberculosis infection (Sigurdardottir et al. 2001). The lymphoid follicles of ileal
Pp contain large numbers of B cells and few T cells (Landsverk et al. 1991). While
jejunal Pp persist in adult animals, they contain M cells with clusters of B cells, and
have numerous CD4+ T cells in the associated lymphoid follicle (Landsverk et al.
1991). In sheep, the ileal and jejunal Peyer's patches appear to have different
functions. The jejunal Pp are essential to produce mucosal responses, while the ileal
Pp seed the systemic immune organs with B cells (Mutwiri et al. 1999).

Diagnosis

An ideal diagnostic assay would be one that detects responses early after
infection and is one hundred percent sensitive and specific. Most of the available
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diagnostic methods for disease in domestic livestock tend to underestimate true
disease prevalence due to difficulties in identifying subclinically infected animals.

Ante mortem microbial tests for M paratuberculosis infection presently include
faecal culture and PCR. Immunodiagnostic tests include the Enzyme Linked
Immunosorbant Assay (ELISA), the Complement Fixation Test (CFT), the Agar Gel
Immunodiffusion (AGID) assay, the Lymphocyte Transformation assay (LT),
intradermal skin testing and the Interferon Gamma (IFN-y) assay. All the above
assays have associated drawbacks in terms of specificity and or sensitivity. Faecal
culture, while taking up to 24 weeks to get a result, is 100% specific but the
sensitivity can vary. Where subclinical infection with M paratuberculosis occurs
faecal shedding can be intermittent, lowering the sensitivity of culture for diagnosis
(Whittington et al. 2000). In cattle, faecal culture is estimated to be around 35-40%
sensitive (Whitlock et al. 1999; Whitlock et al. 2000). By pooling faecal samples
from many cattle in a herd, up to 90% of subclinically affected herds can be identified
(van Schaik et al. 2002). The performance of pooled faecal culture overall is
influenced by the size of the herd or flock, the size of the faecal pool and the
prevalence of infection (van Schaik et al. 2002). Pooled faecal culturing has been
adopted as the method of choice for detecting M paratuberculosis infected sheep
flocks in Australia (Sergeant 2001 ). The sensitivity of pooled faecal culture for sheep
flock diagnosis is 92%. While a PCR-based technique for detection ofiS900 in faeces
was faster than culturing, it had a reduced sensitivity of 64% for sheep pooled faecal
culture positive samples (Marsh and Whittington 2001). This is due to the difficulty
in lysing the bacterial cell wall, the presence of inhibitory substances in faeces or
PCR failure due to unknown reasons (Arrigoni et al. 2002). The sensitivity of PCR
based methods appears to be around 50% overall and the inability to detect animals
shedding low numbers of bacteria (< 50 cfu/g of faeces) (Arrigoni et al. 2002;
Chevallier et al. 2002) makes the test impractical for flock/herd surveillance.

Immunodiagnostic tests such as ELISA, CFT, AGID, intradermal skin testing,
lymphocyte transformation and IFN-y assays, also have problems with variable
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sensitivity and specificity. The ELISA test is based on the detection of specific
antibodies produced in response to M

paratuberculosis infection. The test

performance like any of the other assays used, can be affected by inter-laboratory
variation, batch differences in the reagents and variation in blood sampling (Dargatz
et al. 2001). The sensitivity of the ELISA can be correlated to the type of lesions

observed and whether the animals infected have subclinical or clinical infection. For
subclinical infections in cattle, the sensitivity ranges from 15 - 35% (Billman-Jacobe
et al. 1992; Whitlock et al. 2000). For tuberculoid (paucibacillary), lesions in sheep a

sensitivity of 10-50% was reported (Clarke et al. 1996b). Samples from sheep with
multibacillary (lepromatous) lesions show sensitivity values of 75 - 86% (Clarke et
al. 1996b) and similar values have been observed in cattle with clinical disease

(Billman-Jacobe et al. 1992; Whitlock et a!. 2000). Other antibody assays used
traditionally for M. paratuberculosis infection include the CFT and AGID. The
AGID and CFT tests have a sensitivity usually less than or equal to that seen in the
ELISA, and the overall correlation coefficient between the assays is low (Sackett et
al. 1992; Hilbink et al. 1994; Clarke eta!. 1996b; Harris and Barletta 2001).

The IFN-y assay for detection of M. paratuberculosis infection in ruminants is
based on IFN-y production in blood samples obtained from infected animals that are
stimulated with mycobacterial antigens. Again the sensitivity of the IFN-y assay can
be directly correlated to the stage of disease. One study found that 70- 90% of
subclinically infected cattle could be detected, and that the IFN-y assay could detect
up to 100% of clinically affected animals (Billman-Jacobe et al. 1992). Another study
in cattle reported a sensitivity at 50-75% with a specificity of 98% for the IFN-y assay
(Stabel and Whitlock 2001 ). In sheep similar sensitivity values of 50-7 5% were found
(Stewart et al. 2002). Other cellular immune assays include the intra-dermal skin test,
and the LT assay. Recent results from Redacliff and Whittington (2003) suggest the
skin test may have high sensitivity for detection of infection with experimental
infection of lambs using virulent M. paratuberculosis. The experiment of Redacliff
and Whittington (2003) used animals which had minimal exposure to environmental
mycobacteria and a very small increase in skin thickness (0.55mm instead of 4mm)
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was used to identify infected animals, indicating that such a test may have limited
application under field conditions. Data obtained from multiple studies using LT for
Johne's disease diagnosis have identified unacceptable levels of variability in results
obtained from repeat blood sampling of individual animals (Hintz 1981; Molina et al.
1996; Storset et al. 2001 ), limiting its potential as a routine diagnostic assay.

Until recently the antigens used for diagnosis of M. paratuberculosis infection
have been relatively crude preparations obtained from culture supernatants or
tuberculin obtained from culturing individual mycobacterial strains. The close
similarity between organisms from the M avium group reduces the specificity of
immunoassays. With the completion of the sequencing of M paratuberculosis
genome and the identification of unique antigens (Bannantine et al. 2002; Bannantine
et al. 2004) in M paratuberculosis, it may be possible in the future to produce a

'cocktail' of specific antigens to aid in the diagnosis of M. paratuberculosis infection.
However, while such antigens should improve the specificity of diagnostic assays
they may result in decreased assay sensitivity. Nonetheless, the comparative
genomics

approach

for

identification

of novel

antigens

specific

for M.

paratuberculosis (Bannantine et al. 2004), should not only improve diagnostic

methods but also allow for the identification of novel 'protective immunogens',
essential for the development of optimal protective responses following vaccination.

Vaccination and Protective immunity

Vaccination has been used in domestic livestock since 1926 in an attempt to
control Johne's disease (Vallee and Rinjard 1926; Bakker et al. 2000). Vaccine
formulations tested include live unattenuated and attenuated strains of M.
paratuberculosis as well as heat killed or sonicated strains. Vaccination against

Johne's disease has now been tested in all the commercial ruminant species that
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develop disease. The general results of these studies suggests that while clinical
disease may be controlled, infection and faecal shedding of the bacteria still occurs
(Cranwell 1993; Wentink et a!. 1993; Juste et al. 2002; Windsor et al. 2002). In
animals vaccinated within a month of birth, vaccination appears to produce a good
protective response. There have been reported failure rates of 0.5- 6% from within
flocks that have used vaccination (Sigurdsson 1960; Cranwell 1993; Fridriksdottir et

al. 2002). As well as a reduction in the number of animals developing clinical
disease, there is also a delay in the onset of faecal shedding in vaccinated animals
(Windsor eta!. 2002).

A problem associated with Johne's vaccination is the subsequent development
of lesions at the injection site, which results from the adjuvants used to increase the
immune response. The adjuvants are usually mineral oil based and designed to
generate an aggressive CMI response, considered necessary to prevent Johne's
disease. The size and severity of the injection site lesion relates directly to the type of
adjuvant formulation used in the vaccine. Injection site lesions result in lower carcass
value and increased costs in processing carcasses in the abattoir (Mackintosh et a!.
2001). Up to 50 % of a flock of sheep vaccinated with commercially available
"Gudair™" developed injection site lesions; of these animal 37% had lesions over 20
mm in size (Windsor et al. 2002). Furthermore, spread of lesions from the injection
site to the draining lymph node has also been reported (Juste eta!. 1994). Apart from
producing unacceptable side effects current vaccines do not prevent infection of the
animals. Consequently infection can still spread within vaccinated animals and
eradication schemes are compromised (Kalis et al. 2001; Fridriksdottir et al. 2002).
There is a need to develop an improved vaccine that produces acceptable levels of
protection to Johne's disease, without producing the side effects seen with mineral oil
based vaccines or complications with Tb testing in cattle and deer. Ideally the vaccine
should also protect against spread of infection.
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The lesions seen in vaccinated animals resemble the paucibacillary type
(Nisbet et al. 1962; Juste et al. 1994) seen to occur naturally. The interaction of
macrophages and T cells producing type 1 cytokine (IFN-y) results in the formation
of granulomas that limit the infectious focus (Hasvold et al. 2002). Ultimately the
granulomas regress and the disease is eliminated (Juste et al. 1994).

There is a further complication with Johne's vaccines, in that they invariably
cause interference with immunological tests used for the diagnosis of M
paratuberculosis and/or tuberculosis (Tb) infection, caused by M. bovis. This is of

particular importance when using Tb skin tests in cattle or deer, where in New
Zealand the National Tuberculosis Eradication program is based on skin testing with
tuberculin. Apart from primary skin testing, other ancillary Tb tests used in cattle and
deer are all reliant upon immunological assays and could be confounded by
intercurrent mycobacterial vaccination. It has been reported that deer vaccinated with
Neoparasec™ (a licensed vaccine used to control JD in NZ sheep and cattle) produce
responses that compromise intradermal skin tests, LT and ELISA assays used for
cattle and deer Tb diagnosis (Mackintosh et al. 2001 ), due to a high degree of
antigenic cross reactivity between the vaccine strain of M. paratuberculosis and other
related mycobacterial species.

There is consensus that a good CMI response is essential for protection
against mycobacterial infections caused by M

bovis or M

paratuberculosis

(Hamilton et al. 1989; Orme et al. 1991; Chiodini 1996). The immunological
response obtained with conventional proprietary vaccines has typically involved
strong peripheral responses that involve both the CMI and humoral immune pathways
(Juste et al. 1994).

In assessing the immunological responses to Johne's vaccinations both Type 1
(CMI) and Type 2 (humoral antibody) responses are measured using an assortment of
diagnostic tests such as the LT, ELISA, IFN-y, AGID and CFT assays.
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Immunological responses are found typically within 15-30 days post vaccination.
Responses start to decline 150-180 days after vaccination but may remain at low
levels for up to three years (Garcia Marin et al. 1999; Corpa et al. 2000b; Windsor et
al. 2002). The longer after birth that an animal can be left before vaccination, the

larger the immunological response will be as the immune system has more time to
mature (Corpa et al. 2000b). In animals vaccinated at five months of age, IFN-y
production persisted longer than in animals vaccinated at the age of 15 days. The
antibody response was also much higher and more persistent in the animals
vaccinated at five months (Corpa et al. 2000b), but it is unknown if this results in
increased protection.

In vitro cell responses from goats vaccinated with a commercial vaccine show

that almost all of the IFN-y production is from CD4+ T cells and a small number of
CDS+ T cells (Hasvold et al. 2002). While yo T cells are highly activated by
mycobacterial antigens they do not produce IFN-y after vaccination (Hasvold et al.
2002). In contrast, yo T cells from M bovis infected cattle produce IFN-y (Rhodes et
al. 2001). This indicates that while yo T cells can produce IFN-y, none is produced

following M. paratuberculosis vaccination. In the draining lymph node of a
vaccinated animal, the MHC II expressing cells are surrounded by CD4+ T cells
(Valheim et al. 2002). There also seems to be an inverse relationship between the
number of CD25+ (activated) T cells present in the blood and the draining lymph
node. CD25+ cells express the IL-2 receptor and is used as an activation marker forT
and B cells. After vaccination the CD25+ T cells proliferate in the lymph node, then
move to the blood. By the time higher number of CD25+ cells are measured in the
blood the numbers present in the lymph node are subsiding (Valheim et al. 2002).
The movement of the CD25+ T cells to the blood indicates systemic protection can be
induced by the vaccine which can be measured by an increase in CMI and antibody
response, even though antibody may not be protective (Valheim et al. 2002).
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In sheep, changes within the gut associated lymphoid tissues become apparent
as the animal ages. Ileal Peyer's patches involute with age like the thymus while the
jejunal Pp will persist (Landsverk et a!. 1991) and the gut lymphoid tissues don't
become fully developed until some months after birth (Corpa et al. 2000b). Cattle
raised in isolation and experimentally challenged at an older (9 months or 1 year) age
appear more able to resist M paratuberculosis infection than animals infected at a
younger age (3 months) (Larsen et al. 1975). The changes in the gut as the animal
matures may result in altered immune competence to mycobacterial infections.

Knockout mice with an incomplete cellular immune system are not able to
limit intestinal multiplication of M. paratuberculosis (Hamilton et al. 1989). This
type of analysis is not possible in ruminants, therefore the best understanding of
protective responses are from animals that are infected but do not develop clinical
disease. The lesions in subclinically affected animals typically have higher numbers
of CD4+ T cells and greater levels of IFN-y production than animals with clinical
disease (Chiodini and Davis 1992; Bassey and Collins 1997; Koets et al. 2002). This
shows that a

C~·1I

response may be important in limiting the disease until a change

such as stress causes progression to clinical disease. Animals with subclinical disease
have a stronger CMI component and as the animal develops a humoral response, the
fight is lost and clinical disease ensues (Clarke et al. 1996a; Perez et al. 1997). An
unknown factor in the development of clinical J ohne's disease is whether the onset of
disease is caused by the failure of the immune response to protect against disease, or
as a result of the onset of immunopathogensis. A detailed examination of animals that
survive M. paratuberculosis infection is required to better understand the processes
that are associated with protective immunity in sheep, and to identify markers to
predict survival after infection.
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Experimental models from M. paratuberculosis infection
Experimental animal models for paratuberculosis infection are required to
study indeterminate aspects of the disease in depth, including the immune response to
infection, the discovery of new diagnostic assays and testing of vaccines against M.
paratuberculosis. Different animal species used as models include mice (Chiodini

and Buergelt 1993), rabbits (Mokresh et al. 1989), calves (Beard et al. 2001), sheep
(Kluge et al. 1968; Gwozdz et al. 2000), goats (Sigurdardottir et al. 1999), and deer
(Mackintosh 2003), each of which have a different response to infection. The
disparate animal models used each have advantages and disadvantages. Small animal
models such as mice have the advantage that disease develops quickly and handling
of the animals is convenient. While mice may not develop the disease naturally there
are many more reagents available than for ruminant researchers. This leads to
questions about the relevance of data acquired from mice and how it relates to
ruminants. Differences in the immune system between ruminants and mice lead to
lesions in mice that are 'atypical' of those seen in ruminants. Lesions have been
observed in the spleen and liver of infected Balb/C mice (Chiodini and Buergelt
1993), sites not normally associated with infection in ruminants cautioning that the
mouse model may be limited. One of the major advantages of murine models is the
availability of well

documented inbred strains

as

well

as knockout or

immunomodified animals, which allows for the selective examination of the different
compartments of the immune response (Harris and Barletta 2001).

Goats, sheep and cattle have been extensively used as models for M.
paratuberculosis infections. The advantage with these studies is that if the dose and

route of infection used are appropriate the lesions and immune responses that develop
can closely mimic those seen in naturally infected animals. With the increased use of
ruminants in immunological research, reagents are becoming more readily available
internationally. In the New Zealand situation, sheep are easily accessible and cheap,
and when coupled with the fact they are a natural host for Johne's disease, means they
are an attractive animal model for Johne's research.
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The dose of the inoculum and number of doses used has varied markedly in
the different infection models used to date. Doses from 1 x 103 cfu through to 10 10 cfu
have been found to cause infection in sheep (Brotherston et al. 1961; Nisbet et al.
1962) While the lower doses can cause infection it has not been established if they
result in clinical disease. In early experimental infection studies, when groups of
calves were challenged with increasing doses of organisms, the number of different
areas within the intestine where the M. paratuberculosis was recovered and the
number of recovered organisms was correspondingly increased (Gilmour et al. 1965).

Most animal models use oral inoculations as the preferred route of challenge
as this route usually results in infection or disease (Brotherston et al. 1961; Merkal et

al. 1968a; Larsen et al. 1975; Mackintosh 2003; Reddacliff and Whittington 2003).
Other routes of infection have included inoculation via the tonsil, and intravenously
(Rankin 1959; Gilmour et al. 1965; Kluge et al. 1968; Merkal et al. 1968b; Larsen et

al. 1977). The results of these approaches have been mixed, with lesions in the gut, or
conversely no observable disease (Rankin 1959; Gilmour et al. 1965; Kluge et al.
1968; Merkal et al. 1968b; Larsen et al. 1977). The reasons for variation in the results
of these different studies are multifactorial and influenced by the species and breed of
animal and variations in the strain and dose of M. paratuberculosis used to establish
infection.

The source of the bacterium used for experimental infection also differs
markedly. Sheep have been infected with M. paratuberculosis isolated from other
sheep, cattle and deer (Brotherston et al. 1961; Kluge et al. 1968; Gilmour et al.
1977; Begara-McGorum et al. 1997; Reddacliff and Whittington 2003). The infecting
strain of bacteria can be either a direct tissue isolate or passaged by serial laboratory
culture in vitro. Table 1.1 contains a summary of the results from published
experimental infection model studies in sheep.
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Reference

Sheep
breed

Strain of
organism

Brotherston et
a/1961
Brotherston et
a/1961
Brotherston et
a/1961
Brotherston et
a/1961

Cheviot

Cattle/
sheep
Cattle/
sheep
Cattle/
sheep
Cattle/
sheep

Kluge et al
1968
Kluge et al
1968
Kluge eta!
1968

Corriedale

Cattle

Corriedale

Cattle

Corriedale

Cattle

Cheviot X
Suffolk
Crossbred

Sheep

Crossbred

Merino

Gilmore et a!
1977
Gwozdz&
Thompson
2002
Gwozdz&
Thompson
2002
Reddacliff &
Whittington
2003

Cheviot
Cheviot
Cheviot

Cultured/
direct
tissue
Cultured

Age of
lambs

Route of
infection

Dose

Number of
doses

Intravenous

107 cfu

1 dose

Cultured

3 or 12
weeks
3 week

Oral

109 cfu

10 doses

Necropsy
Post
infection
3-22
months
1-9 months

Cultured

3 week

Oral

10" cfu

10 doses

Cultured

3 week

Oral

103 cfu

tissue
isolate
tissue
isolate
tissue
isolate

3 week

Intravenous

3 week

Infection

Histology
positive

Clinical
disease

3 months

NIE"

None

1 month

N/E

1 month

1-9 months

1 month

N/E

None

75%
(17%)
50%

10 doses

1- 9 months

1 months

N/E

None

50%

108 cfu

1 dose

2 months

2 months

None

Intratracheal

10" cfu

1 dose

1 month

1 month

none

3 week

Oral

108 cfu

1 dose

1 day-16
months
1 day- 16
months
1 day-16
months

1 month

1 month

At6
months

3ro
subculture
tissue
isolate

5
months
1-4
weeks

Oral

109 cfu

10 doses

At 5 months

3.4xl09

1 dose

At5
months
At5
months

At20
months
At5
months

Sheep

tissue
isolate

1-1.5
months

4.4xl0 8

1 dose

8-11 months

At 8 months

At8
months

At8
months

64%
(50%)

Sheep*

Mixed
culture

3-4
months

Via tube
into
stomach
Via tube
into
stomach
Oral

5-22
months
5- 18
months

Not
Specified
Not
specified
Not
specified
(22%)
63%
(3%)
50%
(50%)

10 1-10
cfu

3 or 10 doses

7-8 months

Only 10 7
dosed sheep

None

None

100%

Sheep

Table 1.1: A summary of findmg from previous expenmental infectiOn models in sheep.
used was typed as a sheep strain. # N/E =Not examined.

At 5 months

* The strain of M

paratuberculosis

%
Infected
(Clinicals)
81%
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The results indicate that 50 - 100% of animals can become infected after
experimental challenge. While there is a correlation between dose and occurrence of
infection, there is a large amount of variation between studies. Data given in Table 1.1
show that there is also variation in the time post challenge when clinical disease
becomes manifest. Brotherston et al (1961) found clinical disease in an animal given a
high dose at one month post challenge. Gilmore et al (1977), using a similar challenge
regime showed that clinical disease was not evident until 20 months post challenge.
The variation in results appears to be dependent on several key factors, the size of the
inoculating dose, the number of doses, the route of inoculation, the strain and passage
of M paratuberculosis used and the breed of sheep. While cattle strains of M
paratuberculosis are known to infect many species including sheep, New Zealand and

Australian sheep appear to be predominantly affected by the sheep strain, which
seems to be more host species specific (Marsh et al. 1999). Only the study of
Reddacliff and Whittington (2003) has used an IS1311 typed sheep strain of M
paratuberculosis and the results show an extremely high infection rate in merinos

given 107 cfu. The study looked at the establishment of infection and did not allow the
animals to develop histological lesions or clinical disease. An experimental animal
infection model for Johne's disease should ideally demonstrate histological lesions if
the efficacy of vaccines to protect against the development of disease is to be tested,
unless the vaccine formulation to be examined is expected to create sterile immunity.

There is a need to develop a standardised experimental infection model with
defined outcomes in terms of the establishment of infection, disease prevalence and
severity. The key variables to be examined in the development of the animal model in
this thesis include;
•

The virulence of the strains of M. paratuberculosis used.

•

The size and frequency of the infectious dose used at challenge.

•

The optimal route of challenge to produce infection and disease.

•

The optimal interval between challenge and the development of representative
pathology.
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By examining the variables listed above it was envisaged that a refined animal model
could be developed. This was considered pivotal to determine the immunological
outcomes during the establishment of infection and disease and the development of a
cost effective model for vaccine development. The immune profiles were monitored
from experimentally challenged and vaccinated animals by examining;
•

Peripheral blood mononuclear cells extracted from the animals as they age.

•

The gut associated and peripheral lymphatic tissues removed when the animal is
necropsied.

The examination of these immune profiles in experimentally infected animals may
allow for identification of markers, which could be used to better diagnose disease or
immunity and identify real or surrogate markers of protection.

Chapter 2:
Experimental infection models

Target areas of the small intestine examined to diagnose Johne's disease in sheep
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Introduction
The purpose of this section was to develop an experimental model for
Johne's disease in sheep, to chart the immunological, pathological, histological
and microbiological parameters associated with M paratuberculosis infection.
This was considered as a primary requirement to develop and evaluate new
vaccine protocols and improved diagnostic tests for Johne's disease. The
variables to be examined during development of the model included:
~

Optimal infectious dose

~

Frequency and interval between infectious challenges

~

Virulence of challenging dose relative to:
•

Strain of microorganism

•

Primary tissue isolates vs cultured bacteria

~

Route of inoculation

~

Time

interval

between

challenge

and

the

development

of

representative pathology

Design of experimental infection studies

Three separate experiments were undertaken to establish a representative
infection model. In the first experiment, various strains and doses of low passage
cultures of M. paratuberculosis were examined to determine initial infection
levels. Experiment II examined the route of infection as well as the dose and strain
required to produce acceptable numbers of infected animals. Experiment III was
designed to determine the optimal time between challenge and development of
representative pathology.
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Methods
Ethical approvals

The animal experiments carried out in this study were carried out under
ethics approval licences numbered: P453, P499, P518/02 and P594/02, approved
by the Invermay AgResearch Animal Ethics Committee

Lymphocyte transformation assay using peripheral blood leucocytes
A 10 mL heparinised vacutainer of blood was centrifuged at 1260 g for 15
minutes. The buffy coat of containing peripheral blood mononuclear cells was
removed and washed by centrifugation in 45 mL of PBS (Phosphate buffered
saline) (Appendix 1). The cells were resuspended in 5 mL of 10% sheep serum
(Gibco BRL, Grand Island NY USA) made up in RPMI 1640 (Gibco BRL) with L
glutamine and gentamicin (Gibco BRL) (Appendix 1). One hundred microlitres of
cells were plated in a U bottom 96 well plate (Nunc Denmark), and 50 J..LL of
antigen or mitogen added to four replicate wells. The concentrations of mitogen
and antigens used in the assay were: Concanavalin A (ConA; Sigma, St Louis,
MO, USA), 50 J..Lg/mL; Purified Protein Derivative from M avium (PPDa; CSL,
Parkville Australia), 50 J..Lg/mL; Purified Protein Derivative from M bovis (PPDb;
CSL), 50 J..Lg/mL and Purified Protein Derivative from M. paratuberculosis (PPDj;
CSL or Lelystad, The Netherlands) 50ug/mL. The plates were then incubated
under humidified conditions for three days at 37 °C, in 5 % C0 2 atmosphere. Fifty
microlitres of H 3-thymidine (Amersham Pharmica, Piscataway NJ USA) (1 0
J..LCi/mL) was added to each well after which the cells were incubated for a further
18 hours, harvested (Cambridge harvester, Watertown MA USA) and the
radioactivity counted in a Wallac 1205 Betaplate counter (Turku Finland). Results
were expressed as counts per minute (cpm). Individual data points were removed
if the mean response for an indivdual animals leucocytes to ConA was less than
20000 cpm or response of unstimulated cells was greater than 5000 cpm.
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Enzyme Linked Immunosorbant Assay (ELISA) to detect antibody

Flat bottomed micro titer plates (Nunc Maxisorp immuno plate) were
coated with 50 )!L of antigen (diluted in carbonate buffer (Appendix 1)) PPDa,
PPDb or PPDj (12.5 flg/mL) and incubated over night at 4 °C. The antigen
solutions were then removed and the plates then washed 6 times in wash buffer
(Appendix 1). Blood plasma was diluted 1:100 with wash buffer and 50 )!L of
each diluted sample was added to duplicate wells. Plasma from a J ohne's positive
sheep was used as a positive control sample. Negative control plasma was
obtained from a non-vaccinated, non-infected animal. Plates were incubated at 37
°C, for one hour and washed 6 times in wash buffer. Rabbit anti-sheep horseradish
peroxide linked (Dako) antibody was used to detect bound primary antibody. The
secondary antibody was diluted 1:2000 and 50 )!L was added to each well and the
plates incubated at 37 °C for 30 minutes. The plates were again washed 6 times in
wash buffer. One hundred microlitres of substrate solution (Appendix 1) was
added to each well. The plates were left in the dark for 20 minutes at room
temperature. Fifty microliters of 4M H 2S0 4 was added to each well to stop the
reaction and the plates read in an ELISA reader (Bio-Rad Model 3550 Microplate
Reader, Japan) at 490nm. The results are expressed as ELISA units (sample Onnegative control OD)x100
Interferon gamma Assay.

This assay used the proprietary Bovigam (CSL) kit to detect IFN-y. Briefly 1.5mL
of blood or cells (isolated from lymph nodes or intestinal mucosa at 2.5 x 10

6

cells/mL) were placed into four wells of a 24 well plate (BD Falcon). Each well
was stimulated with 100 f!L of one of the following antigens; saline control, PPDa
(300f!g/mL) PPDj (300flg/mL) and PPDb (300flg/mL). After 24 hours the plasma
supernatant was removed and frozen at -20 °C until assayed as per the instructions
supplied with the kit.
Necropsy
All animals were euthanased using either a captive bolt gun or injected
with barbiturate into the jugular vein. After exsanguination, the intestines were
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removed from below the abomasum through to the rectum. The small intestines
were laid out to expose the jejunum (JJ), ileum, caecum and mesenteric lymph
nodes (jejunal lymph nodes; JJLN). Samples taken included several sections of
the mesenteric lymph nodes (Ant, Mid and Post JJLN), the ileocaecallymph node
(ICLN), three sections of jejunum (Ant, Mid and Post JJ), Terminal ileum (TI)
and ileoceacal valve (ICY). Samples were taken from the head of animals infected
via the tonsillar crypt to track the spread of the disease. These samples consisted
of the left and right tonsils and retropharyngeallymph nodes.

Gross pathology was divided into three categories Minor lesions: A few granules
(<10) in the jejunal lacteal ducts, with slightly thickened jejunum or enlargement
of the JJLN. Moderate lesions: Usually many (>10) granules in the jejunal lacteal
ducts with enlarged JJLN, ICLN and or thickened ileum or jejunum. The
mesentary can also be thickened with some cording apparent. Severe lesions:
Granulomatous lesions in the lacteal ducts or gut lymph nodes and enlarged JJLN,
ICLN and or thickening of the jejunum and ileum. Cording of the mesentary could
also occur with numerous lacteal granules.

Isolating sheep intestinal mucosalleucocytes
Five to ten centimetres of the intestinal sample was removed (ileum or
jejunum) and placed into 30 mL of 2% foetal calf serum (FCS) in RPMI as soon
as possible after death and transported back to the laboratory on ice. Using aseptic
technique, the intestinal tissues were opened up using scissors and laid out flat.
Tissue samples were trimmed removing excess fat and blood vessels. The
intestinal tissues were washed in PBS. The mucosa was scraped off from the
muscularis using a scalpel and put into 30 mL RPMI supplemented with 2% FCS,
and left for one hour shaking at 37°C. The supernatant was removed and replaced
with medium containing 2% FCS and incubated shaking at 37°C for one hour.
This was repeated twice with a final incubation of only 20 minutes. The medium
was again removed and replaced with collagenase type XI (Sigma; 15mg/100 mL)
in 10% FCS. The samples were then incubated shaking at 37°C for 90 minutes.
Cell debris and aggregated cells were removed by filtering the cell suspension
through a cell strainer (70)-Lm BD Falcon) into a new 50 mL conical tube (BD
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Falcon). The supernatant was then centrifuged at 340 g for 15 minutes and the
supernatant discarded and replaced with 30 mL of PBS. This washing step was
repeated and after discarding the supernatant, 5 mL ofRPMI containing 10% FCS
was added to the mucosal leucocytes. The cell suspension was counted using
trypan blue diluent in a haemocytometer before adjusting the live cell count to
2.5x106 cells/mL.

Isolation of mononuclear leucocytes from lymph nodes and lymphocyte
transformation culture of tissue isolated leucocytes

Lymph nodes were removed from the animal as soon as practical
following slaughter. They were placed into a petri dish with 30 mL 2% FCS in
RPMI and were macerated using scalpel and forceps. The media containing the
cells was poured through a 70 ).!ill cell strainer into a 50 mL conical tube. The
cells were placed on ice and transported back to laboratory.

The cells from the lymph nodes or blood leucocytes (isolated as described
above for the lymphocyte transformation procedure) were layered onto 7.5mL of
histopaque (Sigma) (8 1.083) and centrifuged at 450 g for 60 minutes. The cells at
the interface were removed and resuspended in 3 5 mL of PBS and centrifuged at
340 g for 15 minutes. After discarding the supernatant the pellet was resuspended
in 10 mL ofRPMI containing 10% FCS. The live mononuclear cells were counted
6

using a haemocytometer and trypan blue diluent and adjusted to 2.5x 10 cells/mL.
One hundred microliters of cells were plated in a U bottom 96 well plate
(Nunc) and 50 ).!L of antigen or mitogen added to replicate wells. The
concentrations were: ConA, 25 ).!g/mL; Pokeweed mitogen, 6.25 ).!g/mL; PPDa,
25 ).!g/mL; PPDb, 25 ).!g/mL and PPDj, 25ug/mL (The concentrations of antigens
were changed from serial blood sample analysis as optimisation studies showed
these concentrations to be the best compromise between lymph node and blood
samples). The plates were then incubated for four days at 37 °C, in 5% COz. Fifty
).!L of H 3-thymidine (10 ).!Ci/mL) was then added to each well, after which the
cells were incubated for a further 18 hours, harvested and counted in a Wallac
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1205 Betaplate counter. Results were expressed as counts per minute (cpm).
Individual data points were removed if the mean response for then animals
leucocytes to ConA was not greater than 20000 cpm or response of unstimulated
cells was over 5000 cpm.

Flow Cytometry of isolated cells
Isolated leucocytes were resuspended to a concentration of lxl0 6 cells/mL
in PBS containing 2% FCS. The cells were centrifuged at 340 g for 7 minutes
after which the media was poured off the cells and the antibodies added as shown
in Table 2.1. The cells and the antibodies were mixed well and placed on ice to
incubate for 30 minutes. The unbound antibodies were removed by washing with
2% FCS in PBS and seven minute centrifugation at 340 g, after which the
supernatant was removed. The fluorescein labelled secondary antibody (Donkey
anti mouse IgG FITC (Jackson Immunochemicals)) was diluted 1/40 with 2%
FCS in PBS. Ten microlitres of the diluted secondary antibody was added to the
cells. The cells and antibody were mixed then incubated on ice in the dark for 30
minutes. The cells were then washed once in 2% FCS in PBS and again in F ACS
(Fluorescence activated cell sorting) Buffer (Appendix 1). After the final wash,
the cells were resuspended in 500 !!L ofFACS buffer and an equal volume of 1%
paraformaldehyde (Appendix 1). The stained cells were then left in the dark at
4°C before being analysed in a FACScalibur or FACScan (Becton Dickinson).
Table 2.1: Antibodies used for F ACS staining
Antibody
specific for:

Antibody
(clone No)

Source of Antibodies

Working
dilution

Volume used
per 10 6 cells

T helper cells

CD4 (44.97)

undiluted

25 IlL

Cytotoxic T
cells
y8- T cells
Activated T
cells
B cells
Secondary
antibody

CD8 (38.65)

Centre for Animal Biotechnology,
University ofMelboume
Centre for Animal Biotechnology,
University of Melbourne
Basel Institute for Immunology
Centre for Animal Biotechnology,
University of Melbourne
VMRD*
Jackson Immunochemicals

undiluted

50 IlL

undiluted
1110

25 IlL
8.35 IlL

1/750
1/40

100 IlL
lO!lL

y8-TCR (86D)
CD25 (9.14)

BAQ155A
Donkey a
mouse IgG
FITC labelled
* VMRD- Veterinary Medical Research & Development Inc.
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FACs analysis of leucocytes not separated
on histopaque and the gate
used for identification of lymphocytes
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Figure 2.1: A representative dot plot and histograms showing the gating used for

flow cyotmetric analysis
Histology

Once samples were removed from the animal they were placed into 10%
buffered formalin. If the samples were contaminated with faecal matter or blood
the buffered formalin was removed and replaced within 24 hours of the sample
being taken. The samples were stored in 10% buffered formalin until further
processing. The tissue was cut to a size that would fit the embedding cassette and
then lowered into 10% buffered formalin solution for a further 24 hours. Tissue
specimens were embedded in paraffin using the Jung Histo-embedding Centre at
the Invermay Animal Health Laboratory. Once cooled the tissue specimens were
trimmed. Sections were cut at 4-5 microns using a Rotary Microtome. They were
then floated onto glass slides in a plastic water bath containing 845 mL of distilled
water with 50 mL IP A (isopropyl alcohol). This solution reduced folding of the
tissue. Slides were then dried for 90 minutes. Slides were stained using an
automatic stainer (Shandon Linisatin GLX at Invermay Animal Health
Laboratory). Duplicate slides were made from each tissue, one stained with
haematoxylin and eosin (H&E) and the other stained with Ziehl Neelsen (ZN).
The histological slides were examined for Johne's disease pathology as outlined
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by Turner (2003) in Appendix 3. Briefly histological lesions were graded on a
scale of 0-3 similar to Perez et al (1996)(Perez et al. 1996), but without
identifying the subtypes within each pathology grade. Grade 1: Focal, contained
granulomata within the Peyer's patch lymphoid tissue OR the Lamina propria
only. Isolated focal granulomata composed of epithelioid macrophages in cortex
of lymph node. Mild thickening of intestinal villi. No caseous necrosis. Grade 2:
Focal contained granulomata within the Peyer's patch lymphoid tissue with local
extension into the surrounding lamina propria. Widespread focal granulomata
composed of epithelioid macrophages throughout cortex of lymph node. Mildmoderate thickening fusion or atrophy of intestinal villi. No caseous necrosis.
Grade 3: Gross lesions were always recorded on macroscopic examination.
Moderate-marked thickening, fusion or atrophy of intestinal villi. Focal, contained
granulomata within Peyer's patches with local spread to the surrounding lamina
propria, and spread to areas distinct from areas with Peyer's patches. Widespread
inflammatory infiltrate throughout lamina propria and submucosae, composed of
either epithelioid macrophage or lymphocytes as the predominant inflammatory
cell. Serosal lymphatic vessels are dilated and infiltrated by either epithelioid
macrophages or lymphocytes. Widespread granulomata forming coalescent,
mosaic-like carpets throughout cortex of lymph node.

Microbial Culture

Once removed from the animal, samples for culture were kept frozen at 20°C until required. Using aseptic technique two grams of gut tissue (ICY,
jejunum and ileum) were homogenised in 1 -2 mL of water. The homogenised
tissue was placed in a 15 mL conical tube (BD Falcon) with 10 mL of 0.75%
hexadecylpyridinium chloride and left to stand at room temperature for 48 hours.
Samples from lymph nodes were homogenised using 1 mL of water. The sediment
was collected and 50 )lL inoculated onto two Middlebrooks 7H11 agar slopes.
The 7H11 agar slopes contained 20% egg yolk and mycobactin J (Ferric myco J,
Allied Monitor USA). The following antibiotics were added to one 7H11 agar
slope, Amphotericin B (25)lg/mL Sigma), Naladixic acid (50)lg/mL Sigma) and
Vancomycin (50)lg/mL Sigma), the second agar slope remained antibiotic free.
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Cultures were then incubated at 37°C, 5% C0 2 for up to 20 weeks. This culture
method was use for Experiments I and II. For Experiment III a second method
was used for culture, the automated Bactec system (Becton Dickinson)
(Whittington et al. 1999; de Lisle et al. 2003), performed at AgResearch
Wallaceville, where the samples were incubated for a maximum of 60 days.

Challenge Strains of Map

Three different strains of Map (JD3, W and S) were used to challenge
sheep in this series of experiments. All strains were isolated from clinically
diseased sheep and found to be IS900 positive, typed as an 'ovine' strain by IS1311
by PCR after necropsy and mycobactin J dependant in culture. All tissue samples
were retained at -20°C until needed. The JD3 strain was a tissue homogenate from
the lymph nodes, ileum and jejunum of a clinically diseased sheep from Central
Otago, New Zealand. This strain was given to the challenged sheep as a direct
tissue homogenate. The W strain was isolated from a diseased sheep in Southland,
New Zealand. This strain was cultured in vitro before being given to the
challenged animals. Strain S was isolated from a sheep with clinical Johne's
disease in South Otago New Zealand and was also passaged in vitro before being
used to inoculate the sheep as required.

Statistical analysis
In order to examine statistical differences between the groups, taking into

account outbred animal and treatment differences, the data was analysed using
GenStat for Windows release 6.1 2002. Data was modelled using Residual
Maximum Likelihood (Patterson and Thompson 1971). The error for the repeated
measurements on the same animal was modelled by a first order autoregressive
process with heterogeneity of variance at the time points. Tests of significance
were performed using a variant form of an ANOVA, the Wald (Wald 1943)
statistic. This method of statistical analysis examined the data in such a way that
statistical differences were observed between different treatment groups examined
over the entire experiment not just specific time points or tissues. The first order
first order autoregressive process with heterogeneity of variance at the time points
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allowed for the examination of the data with changing numbers of data points as
the experiment progressed. This method of statistical analysis also helped in
identifying statistical differences when using an inherently highly variable outbred
sheep model. Any statistically significant differences are pointed out in the text of
the results.
The Fischer's Exact test was used for the comparisons between groups of
animals with respect to infection or disease incidence of the sheep. The error bars
on the graphs comprise the standard error of the mean (SEM).
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Chapter 2 Experimental Design
Experiment II

Experiment I

I
Comparisons of
strains S and W

Experiment III

\

A
Time post-challenge
for histological and
gross lesions to
develop

Comparison of
different doses
of strain W

Serial blood sample
testing including
LT, IFNy and
Antibody by ELISA

•

Oral vs IT route of
challenge

•

Passaged strain W
culture V s tissue
homogenate JD3

LT reactivity and
IFNy production
from different tissues

•

High does tissue
homogenate JD3
challenge

•

Examination of
clinical disease

Serial blood sample
testing including
LT, IFNy and
Antibody by ELISA

Identified 6 animals
with severe Post
JJLN lesions
Immune response
from different tissues
were examined

Serial blood sample
testing including
LT, IFNy and
Antibody by ELISA

Identified 9 animals
with clinical disease
and 3 unchallenged
controls
Immune response
from different tissues
were examined

42

Experiment I
Animals/ Treatments
Objectives:

•
•

Determine containment requirements for experimental infection studies
Establish relative virulence for two field isolates of M. paratuberculosis

Sixty Coopworth ewe lambs were sourced from a farm with no history of Johne's
disease. The animals were housed indoors under quarantine with physical separation
between individual groups of penned animals. Treatment groups of 12 animals were
divided into two subgroups of six animals, to increase the power of analysis. The
lambs were arranged spatially to minimise contamination between animals challenged
with the highest doses and the uninfected controls. Separate gloves were used when
handling individual groups and decontamination of footwear was carried out between
group sampling. Animals were fed chaffed lucerne, barley and proprietary sheep nuts .
ad libitum. Forty eight lambs (4x12), three months old, were infected with one of two
laboratory isolates of M. paratuberculosis administered orally. The two different
laboratory isolates of M. paratuberculosis used were designated S and W. Twelve
animals were infected orally with 1x 108 cfu of the S strain and given four doses one
week apart. The remaining infected lambs were challenged with strain W bacteria at
the dosage regimes outlined in Table 2.2. The lambs were electively slaughtered at
eight months post challenge. Detailed necropsies on all animals were performed
followed by gross examination for macroscopic lesions, histology (H&E and ZN
stains from selected tissues) and culture forM paratuberculosis.
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Dose

Number of doses

Route of
infection

Strain of organism

Oral

s

1 x 10" cfu

Oral

w

1 x 10" cfu

Oral

w

1 x 10" cfu

4 doses one week
apart
4 doses one week
apart
1 dose

Oral

w

1 x 106 cfu

1 dose

Age at challenge Interval from
Gross
Histology
challenge to Pathology
(+)
slaughter
(+)
3 months
0/12
8 months
1112

Culture

(+)
0112

3 months

8 months

0/12

2/12

4112

3.months

8 months

0112

0/12

1112

3 months

8 months

0112

0112

1/12

Table 2.2: Histology and culture results from Expenment I. No significant differences were seen between the different mfect10n
protocols. None of the unchallenged control animals were culture positive or showed histopathological lesions for Johnes's
disease.
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Results

Table 2.2 illustrates the infection levels seen in sheep exposed to M
paratuberculosis by the different infection protocols used in this experiment. The two

laboratory cultured strains (W and S) of M. paratuberculosis produced infection but
very little pathology. The strain W resulted in more infected animals than the S strain.
Lambs challenged with four infectious doses (1 08 cfu), especially those exposed to
Strain W had the highest infection rates. No clinical disease was seen using the
animal infection protocols outlined in Experiment I.

Conclusions

The infection protocol used in Experiment I resulted in infection of the sheep
but very little pathology. Multiple doses of theW strain resulted in higher but not
significantly different level of infection than an equivalent multiple doses (4) of S
strain (33% vs 8%). Infection rates (8%) seen with one dose (1x10 6 cfu) of strain W
8

were equivalent to that found with multiple (4) high doses (lx10 cfu) of strainS.
Biocontainment of the animals was deemed unnecessary for future studies, as there
was no evidence of cross infection between any of the treatment or unchallenged
control groups.

A further experiment was carried out using the cultured (continuously passaged)
strain W at higher doses than used in Experiment I. Exposure to multiple doses (4 or
12) of 109 cfu of strain W M. paratuberculosis surprising! y produced no disease or
pathology in the animals (Appendix 2, Table: A2), examined eight months after
experimental challenge. The most logical explanation for the apparent loss of
virulence of strain W was that continued passage of the primary isolate to produce the

45

required number of bacteria for the experimental challenge had resulted in
attenuation. Phenotypic modification of the bacteria was seen by the faster growth of
the microorganisms following continuous passage.

The finding that strain W appeared to express reduced virulence following repeated
passage required a re-evaluation of the infectivity oflaboratory passaged cultures
compared with a primary isolate of M. paratuberculosis. Consequently, it was
decided to examine differences between the laboratory cultured W strain and a strain
of M paratuberculosis isolated directly from a tissue homogenate of the jejunal
lymph node of clinically affected sheep. Another isolate of M. paratuberculosis
(JD3) was required since there was not enough of the primary isolate from theW
strain to infect other animals. A switch was also made from the Coopworth breed of
sheep to Merino because of anecdotal evidence from local veterinarians that the
Merino breed is more susceptible to Johne's disease. This was done in an attempt to
have a greater number of animals develop clinical disease.
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Experiment II
Animals/ Treatments
Objectives:

The main objectives of this study were to examine the following variables,
considered likely to influence the level of infection following experimental challenge
of sheep with M paratuberculosis of the 'ovine' strain:
•
•
•
•

Differences in virulence of strains of M paratuberculosis
Dose and interval between challenge
Route of challenge
Interval between challenge and development of disease
Eighty two merino lambs were sourced from AgResearch's Tara Hills farm,

which has no history of Johne's disease. At docking the animals were randomly
... assigned into-six groups~ three- gf6ups·o-r-12and-tme-groupuf-30-animalswere used-to
test different infection parameters. The larger group was used to allow for elective
slaughter over a protracted time period (10-22 months) to optimise the timeframe
from exposure to slaughter. The remaining 16 animals were split into two groups and
left unchallenged, these sheep were used as sentinels. At three months of age the
lambs were transported to AgResearch's Invermay farm.

The three groups of 12 animals were used to test different infection protocols, which
are listed in Table 2.3. The first group was challenged by injecting a 200 f.LL dose (2.5
x 108 cfu/mL) of a direct tissue isolate of M. paratuberculosis (JD3) strain into the
tonsillar crypt using a blunt 18 gauge needle.

47

Route of
infection

Intra-tonsillar

Oral

Oral

Strain of organism Treatment
name

JD3
(direct tissue
isolate)

JD3- IT

JD3
(direct tissue
isolate)

JD3-0

W Strain
(Laboratory
cultured)

W-0

Dose

Number of
doses

Necropsied
at
7 months

5 x 107 cfu

2 doses one
month apart

Risto 5/7

Risto 1/2

Risto 113

Risto 7/12

Culture 7/7

Culture 0/2

Culture 1/3

Culture 8/12

Risto 4/6

Risto 112

Risto 4/4

Risto 9112

Culture 6/6

Culture 0/2

Culture 2/4

Culture 8/12

Risto 1/6

Risto 0/2

Risto 0/4

Risto 1112*

Culture 3/6

Culture 0/2

Culture 0/4

Culture 3/12

5 x 10' cfu

1 X lOY cfu

2 doses one
month apart
2 doses one
month apart

Necropsied Necropsied at Total positive
at
14-16
at necropsy
12 months
months

Table 2.3: Histology and culture results from ammals challenged m Expenment II by different infection protocols.* The number
of animals with histological lesions in the W strain challenged animals was significantly less (P<0.03) than animals challenged
with the direct tissue isolate (JD3) as measured by the Fishers Exact test. None of the unchallenged control animals were culture
positive or showed histopathological lesions for Johne's disease.
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The second group was given a 1 mL dose of 5 x 107 cfu/mL of M.

paratuberculosis directly (primary) isolated from an infected merino sheep (JD3)
orally. The third group of 12 animals were given a 1 mL dose of 1 x 109 cfu/mL of
(W strain laboratory cultured) M. paratuberculosis, orally. It was hypothesised that
laboratory cultures of strain W would have reduced virulence, consequently higher
doses (lx10 9 cfu) were used compared with the lower doses (5x107 cfu) of direct
tissue isolates (JD3). One month later all the 3 infected groups were given a second
challenge. These animals were run as a normal flock with six unchallenged controls.
The animals were electively culled at different time points (7, 12, 14 and 16 months)
post challenge, to determine when representative pathology first became evident.
Thirty lambs received a high dose (5x10 8 cfu) of the direct tissue isolate (JD3)
as a 1 mL inoculum orally to establish whether this resulted in a higher prevalence of
disease (Table 2.4). Further challenges were given two and three weeks after the
---initialdese.-These-animals-are n~ftmed-to as-high-dose (JD1-HD,.O}. The__high _dQ.S~
group of lambs were run under conventional New Zealand sheep husbandry
conditions, mixed with unchallenged animals (10). An elective slaughter protocol was
used to target all clinically affected animals as indicated by a loss of body weight.
Any animals that lost 10% of their maximum weight while still growing were culled.
Animals losing 15% of their maximum weight when fully grown were culled, except
during winter when the limit was raised to 18%. A group of 6 randomly selected
animals were electively culled at 13 months post challenge, to identify representative
pathology. Any remaining sheep that had not been electively removed by 22 months
of age were culled to determine if some animals were innately resistant to infection.
All animals when culled were subjected to gross, microscopic analysis and
culture of tissues to find evidence of M. paratuberculosis infection. All animals were
weighed and serial blood samples were taken at challenge and then monthly until
slaughter. Assays carried out on the blood samples measured lymphocyte
transformation,

IFN -y production and antibody production specific to M.

paratuberculosis antigens.

49

Route of
infection

Oral

Strain of organism Treatment
name

JD3 (High dose)
(direct tissue
isolate)

Dose

JD3-HD-O 5 x 108 cfu

Number of
doses

3 doses at
weekly intervals

Necropsied at Necropsied Necropsied at
11-12
at
14-22
months
13 months
months

Risto 8/8*

Risto 5/6

Risto 9/16#

Culture 7/8

Culture 6/6

Culture 3/16

Table 2.4: Histology and culture results from ammals m Expenment II h1gh dose challenged ammals. One of the ten
unchallenged control animal was found to have evidence of Johne's disease by culture and histological analysis,
*Animals were necropsied because ofweight loss associated with clinical disease.# Ten of the animals examined in this time
period were culled for weight loss, the remaining six were culled at the end of the experiment.
Typical lesions consisted of moderate gross lesions and grade 2 histopathology over the three necropsy periods excluding the six
animals culled at the end of the experiment.
Gross pathology: Moderate lesions: Usually enlargement of or many(> 10) granules in the jejunal lacteal ducts with enlarged
JJLN, ICLN and or thickened ileum or jejunum. The mesentary can also be thickened with some cording apparent.
Histopathology: Grade 2: Focal contained granulomata within the Peyer's patch lymphoid tissue with local extension into the
surrounding lamina propria. Widespread focal granulomata composed of epithelioid macrophages throughout cortex of lymph
node. Mild-moderate thickening fusion or atrophy of intestinal villi. No caseous necrosis.
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Disease Classification in infected sheep
Using the criteria listed in Table 2.5, three different groups of animals were
identified for detailed examination of the immune response from multiple tissues
taken from the sheep at necropsy. The tissues examined included the blood, spleen,
prescapular lymph node, ileocaecal lymph node and anterior, mid and posterior
jejunal lymph nodes. A group of nine experimentally challenged sheep from the high
dose treatment group that developed severe clinical symptoms (severity of lesions
were grade six) were identified. A group of three matching unchallenged controls
were identified as disease free. These animals were examined immunologically in
detail to establish comparative responses between severely diseased and uninfected
animals.

Another group of six high dose challenged animals were identified as having
severe lesions in the posterior jejunal lymph node (Post JJLN). These animals were
selected to examine putative immunological differences within gut associated
lymphoid tissues in diseased animals.

Table 2.5: Pathology severity scores used to categorise infected sheep
Overall pathology rating
ONormal
1
2
3
4

5
6 Severe JD

Gross necropsy result
Negative
Negative
Negative
Minor
Moderate
Moderate
Severe

Histology result
Negative
Minor
Moderate
Moderate
Moderate
Severe
Severe

All the animals that underwent detailed examinations of tissues had LT, IFN-y
and Fluorescence Activated Cell Sorting (FACS) analysis of their tissues.
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Results

The results given in Table 2.3 show that primary tissue isolates of bacteria
produced more predictable levels of infection and disease compared to the
significantly higher (lOx) doses of the laboratory cultured strain W M.
paratuberculosis examined in Appendix 2 (Table: A2). Even though higher doses of
the laboratory isolate (W) were used, this did not compensate for its apparently
reduced virulence. All of the animals necropsied from the High dose treatment group
(Table 2.4), during the 11-12 month period were removed electively because of
failure to thrive. It was not unexpected that the overall prevalence of pathology was
more obvious in this group than animals selected randomly for elective necropsy after
13 months. Increasing the number and decreasing the time between doses of the
tissue isolates resulted in the development of clinical disease, with more severe
histological lesions. After the removal of clinically affected animals by elective
necropsy it was not surprising that the number of animals with histological lesions
that were culture negative increased in the animals necropsied after 13 months post
challenge.

The lambs challenged with the tissue isolates of M paratuberculosis via either the
tonsil or orally both had higher levels of infection and disease than those challenged
orally with the laboratory cultured strain W. High prevalence of disease seen early (7
months) in the animals infected with the JD3 strain was a particular feature of this
experiment.
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Elective slaughter

Animals exposed to the direct tissue isolate (JD3) High dose challenge of M
paratuberculosis orally (JD3-HD-O), were electively removed when their body

weight dropped below the threshold as described in the methods section. Figure 2.2
shows the rate at which animals exposed to the high dose challenge were electively
removed from 10 months to 20 months post challenge. It was not until 11 months
post challenge that the first animal was electively removed. At 20 months post
challenge a small cohort of animals (six) had not been removed, as they had not
exhibited any signs of disease.
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Figure 2.2: Elective slaughter of challenged animals due
to weight loss starting 10 months post challenge
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Weights

As seen in Figure 2.3 the JD3-HD-O challenged animals that went on to
develop disease, initially gained more weight and weighed more than the
unchallenged controls. At eight to ten months post challenge the group mean weights
of the diseased animals and unchallenged controls were similar. After 11 months the
JD3-HD-O challenged animals started to developed disease as seen by weight loss.
Because of the elective removal of diseased animals, there was no significant change
in the weights between the diseased and the unchallenged controls, though the JD3HD-O challenged animals did tend to have a lower weight gain.
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Figure 2.3: Mean weights of JD3-HD-O challenged sheep
that developed clinical disease compared with
unchallenged controls
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Serial blood lymphocyte transformation to Johnin antigens in experimentally
infected sheep

The LT profiles (Figure 2.4) of animals exposed to different infection
protocols each showed distinct differences. The unchallenged control animals
(Controls (-)) did not appear to develop a response, the animals challenged orally
with the tissue isolate JD3 (JD3-0) did not elicit a response much greater than that of
the unchallenged control animals. The animals exposed to tissue isolates of bacteria
via the intratonsillar route (JD3-IT) gave a stronger response than the animals
challenged with similar bacteria by the oral route, especially after six months post
challenge. The animals challenged orally with the laboratory cultured isolate W (W0) gave significantly (P>O.OOl) higher reactivity from one month post challenge and
throughout the duration of the experiment.
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Figure 2.4: PPDj specific lymphocyte transformation
responses in animals exposed to different challenge
regimes (The dashed line indicates background
responses (5000 cpm))
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Figure 2.5 shows the different LT profiles in animals exposed to the high dose
of direct tissue isolate (JD3-HD-O) of bacteria by the oral route. As in Figure 2.4,
sheep challenged orally with the tissue isolate (JD3-0), showed very little reactivity
for the first nine months post challenge. From 9-15 months post challenge, the
response profile showed the JD3-HD-O challenged animals to have a much higher
specific lymphocyte proliferation than the unchallenged animals. From 16-20 months
post challenge the antigen specific LT response from the JD3-HD-O challenged sheep
waned as the diseased animals were removed from the group, leaving a cohort of nonclinically affected animals.
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Figure 2.5: Specific lymphocyte transformation responses
to PPDj in JD3-HD-O challenged sheep compared with
unchallenged controls.
N*- the number of surviving sheep (Data was log
transformed)

Serial antibody response to Johnin antigens following experimental challenge

The specific antibody profiles found with the different infection protocols
show that (Figure 2.6) lambs challenged with the direct tissue isolate of bacteria via
the intratonsillar route (JD3- IT) produced more antibody than the other treatments,
with a peak at three months and again at seven months onwards. Animals exposed to
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JD3-0 showed increasing levels of antibody from eight months post challenge. The
unchallenged controls or W -0 challenged animals produced minimal amounts of
antibody throughout the experiment.
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Figure 2.6: Johnin specific antibody levels in sheep
exposed to different infection regimes

In animals exposed to the high dose inoculum of tissue isolate of bacteria
(JD3-HD-O) (Figure 2.7) the amount of antibody produced was again greater than
that of the unchallenged animals. This difference was not evident until nine months
post challenge when peak antibody production was observed. At the same time there
was a small peak of specific antibody in the unchallenged animals.
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Figure 2.7: Specific Ab to PPDj antigens from JD3-HDO challenged sheep compared with unchallenged animals.
N*- the number of surviving sheep
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Johnin specific IFN-y production in the blood of animals following experimental
challenge with M. paratuberculosis

The IFN-y response from the group of sheep challenged with the laboratory
cultured strain (W-0), showed higher responses than any of the other treatment
groups (Figure 2.8). They showed a strong response soon after challenge, which
began to decrease after five months to the levels seen in the other challenged groups.
The animals exposed via the tonsillar route (JD3-IT) produced a stronger response
than JD3-0 challenged animals and the unchallenged control animals. The animals
exposed to JD3-0 (in which the most florid disease was seen at necropsy) did not
show an increase in IFN-y levels until nine months post challenge.
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Rgure 2.8: Mean IFN"Y production to PPDj stimulation in sheep exposed to
different infection regimes

The animals challenged with the JD3-HD-O tissue isolate did not show an
increase over the unchallenged controls until six months post challenge (Figure 2.9).
The unchallenged group had an increase in IFN -y levels from 9 - 15 months post
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challenge. Decreased IFN-y production could be seen from the JD3-HD-O challenged
animals from 15 - 18 months post challenge. This reduction in IFN-y correlated with
the removal of diseased animals.
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Figure 2.9: IFN·y production after stimulation with PPDj from JD3-HD·O
challenged compared with unchallenged animals.
N*· No of surviving sheep

Johnin specific lymphocyte transformation and IFN-y response 12 months post
challenge within tissues of animals infected using Laboratory strain (W) or the
direct tissue isolate (JD3) inoculated by different routes

The blood from challenged sheep gave stronger LT responses than those of
the gut lymph nodes with the exception of the Ileocaecal lymph node (ICLN) from
the animals challenged via the intra-tonsillar route (Figure 2.10). The response from
the unchallenged control animals was also higher than expected from the blood and
spleen, only the JD3-0 challenged animals produced a higher response. The response
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of mononuclear cells from the mucosal tissues of the jejunum and ileum were lower
than the peripheral lymph nodes (prescapular lymph node), spleen and blood.
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Figure 2.10a: Mean gut and blood LT responses specific to
PPDj stimulation from tissues of sheep exposed to different
infection regimes (N=6 animals per treatment)
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Figure 2.10b: Mean gut and blood LT responses after stimulation of tissues from sheep exposed
to different infection regimes
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The IFN-y levels produced in vitro by leucocytes from the gut mucosal tissues,
lymph nodes, spleen and blood, also showed a wide variation (Figure 2.11 ). From the
tissues examined, the JD3-0 challenged animals appeared to produce a strong
response except from the terminal ileum (TI). The JD3-IT challenged sheep gave a
stronger response from the gut tissues and spleen than blood.
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Rgure 2.11: Lymphoid tissues and blood IFN-y production to PPDj stimulation
in sheep exposed to different infection regimes (N= 6 animals per
treatment)

Immune responses from animals with severe lesions in the posterior jejunal
lymph node following experimental challenge

The LT responses from animals with severe lesions exhibit a great deal of
variability. Reactivity was seen in the peripheral lymphoid cells (blood and spleen) as
well as the peripheral (prescapular) and gut associated (jejunal and ileocaecal) lymph
nodes. The anterior jejunal lymph node showed the lowest antigen specific LT
response (Figure 2.12). The same trend was seen from the specific IFN-y responses
from the different tissues (Figure 2.13). The anterior jejunal lymph node showed a
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significantly lower response (P<O.OOl) than that of the posterior jejunal lymph node.
Splenic cells also showed a strong IFN-y response to Johnin antigens.
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Figure 2.12: Mean LT response to PPDj of different tissues,
from animals with severe Post JJLN lesions. N=6
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Figure 2.13: Mean IFN-y production after stimulation of leucocytes from
animals with severe Post JJLN lesions. N=6

The proportions of mononuclear cells belonging to the major lymphocytic
subpopulations in different tissues were examined by F ACS analysis. The differences
in the percentages of cells found in lymphoid tissues, showed that spleen was
generally lower in CD4+ and CD8+ T cells (P<O.OOl) (Figure 2.14). The number of
CD4+ cells in the posterior jejunal lymph node (post JJLN) appeared higher than that
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seen in the other gut associated lymph nodes. The numbers of y8 T cells were
significantly (P<O.OOl) higher in the blood, spleen and the prescapular lymph node
than in the gut associated lymph nodes. There was no significant difference in the
number of B cells from the different tissues, though the blood tended to have a lower
proportion of B cells.
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Figure 2.14: Mean percentage of cells from different tissues from animals
with severe Post JJLN lesions (N=6)

Immune responses from experimentally infected animals with clinical disease
and unchallenged controls

Lymphocyte transformation and Interferon gamma responses in tissues of
diseased animals and unchallenged controls

The blood, spleen and prescapular lymph node mononuclear cells from
diseased animals gave a strong though inconsistent response that was greater than that
found in the gut lymph nodes (Figure 2.15). The unchallenged control group had low
antigen specific background responses in all tissues studied. When assessing the
antigen immune response of different lymphoid tissue samples from the diseased
animals, the level seen in the blood, spleen and prescapular lymph node was 3-6 times
greater than background. The level seen in the posterior jejunal lymph node cells was
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two times greater than the control background level. The reactivity in the other gut
lymphatic tissue cells were only marginally greater than the values from unchallenged
animals.
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Figure 2.15: Mean LT responses specific to PPDj from a
range of immunological tissues of diseased animals (N=9)
compared to unchallenged controls (N=3)

The unchallenged group produced very low levels ofiFN-y in vitro (P<O.OOl)
compared with tissues from diseased animals. (Figure 2.16). Strikingly, high levels
were seen in the spleen compared to the blood, but low levels were seen in the
peripheral lymphatics (prescapular lymph node) of diseased animals. Higher levels of
reactivity (IFN-y) could be seen in the posterior jejunal lymph node, which gradually
decreased in samples taken closer to the proximal end of the jejunal lymphatic chain.
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Figure 2.16: Mean IFN-y levels following stimulation of tissue mononuclear
cells with PPDj from diseased animals (N=9) compared to unchallenged
controls (N=3)
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Percentages of specific immune cells in tissues of diseased animals and

unchallenged controls
There was a lower percentage of CD4+ T cells (Figure 2.17) in lymphatic
tissues of diseased sheep than the unchallenged controls (P< 0.001). There was also a
significant lower percentage of CD4+ T cells in the spleen than the other tissues
examined. The gut lymph nodes from the clinically diseased animals had a lower
proportion of CD4+ T cells than unchallenged controls. The posterior JJLN appeared
to have a higher percentage of CD4+ T cells than the other gut associated lymphoid
tissues from diseased animals.
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Figure 2.17: Mean percentage of CD4+ cells from tissues of diseased
sheep (N=9) compared to unchallenged animals (N=3) (This data was log
transformed)

The percentage of CD8+ T cells was significantly lower (P< 0.001) in the
lymphoid tissues of diseased sheep than the unchallenged controls (Figure 2.18). The
proportion of CDS+ T cells did not differ significantly between the various lymphatic
tissues examined.
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Figure 2.18: Mean percentage of CDS+ cells from tissues of diseased
sheep (N=9) compared to unchallenged animals (N=3)(This data was log
transformed)
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There were no significant differences in the percentage of B cells found in
tissues obtained from diseased animals compared with unchallenged animals (Figure
2.19). While there was also no significant difference between the tissues, the spleen
from diseased animals tended to have the highest percentage of B cells and the blood
the least.
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Figure 2.19: Mean percentage of B cells from tissues of diseased sheep
(N=9) compared to unchallenged animals (N=3)

The percentage of y8 T cells found in the blood was significantly different
from that seen in the lymphatic tissues (P< 0.001). However, there were no consistent
differences seen between the y8 T cells found in tissues of diseased or unchallenged
control animals (Figure 2.20), except that the proportion found in the blood of
unchallenged animals was higher than that seen in diseased animals.
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Conclusions

This experiment resulted in a larger proportion of animals with infection and
disease following experimental challenge. Exposure to M paratuberculosis isolated
directly from field isolates (JD3) produced more severe pathology than was found in
sheep infected with the laboratory cultured strain (W). Merino sheep were also
examined because of anecdotal evidence suggested that these animals were more
susceptible to Johne's disease. Increasing the number of infectious doses with the
primary isolate as seen in the High dose animals resulted in the development of
clinical disease, which occurred from 10- 18 months post challenge. The patterns of
infection seen in this study were similar to what is seen in most natural cases of ovine
Johne's disease (Carrigan and Seaman 1990; Clarke et al. 1996a; Clarke 1997; Turner
2003).
The immune responses seen in animals challenged by the intratonsillar route
(JD3-IT) were higher overall than those found in the orally challenged (JD3-0) group.
Moderate numbers of Map (5 x 107 cfu) introduced directly onto a mucosal surface of
the tonsillar crypt could cause direct infection of the draining lymphatics (retropharyngeal lymph node) with systemic spread to the gut and associated increased
immune reactivity. This suggests that while, different routes of infection may
ultimately result in Johne's disease, the resulting immunological profiles may differ.
The altered immune profile from sheep challenged by the intratonsillar route was one
of the reasons this route of infection was discontinued for use in these studies.

The immune response profile seen in animals exposed to the laboratory
passaged strain W showed high levels of cellular sensitisation. The response seen in
these animals appeared more closely related to vaccine related protective immunity
(with strong LT and IFN-y response but low antibody), than either infection or
disease.

Examination of the immune responses from the diseased sheep indicated that
antigen specific immune responses in the blood of animals could not be reliably
recorded until nine months post challenge when the animals were challenged orally
with the direct tissue isolate (JD3). The peripheral blood LT immune responses to
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PPDj were greater in diseased animals than that found in gut associated lymphoid
tissues. A loss of CD4+ T cells was evident in diseased animals. The reduction in
CD4+ cells appeared to correlate with the severity of lesions in the lymph nodes of
affected animals. A decrease in CDS+ T cells was also noted.

After establishing a reliable model that resulted in infection and clinical
disease, the next experiment was designed to find out the times at which
representative infection and histopathological lesions could be identified to allow
future examination of vaccine efficacy. The optimal experimental model for the
development of clinical Johne's disease as suggested by the results of this study
consists of four oral inoculations of 5x108 cfu tissue homogenate M paratuberculosis,
given at intervals of two to three days apart. This infection model will result in
infection with recoverable organisms at nine months post challenge, histological
lesions at ten months post challenge and clinical disease at 11 months.
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Experiment III
Animals/ Treatments
Objectives:
•

To determine the optimal interval from challenge to necropsy necessary to
establish representative infection and disease profiles

•

Standardisation of an experimental infection model for the study of
immunological responses during the establishment of infection and
following vaccination

Forty Merino lambs sourced from AgResearch's Tara Hill farm were assigned
randomly into two groups at docking. The first group was made up of 30 animals to
be challenged while the other group of 10 animals remained unchallenged. The lambs
were moved to AgResearch Invermay after weaning, and they were challenged with
M paratuberculosis at 3 months of age. The infection protocol for the 30 animals

involved four doses (2-3 day intervals), of 1x109 cfu (Table 2.6) of M.
paratuberculosis (JD3) isolated from tissue homogenates from a clinically affected

sheep. While experimental design involved the use of inoculating doses of 5x 108 cfu,
plate counts established that the inoculum contained lx109 cfu. The unchallenged
controls were run as a separate mob from the challenged sheep. The lambs were bled
at infection, and at regular intervals thereafter for lymphocyte transformation, IFN-y
and antibody assays. Animals were randomly selected and necropsied at six, nine and
ten months post infection, when histopathological examination and culture for M.
paratuberculosis was carried out.

Table 2.6: Infection protocols used in Experiment III.
Route of infection
Oral

Strain of organism
JD3 (direct tissue
isolate)

Dose
1 x 10~ cfu

I

Number of doses
4 doses at 2-3 days
apart

J

Age at infection
3 months

N/A
N/A
N/A
N/A
The challenged animals (30) were run in a separate mob from the non-challenged

Unchallenged·

*

I

(10) controls. N/A -Not applicable
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Results

The time required for the development of Johne's disease in experimentally
infected sheep is shown in Table 2.7. At six months post challenge none of the ten
sheep electively necropsied were positive by histotopathology but two were positive
by culture. All of the ten animals in the group necropsied at nine months were culture
positive and 90% had minor histological lesions. The necropsy carried out at ten
months post challenge showed 60% of the animals challenged had gross lesions and
the lesions were more severe than at nine months post challenge as shown by
histological examination. The high infection rates seen in the gut tissues of animals
nine and ten months post challenge would imply that animals necropsied at six
months post challenge were likely to have been actively infected. However it is
probable that these were below levels detectable by the culture system used to
confirm infection.

Table 2.7: Incidence of infection and disease in sheep at different time intervals
following experimental infectious challenge.
Time from challenge

Gross Visible

Histology

Histology

Culture

to Necropsy

Lesions

(+)

Score*

(+)

6mo

0/10

0/10

0.0

2/10

9mo

2/10

9/10

1.3

10110

10mo

6/10

8/10

2.1

9/10

* Disease severity was

classified following histological analysis of H&E shdes and

ZN slides. The histology results also show the mean histological score out of 3 for the
lesions positive animals (Where a histology score of 0

=

normal, while 3

=

severe

lesions).

The striking observation from this experiment was the low detectable infection
rates in gut tissues from animals necropsied six months post challenge. By contrast
three months later (nine months post challenge) there was a high prevalence of
histological lesions (90%) and infection (100%). The disease severity appeared to
increase between nine and ten months post challenge.
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Serial blood sample lymphocyte transformation responses to Johnin antigens

From Figure 2.21 the LT responses show very little difference between theM.

paratuberculosis challenged animals compared to unchallenged sheep for the first
eight months post infection, after which time the mean responses in challenged
animals increased markedly. The low level of cellular reactivity seen in the orally
challenged animals for the first six months parallels the low levels of detectable
infection seen at this time (Table 2.7). This contrasts with the earlier response seen in
animals challenged via the intratonsillar route (Experiment II figure 2.4) where
cellular reactivity was first evident 1-2 months after challenge. Similarly high levels
of sensitisation were seen in animals exposed to high doses of apparently avirulent
laboratory culture of M paratuberculosis (strain W).
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Figure 2.21: Mean specific LT response to PPDj from
challenged sheep compared to unchallenged animals
(Data was log tranformed}

Serial blood sample johnin specific Interferon gamma production

The IFN-y assay was the only test to detect early M paratuberculosis specific
reactivity that became evident three months after experimental challenge (Figure
2.22). The amount of specific IFN-y produced increased rapidly between six and eight
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months post challenge, while that of the unchallenged animals remained at
background levels.
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Figure 2.22: Mean IFN-y levels PPDj stimulation from challenged sheep
compared to unchallenged animals (The data was log transformed)

Serial blood sample specific antibody response to johnin antigens
There was little difference in the antibody production between the M
paratuberculosis challenged animals compared to the unchallenged controls (Figure
2.23).
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Figure 2.23: Mean PPDj specific antibody from
challenged sheep compared to unchallenged animals

Background levels

(~

40 ELISA Units) are seen routinely in animals exposed

to environmental mycobacteria. Significant increases in antibody titres were seen in
both experimentally infected animals and unchallenged controls in the September to
November period. This could result from natural exposure to mycobacteria in the
winter to spring period that evoke the production of antibodies in animals exposed to
saprophytic or pathogenic mycobacteria belonging to the Mycobacterium avium
complex.
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Conclusions

These studies set out to examine several variables involved in the development
and the establishment of a representative experimental infection model for Johne's
disease in sheep. Experiment I established that infection could be established at low
levels but not at a sufficient level to investigate vaccine efficacy. It was established in
Experiment II that tissue isolates of M paratuberculosis (JD3) resulted in the
establishment of more severe disease in sheep than the laboratory passaged strain
(W). Exposing the sheep to 3 doses of 3.5 x 10 8 cfu in Experiment II resulted in the
development of clinical disease. In Experiment III, increasing the number and size of
the doses resulted in the development of pathogenic lesions at nine months post
challenge and gross visible lesions at ten months.

The immune profile recorded from this group of experimentally infected
animals showed an early CMI response that could be seen in the IFN-y assay. Both
the IFN-y and LT assays showed increasing levels of Johnin specific reactivity as the
disease progressed from low levels of infection seen at six months post challenge, to
high prevalence of histological lesions and infection seen at nine to ten months post
infection. The ELISA test showed moderate levels of background antibody in the
unchallenged animals possibly due to exposure to environmental mycobacteria.

This experiment was proposed to refine and establish definitive parameters to develop
a representative experimental model for Johne's disease. This standardised
experimental infection model showed defined times at which representative pathology
could be observed in the M. paratuberculosis challenged lambs. The optimal
conditions found necessary to produce J ohne's disease involve oral inoculation of 3
month old lambs with 4 doses of 5x108 cfu of M. paratuberculosis isolated directly
from the gut tissue of a clinically affected sheep. This resulted in gut histopathology
at 9 months and the onset of clinical disease by 11 months post challenge.

Chapter 3:
Vaccination against Johne's disease

Ileum from an uninfected sheep. Note the Peyer's patch lymphoid tissue on the left
side of the photo and the normal thickness of the intestinal villus. A terminal
lymphatic duct is also labelled. H&E x 40.
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Introduction
Vaccination has been used since 1926 (Vallee and Rinj ard 1926) to control
Johne's disease. The types of vaccines used have included live attenuated strains of M
paratuberculosis and heat killed or sonicated preparations. Mineral oil adjuvants are
routinely included in the vaccine formulation. Vaccines are normally administered
subcutaneously to the upper part of the neck, in sheep from two weeks to four months
of age. A major limitation for the widespread uptake of Johne's vaccination is the
development of lesions or abscesses at the injection site. Protective efficacy studies
show that clinical disease may still develop in some vaccinated animals, although
there is a significant reduction in the prevalence of diseased animals (Cranwell1993;
Wentink et al. 1994). Vaccination reduces the total number of animals excreting
organisms, though there is no decrease in the overall prevalence of infection
(Kormendy 1994; Windsor et al. 2002).

Another major constraint found following vaccination is that sensitisation with
vaccines causes interference with immunological tests used in cattle and deer for
diagnosis of M paratuberculosis infection and tuberculosis (TB) due to M bovis
infection. In New Zealand, the National Tuberculosis Eradication program for cattle
and deer is based on skin testing as the primary screen for TB infection. As skin tests
rely on the measurement of immunological reactions, vaccination interferes with TB
surveillance schemes that use skin testing as a herd screening test. This is due to the
high degree of antigenic cross reactivity between the vaccine strain of M
paratuberculosis and other closely related mycobacterial pathogens such as M bovis.

One aspect of this study was to monitor the immune responses in animals
vaccinated with commercial vaccines Neoparasec™ and Gudair™ compared with
other vaccine formulations. A better understanding of the protective immune response
following vaccination should facilitate the future development of more efficient
vaccines that do not interfere with diagnostic testing. The immunological responses
examined in this study included cellular assays that measured the production of
Interferon-y, Lymphocyte transformation, Skin test hypersensitivity responses and
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antibody production as measured by ELISA. As well as examining the responses of
peripheral blood cells, immune responses were also measured from the gut associated
lymphoid tissue (GALT) and from lymph nodes (LN) draining vaccination sites.

Design of vaccine studies

Three separate experiments were undertaken to monitor immune profiles that
result from vaccination. In the first study a proprietary commercial live oil adjuvanted
vaccine (Neoparasec™) was compared with a live aqueous vaccine given at two
different dosages. In the second study live and killed oil adjuvanted commercial
vaccines (Neoparasec™ and Gudair™) were compared with an aqueous vaccine. The
third study was designed to monitor immune reactivity and protective efficacy in
lambs vaccinated with oil adjuvanted (Neoparasec™) and aqueous vaccines prior to
experimental challenge with virulent M. paratuberculosis.
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Methods
Animal models

Vaccine Study 1: Comparison of response to live vaccines in mineral oil adjuvant
(Neoparasec™) and aqueous formulations

:Twenty four merino lambs were sourced from AgResearch's Tara Hills farm.
At docking (2-4 weeks of age) the animals were randomly assigned into four groups
of six animals to test immune responsiveness to vaccines. At three months of age the
lambs were transported to AgResearch's Invermay farm. Of the four groups of
animals for this vaccination study, one group were vaccinated with Neoparasec™
(Merial, New Zealand) subcutaneously in the neck, as recommended by the supplier.
Two further groups containing six animals were vaccinated subcutaneously in the
neck with a 1 mL dose of Aqueous vaccine of 1x108 cfu (high dose)in saline or 1x106
cfu (low dose) of a freeze dried suspension of 316F (an attenuated strain of M
paratuberculosis). A booster of the Aqueous vaccines at a concentration of 1x108 and

1x106 cfu per mL respectively was given one month later. An unvaccinated control
group (six) was used for comparison. All animals were bled regularly after
vaccination and weighed once every month until slaughter at ten months post
vaccination. Assays were carried out on the blood samples to detect specific
lymphocyte transformation reactivity to Johne's antigens. At necropsy a number of
gut mucosal tissues, lymph nodes and blood samples were examined for LT and IFN-

y immune responses from the animals.

Table 3.1 Vaccination protocols used for Study I.
Vaccine
Unvaccinated
N eoparasecTM
Aqueous vaccine (High dose)
Aqueous vaccine (Low dose)

Strain of organism
in vaccine
N/A
316F in oil

Vaccine dose
(cfu)
N/A
>1 X 10°

Booster
vaccination
N/A
None

316F in saline
316F in saline

1 X 10°
1 X 106

One month later
One month later
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Vaccine Study II: A comparison oflive vs dead vaccine formulations
A group of forty lambs sourced from AgResearch's Tara Hill farm were
assigned randomly into four groups at docking. Three of the groups had 10 animals
each, which were vaccinated with either Neoparasec™ (an oil adjuvanted live (316F)
vaccine) or Gudair™ (an oil adjuvanted dead (316F) vaccine), both commercial
vaccmes or an live Aqueous (316F) vaccine. The fourth group was left as a
unvaccinated control. The lambs were moved to AgResearch Invermay after weaning
(11 weeks old) and were vaccinated at three months of age. The Gudair™ and
Neoparasec™ vaccines were administered according to proprietary recommendations;
1ml dose given subcutaneously in the neck. The Aqueous vaccine consisted of 316F
in a buffered saline solution (lx10 8 cfu/mL) given in a 1 mL dose subcutaneously into
the neck. This was equivalent to the high dose aqueous vaccination formulation used
in Study I. The animals vaccinated with live Aqueous vaccine were given a booster
inoculum of the same dose one month later. Lymphocyte transformation, IFN-y and
PPDJ specific total antibody (ELISA) assays were carried out after each sampling.

Table 3.2: Vaccination and protocols used on the Study II sheep
Vaccine
Unvaccinated
Neoparasec TM
Aqueous vaccine
GudairTM

Strain of organism
in vaccine
N/A
316F in oil

Vaccine dose
Jcfl!}
N/A
>1 X 10~

Booster
vaccination
N/A
None

316F in saline
316F in oil

1 X 10~
>1 X 10"

One month later
None

Vaccine Study III: Protective efficacy of vaccines

One hundred merino lambs were sourced from AgResearch's Tara Hill farm
and assigned randomly into three groups each containing 30 animals and a control
group of ten. At docking (two weeks of age) the lambs were vaccinated as per the
protocol, outlined in Table 3.3. The Neoparasec™ vaccine was used as per the
manufactures instructions on a group of30 lambs. The Aqueous vaccine (316F 1x10

8

cfu/mL in buffered saline) was given in 1 mL doses to another group of 30 lambs.
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One month after the pnmary vaccination a booster was giVen to the Aqueous
vaccinated lambs. The final group of 30 lambs were left as unvaccinated controls to
be challenged. The lambs were weaned at two and one half months of age and moved
from Tara Hills to AgResearch Invermay. At two and one half months of age all the
lambs except for ten control sentinels were challenged with M paratuberculosis
orally three times using 1 mL doses (5 x 10 8 cfu/mL) of tissue isolate, (JD3). The
sheep were blood sampled regularly, with assays carried out on the blood samples to
monitor antigen specific LT, IFN -y production and antibody production specific for

M paratuberculosis antigens. Animals were slaughtered between 10 and 22 months
post challenge. The criteria for culling animals was as follows; from ten months post
challenge the animals were weighed weekly and any animals that lost 10% of their
maximum weight while still growing were culled. Animals that lost 15% of their
maximum weight when fully grown were culled, except during winter when the limit
was raised to 18%. A random group of animals was culled at 13 months post
challenge. The remaining sheep were again electively removed as measured by weight
loss until the surviving animals were culled at 22 months of age.

Table 3.3: Vaccination and infection protocols used on the Study III sheep.
Vaccination protocols
*Treatment
group
Control
N eoparasec TM
Aqueous vaccine
Unvaccinated

Vaccine
formulation
N/A
316F in oil

Vaccine dose
(cfu)
N/A
>1 X 10°

Booster
vaccination
N/A
None

Infectious #
challel!_g_e dose
N/A
5 X 10°

316F in saline
N/A

1 X 10°
N/A

One month later
N/A

5 X 10"
5 X 10°

*The lambs were vaccinated at 2-4 weeks of age and mfected at 3 months of age.
# Animals were challenged three times at weekly intervals

Necropsy]
All animals were euthanased using either a captive bolt gun or injected with
barbiturate into the jugular vein. After exsanguination, the intestines were removed
from below the abomasum through to the rectum. The small intestines were laid out to
expose the jejunum, ileum, caecum and mesenteric lymph nodes (jejunal lymph
nodes). Samples that were taken included, several sections of the mesenteric lymph
nodes, the ileocaecallymph node (ICLN), jejunum, ileum and ileocaecal valve.
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After the animals were necropsied the tissues were examined histologically to
determine the grade of pathology at a microscopic level (Table 3.4). Using both the
necropsy report and histological grading, animals were given a nominal score based
on a 0 - 6 grading (0

=

no pathology 6

=

severe Johne's disease) to categorise the

pathology found from individual animals.

Table 3.4: Pathology severity scores used to categorise infected sheep
Pathology Score
ONormal
1
2
3
4

5
6 Severe JD

Necropsy result
Negative
Negative
Negative
Minor
Moderate
Moderate
Severe

Histology result
Negative
Minor
Moderate
Moderate
Moderate
Severe
Severe

Comparative intradermal skin test
Delayed type hypersensitivity responses m sheep were tested by the
inoculation of0.1 mL ofPPDj (0.5 mg/mL CSL), 0.1 mL ofPPDa (0.5 mg/mL, CSL)
and 0.1 mL ofPPDb (0.5 mg/mL, CSL) intradermally into the skin of the inner aspect
of the hind legs of the sheep. The skin thickness was measured pre inoculation and 72
hours later with callipers (Mitutoyo Digimatic CD-8", Japan). The test was performed
at six months post vaccination, or in Study III, six months post challenge.

Other laboratory assays used in this section are as outlined in Chapter 2. pages 36-43
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Results

Study 1: Comparison of response to live vaccines in mineral oil adjuvant
(Neoparasec™) and aqueous formulations

Weight profiles of vaccinated sheep

The mean weights of the vaccinated sheep did not differ from the
Unvaccinated controls (Figure 3.1). All the animals appeared to follow a similar
growth profile with the mean weight of the animals not increasing dramatically until
eight months post vaccination.
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Figure 3.1: Study I, mean weights from the different
vaccinated animals

There was little change in the weights of the animals throughout the autumn
and winter (March-August) period. All animals showed similar weight increases in
the spring (September-October) period.

Sequential changes in the johnin specific blood lymphocyte transformation
responses post vaccination

NeoparasecTM vaccination produced significant lymphocyte transformation
levels (Figure 3 .2) within one month. These were significantly higher than the
responses in any of the other vaccine treatments. There was very little specific
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proliferation of lymphocytes from Aqueous vaccinated animals, until four months
after vaccination when the animals given the high dose (10 8 cfu) showed an increase
and at nine months the low dose vaccinated sheep showed an increase.
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Figure 3.2: Study I sheep, mean lymphocyte
transformation response to PPDj stimulation from
vaccinated and control animals

All groups of vaccinated animals showed increased responses in the following
spring (September-November). Animals vaccinated with Neoparasec™ produced very
high levels of cellular reactivity whereas the low dose Aqueous vaccinated animals
became reactive for the first time during this period.

Intradermal Skin Test

The group mean intradermal skin test results from the different vaccinated and
control sheep are shown in Table 3.5. The Neoparasec™ vaccine caused the greatest
DTH response in the sheep. All of the vaccinations resulted in a greater skin test
response to Johnin than Avi an PPD antigens. The low dose· Aqueous vaccination of
sheep produced no reaction while the high dose Aqueous vaccine resulted in a
response mid way between that of the Neoparasec™ vaccinated and Unvaccinated
animals.
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Table 3.5: Mean comparative intradermal skin test results from Study I. The results
show the mean increase in skin thickness, measured in millimetres ± the standard
deviation.
PPDb
0.1.±_0.2
0.1.±_0.3
0.4.±_0.4
1.2.±_1.2

PPDa
0.1.±_0.2
0.1.±_0.4
1.4.±_0.8
3.7.±_2.8

PPDj
0.1.±_0.3
0.2.±_0.4
3.5.±_1.8
5.6.±_2.3

Treatment
Unvaccinated
Low dose Aqueous vaccine
High dose Aqueous vaccine
NeoparasecTM

Comparative responses from different tissues at necropsy from vaccinated sheep

The LT response from the vaccinated animals at ten months post vaccination
showed that blood mononuclear cells gave the strongest response, followed by splenic
cells, while the intestinal tissues gave the weakest response (Figure 3.3). The
Unvaccinated and the low dose Aqueous vaccine (1 06) groups of sheep showed
minimal proliferation of peripheral blood lymphocytes. The lymph node draining the
vaccine site (prescapular) and the spleen gave greater responses to the Neoparasec™
than to the Aqueous vaccines. The mesenteric and ileocaecal lymph nodes gave
stronger responses than the intestinal mucosal tissues but both were considerably
weaker than the response in the peripheral lymphatic tissues, prescapular lymph node,
spleen or blood.
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Figure 3.3: Study I sheep, mean LT PPDj specific responses from diffe-rent
tissues of vaccinated animals
(N=6 animals per treatment group)
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The specific IFN-y levels produced by tissues in vitro showed that the spleen
gave the greatest response, followed by the blood and intestinal lymph nodes (Figure
3.4). The ICLN from the high dose Aqueous vaccinated animals was the only gut
associated lymphatic tissue to produce IFN-y.
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Rgure 3.4: Study I sheep, mean PPDj specific IFN-y production from
different tissues of vaccinated animals
(N=6 animals per treatment group)

Interestingly the spleen appeared to be the most sensitive indicator for IFN-y
production. Splenic cells from animals vaccinated with low dose vaccine were the
only tissues from this treatment that showed any evidence of post vaccination
sensitisation. The response of peripheral blood cells was much lower than the spleen.

Study II: A comparison of live vs dead vaccine formulations
Sequential changes in the blood immune responses post vaccination

The profile seen from the lymphocyte transformation response showed that the
Gudair™ and Neoparasec™ vaccines created a significantly higher (p< 0.001)
response than either the Aqueous vaccinated or Unvaccinated control animals (Figure
3.5). Overall the Gudair™ vaccinated sheep response, tended to be lower than that
from Neoparasec™ treated sheep, though this was not significant due to the
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intrinsically high variability seen when lymphocyte transformation values were
combined within treatment groups.
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Figure 3.5: Study II sheep, mean LT response to PPDj
stimulation from vaccinated and control animals (This data
was log transformed)

In the second study (Figure 3.6) specific antibody responses were seen from
animals vaccinated with Gudair™ and Neoparasec™ at a level that was significantly
higher (p<O.OOl) than the response to the Aqueous vaccinated or the unvaccinated
group. For the first month after the other groups of animals were vaccinated, low
levels of background antibody were detectable in the Unvaccinated animals. The
Aqueous vaccine appeared to evoke very little antibody production in sheep.
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Figure 3.6: Study II sheep, mean PPDj specific antibody
from vaccinated and control animals
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As seen in the experimental challenge studies in Chapter 2, the Unvaccinated
controls produced high levels of background reactivity during the spring period
(September- October). This increase was also seen in the Aqueous vaccinated sheep
and mirrored elevated patterns oflymphocyte transformation shown in Figure 3.5.

Animals vaccinated with Neoparasec™ or Gudair™ vaccines produced significant
levels of IFN-y within two months post vaccination. This peaked at three months post
vaccination whereas the Aqueous vaccinated group was largely unresponsive (Figure
3.7). The IFN-y profiles produced by the Gudair™ and Neoparasec™ vaccines were
significantly higher for the eight months post vaccination from the Unvaccinated
controls or the Aqueous vaccinated animals (p<O.OOl).
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Figure 3.7: Study II sheep, mean IFN-y production to PPDj stimulation from
vaccinated and control animals (This data was log transformed)

The sequence of IFN-y results from the Gudair™ vaccinated and Aqueous vaccinated
groups of animals was discontinued after eight months because of a handling error at
ten months post challenge.
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Study III: Protective efficacy of vaccines
Weight profiles

The weights of the animals used in this study indicate that the vaccinated
animals did as well as, if not better than the unvaccinated animals (Figure 3.8).
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Figure 3.8: Study Ill sheep, mean weight of animals from
the different vaccine treatments

Temporal changes in the johnin specific blood immune responses post
vaccination

The Aqueous vaccine used in these experiments did not appear to generate a
large specific immune responses compared to the unvaccinated control group. By
contrast Neoparasec™ vaccinated animals had produced a strong immune responses at
the time of challenge, two months post vaccination. Significantly, reactivity was seen
all three assays of immune reactivity (LT, ELISA and IFN-y) (Figures 3.9, 3.10 and
3.11). The comparative intradermal skin tests results measured at six months post
challenge from this study showed the Neoparasec™ vaccinated animals had stronger
response than any of the other vaccinated groups or controls (Table 3.6). The
Aqueous vaccine group had stronger skin test reactions to the johnin antigen than the
Unvaccinated control animals. In all cases immune reactivity appeared to be quite
specific as the level of reactivity to PPDj was greater than PPDa or PPDb
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Table 3.6: Study III sheep mean skin test reactions measured in millimeters(± SD)

Treatment
Neoparasec™
Aqueous vaccine
Unvaccinated
Control

Bovine PPD
1.3±0.9
0.3±0.4
0.2±0.4
0.0+0.2

Avian PPD
2.6±1.4
0.8±0.8
0.7±1.0
-0.1 +0.2

Johnin PPD
5.2±2.4
1.6+ 1.0
1.2+ 1.0
0.2+0.3
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Figure 3.9: Study Ill sheep, mean johnin specific LT responses from the
different vaccine treatment groups (This data wa log transformed)
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Pathology of Johne's disease in vaccinated and challenged animals.

Table 3.7: Protection against clinical disease by different vaccines.
Pathology Score
0 normal
1
2
3
4

5
6 severe JD
Total No of Animals
examined

Unvaccinated
7
5
2
1
2
5
8
30

N eoparasecTM
21#
2
1
1

4

29*

Aqueous vaccine
6
1
2
3
6
1
9
28*

*Three animals died accidentally and were excluded from the data set, as they could
not be examined by detailed necropsy. Of the unvaccinated unchallenged controls
only one of the nine animals examined by detailed necropsy had J ohne's disease
pathology (Grade 3), the remaining sheep showed no sign of disease. #The
Neoparasec vaccine provided significantly (P=0.002) more protection against disease
than no vaccine or the Aqueous vaccine.

The data shown in Table 3.7 identified significant levels of protection in
animals vaccinated with Neoparasec™ vaccine. Only four of the Neoparasec™
vaccinated animals developed severe disease, while most had no pathology at all. The
Aqueous vaccine did not appear to provide any protection, showing a similar range
and severity of pathology as was seen in the Unvaccinated group.
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Conclusions

Study 1: Comparison of response to live vaccines in mineral oil adjuvant
(Neoparasec™) and aqueous formulations

This study examined the immune responses from Neoparasec™ and Aqueous
vaccine formulations without any interference from infection. The high dose Aqueous
vaccines produced a moderate level of LT reactivity, while the low dose Aqueous
vaccine produced very little reactivity. The Neoparasec™ vaccine resulted in the
animals developing a strong early immune responses that continued throughout the
study. There were minimal gut associated immune responses following vaccination,
which were not significantly different from Unvaccinated controls. The immune
response in vaccinated animals was greater in the peripheral immune tissues than the
gut associated lymphoid tissues. Peripheral blood immune responses were greater
than those found in lymphocytes from the draining lymph node (prescapular). The
immune reactivity of these vaccines indicated that seeing as the low dose Aqueous
vaccine created such a weak response that it would probably have very little
protective efficacy and therefore was dropped from the study. The high dose aqueous
vaccine and Neoparasec™ were re-examined in Study II to find if the immune
responses recorded were repeatable. From the results of this study the protective
efficacy of Neoparasec and the high dose Aqueous vaccines were examined in Study
III.

Study II: A comparison of live vs dead vaccine formulations

Study I was repeated to examine the immune responses to a recently released
commercial vaccine Gudair™ (a killed vaccine) compared with responses to
Neoparasec™ (a live vaccine) used traditionally in New Zealand livestock.
Neoparasec™ and Gudair™ vaccines gave the greatest peripheral immune responses.
The Gudair™ vaccine gave a similar response to the Neoparasec™ vaccine in sheep,
causing strong early peripheral CMI and humoral response. The Aqueous vaccine

91

formulation did not produce a serological response consistent with that seen from
Study I. This low level of immune reactivity seen from the aqueous vaccinated
animals and lack of consistency in response indicated that the vaccine may not
provide any protection.

Study III: Protective efficacy of vaccines

The data (Table 3. 7) from this experiment shows that of the vaccines trialed
only Neoparasec™ vaccine was protective and resulted in reduced levels of clinical
disease. The Aqueous vaccine did not appear to offer any protection when compared
with the Unvaccinated challenged controls. The Neoparasec™ induced a strong johnin
specific cellular immune response in sheep, which was not seen with the Aqueous
vaccination formulation. From these groups of sheep, some animals were identified
retrospectively as developing severe Johne's disease or being resistant to infection, the
immune responses of these subgroups are examined in Chapter 4.

Chapter 4:
Protective immunity to Johne's disease

Severe histopathology seen in an experimentally infected sheep. Numerous
epithelioid macrophages with AFOs within their cytoplasm can be seen. ZN x 400.
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Introduction
Protective immune responses to M paratuberculosis have not been looked at
in detail previously in ruminants. However as with other mycobacterial diseases it is
hypothesised that a good CMI response is important for protection against M.

paratuberculosis infections (Hamilton et al. 1989; Orme et al. 1991; Chiodini 1996).
Vaccination to prevent Johne's disease has been used extensively for more than 60
years and is considered to be the easiest way at present to give protection via a good
CMI response in ruminants.

The objectives of this study were twofold. The first, to compare Immune
responses in sheep that had survived experimental challenge (immune) with M

paratuberculosis, with those that had developed disease. The second objective was to
compare the immune responses between vaccinated sheep and unvaccinated sheep
that survived infection to see if the animals produced similar immune profiles. Cell
mediated immune assays (LT and IFN-y) and antibody assays (ELISA) were used to
identify qualitative differences between animals surviving and those which developed
disease. In addition comparative changes in gut and peripheral immunological tissues
were examined to determine if localised immunity was important in the protective
response.
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Methods
Animal models

One hundred merino lambs were sourced from AgResearch's Tara Hill farm
and assigned randomly into three groups each containing thirty animals plus a control
group of ten. At docking (two weeks of age) the lambs were vaccinated. The
Neoparasec™ vaccine was used as per the manufacturers instructions on a group of30
lambs. The Aqueous vaccine (316F 1x 108 cfu/mL in buffered saline) was given in 1
mL doses to another group of 30 lambs. One month after the primary vaccination a
booster was given to the Aqueous vaccinated lambs. The final group of 30 lambs were
left as Unvaccinated controls to be challenged. At the age of two and one half months
the lambs were weaned and moved from Tara Hills to AgResearch Invermay. All the
lambs except for ten (unvaccinated/unchallenged, sentinel controls) were challenged
orally at three months of age with M. paratuberculosis given as a 1 mL dose (5x10 8
cfu/mL) of tissue isolate (JD3). Further challenges were given at two and three weeks
after the initial infectious dose. The sheep were blood sampled regularly, with assays
carried out on the blood samples to monitor antigen specific lymphocyte
transformation, IFN-y and antibody production specific for M paratuberculosis
antigens. Animals were slaughtered between 10 and 22 months post challenge. The
criteria for culling animals were as follows; From ten months post challenge the
animals were weighed weekly and any animals that lost 10% of their weight while
still growing were culled. Animals losing 15% of their weight when fully grown were
culled, except during winter when the limit was raised to 18%. A randomly selected
group of animals was culled at 13 months post challenge. The remaining sheep were
culled at 22 months post challenge.

95

Table 4.1: Vaccination and infection protocols used on the sheep.
Vaccine treatment groups
Treatment group
Unchallenged Controls
N eoparasecTM
Aqueous vaccine
Unvaccinated

Vaccine
formulation
N/A
316F in oil

I

316F in saline
N/A

Infection_protocol for the sheep
Route of infection
Strain of organism
Oral
JD3 (direct tissue
isolate)

I

Vaccine dose
(cfu)
N/A
>1 X 10~

I

Booster
vaccination
N/A
None

I

Infectious
challenge dose
N/A
5 X 10°

1 X 1()8
N/A

One month later
N/A

5 X 10°
5 X 10~

Dose (cfu)
5 X 108

I Number of doses I

Age at infection
3 months

Three doses at
weekly intervals

The lambs were vaccmated at 2-4 weeks of age and mfected at three months of age.

Necropsy
All animals were euthanased using either a captive bolt gun or injected with
barbiturate into the jugular vein. After exsanguination, the intestines were removed
from the below the abomasum through to the rectum. The small intestines were laid
out to expose the jejunum, ileum, caecum and mesenteric lymph nodes (jejunal lymph
nodes). Multiple samples were taken including, several sections of the mesenteric
lymph nodes, the ileocaecallymph node (ICLN), jejunum, ileum and ileocaecal valve.
The laboratory methods used in this section were as outlined in Chapter 2 page
36-43. The Comparative intradermal skin test was carried out as described in Chapter
3 page 86

Division of animals into groups based on disease progression or immunity
following challenge
Using the guidelines listed in (Chapter 2: Table 2.5), different groups of
animals were identified for ex vivo examination of immune response from serial blood
samples. Six to ten animals that developed severe Johne's disease were selected from
the Neoparasec™, Aqueous vaccine and Unvaccinated groups of sheep for more
detailed study. A further six to ten animals from each of the treatment groups that
appeared to be immune, with no disease developing by 20 months post challenge were
also examined in the same detail. The blood samples were assayed for CMI responses
(by LT and IFN-y assays) and humoral antibody responses specific to PPDj antigens.
Tissues from another four groups of animals were examined in detail for
immune responses specific to M paratuberculosis infection, after necropsy. The
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groups consisted of nine experimentally challenged sheep that developed severe
clinical Johne's disease (Diseased (D)), three non-challenged controls with no Johne's
disease as negative controls (Unchallenged (Uc)), four unvaccinated animals that
survived the challenge for over 20 months (Unvaccinated immune (Uv-I)), and a final
group of 5 Neoparasec™ vaccinated animals that did not develop disease after
experimental infection (Neoparasec™ Immune (Nv-I)). The change in the grouping of
animals from the previous section was a result of that not all the animals could be
fully examined at necropsy. Retrospective analysis of the animals identified only nine
challenged severely diseased animals, there were none from the Neoparasec™
vaccinated group and only three from the Aqueous vaccinated group. The immune
parameters measured included lymphocyte proliferation, IFN-y production, and
leucocyte subpopulations from different lymphatic tissues.
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Results
The elective kill rate of the Unvaccinated animals (Uv) that developed clinical
disease following experimental challenge is shown in Figure 4.1. At ten months after
challenge some animals were failing to sustain their weight and were electively culled
because it was suspected they had clinical disease. Within 15 months up to 50% of the
unvaccinated animals had been euthanased. By 18 months post challenge 30% of the
Unvaccinated animals had survived and these were euthanased at 22 months post
challenge. The Aqueous vaccinated (Av), challenged sheep, had a similar onset of
clinical symptoms as the Unvaccinated ones; by contrast the Neoparasec™ vaccinated
(Nv) group had fewer animals developing clinical disease.
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Figure 4.1: Elective slaughter rate of vaccinated or
nonvaccinated animals due to clinical disease onset
from 9 months post infection onwards

Peripheral blood responses in immune and diseased animals vaccinated with
Neoparasec™, and Aqueous vaccine or Unvaccinated sheep following infectious
challenge

Neoparasec™ vaccinated animals that were immune (Nv-I) to the infectious
challenge and those that developed disease (Nv-D) showed a significant difference
(P< 0.01) in their specific lymphocyte transformation response as seen in (Figure 4.2).
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The error model for the repeated measurements on the same animal was modelled by
a first order autoregressive process with heterogeneity of variance at the time points.
Tests for significance were performed using the Wald (1943) statistic. Data individual
data points for individual animals were removed if the negative control response was
greater than 5000 cpm or if the positive control response was under 20000 cpm. The
immune animals in the Neoparasec™ vaccinated (Nv-I) or Unvaccinated immune
animal (Uv-I) groups tended to have higher levels of lymphocyte transformation than
animals that developed disease.
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Figure 4.2: Mean LT PPDj responses from Neoparasec
vaccinated and unvaccinated animals {This data was log
transformed)

Closer examination of the LT responses over the first mne months post
challenge showed the Unvaccinated diseased animals (Uv-D) had only baseline
responses while the Unvaccinated immune sheep (Uv-I) started to show a response at
nine months. The Neoparasec™ vaccinated animals had a consistently stronger
response at challenge as a result of vaccination two months earlier. A further spike of
lymphocyte reactivity was seen in the Nv-I groups six months post challenge, while
no change was seen in the response of the Nv-D group.

High levels of specific Johne's IFN-y production (Figures 4.3) were again seen
at challenge from the Nv animals. The Uv-I animals produced more IFN-y earlier
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after challenge than diseased animals but by 15 months post challenge diseased
animals had higher levels ofiFN-y.
--+--Nv-1

3.0

Nv-D

2.5
2.0

OD

i

Uv-1

~ . "'
·:

0.5
0.0

~

~-----k~

~//~- ~

.

----~----1-----~-

-------- ////

-

-~------------!

·~~~=~~·~~----~-----,-------~----==rt"'-

Jan

Apr

Jul

Oct

Jan

Apr

0

3

6

9

12

15

Jul

Date

18

Months post challenge

Rgure 4.3: Mean IFN-y production specific to PPDj from Neoparasec
vaccinated and unvaccinated animals

The mean specific antibody response from these animals showed an almost
identical pattern of response from both the Neoparasec™ vaccinated immune (Nv-I)
and diseased animals (Nv-D) (Figure 4.4).
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Figure 4.4: Mean specific antibody to PPDj from
Neoparasec vaccinated and unvaccinated animals

The only difference that was evident in the levels of antibody was in animals
sampled 12 months post challenge, where Nv-D animals sustained high levels of
antibody. Levels dropped in the Nv-I groups between samples obtained at 9 and 12
months post challenge. The Unvaccinated diseased sheep (Uv-D) showed a spike in
antibody production at nine months post challenge, which was not seen in the immune
group of animals (Uv-I) which produced low levels of antibody throughout.
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The Aqueous vaccinated (Av) sheep did not have the same initial high
immune readouts at challenge as was seen in the Neoparasec™ vaccinated sheep. The
LT result showed the Aqueous vaccinated animals produced an earlier response than
the Unvaccinated sheep, but later developed a stronger response. (Figure 4.5). The
Aqueous vaccinated immune (Av-I) animals gave a stronger LT response than was
seen from the Aqueous vaccinated diseased (Av-D) sheep. Unvaccinated immune
(Uv-I) animals produced higher LT responses at nine months post challenge than were
evident in Unvaccinated diseased animals.

The IFN-y assay showed a similar profile between the Av-I and Av-D animals,
though there was a rapid decrease in the level of IFN-y from the Av-D animals at 15
months post challenge (Figure 4.6) when a large proportion of the animals had been
electively removed because of disease onset. The mean antibody levels in the Av
sheep showed a similar profile between immune and diseased animals (Figure 4.7).
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The group mean comparative intradermal skin test results (Table 4.2) show
that both Neoparasec TM vaccinated groups of animals had the strongest skin test
reactivity of the sheep tested. Neoparasec™ vaccinated immune (Nv-I) animals tended
to have larger (5.5) group mean responses than the diseased group (Nv-D) (4.8) A
similar trend was seen in animals vaccinated with the Aqueous vaccine (2.5 vs 1.0) or
the unvaccinated animals (2.2 vs 0.7) that appeared to be immune

Table 4.2: Mean intradermal comparative skin test results from an experimentally
challenged sheep model.
Group
PPDb
PPDa
PPDj
Uv-I
1.2+ 1.4
2.2±1.2
0.3±0.5
Uv-D
0.7±0.7
0.1±0.2
0.3±0.5
Av-I
2.5±1.4
0.5±0.4
1.5±0.8
Av-D
0.2±0.4
0.3±0.7
1.0±0.8
Nv-I
2.7+0.7
5.5±1.6
1.4±0.8
Nv-D
2.0±2.0
4.8±1.5
1.3±1.0
The result is expressed as the mean increase in skin thickness measured in millimetres
(± SD).

Immunological responses of different tissues examined at necropsy from:
Diseased (D), Unchallenged controls (Uc), Unvaccinated immune (Uv-1) and
Neoparasec™ immune (Nv-1) sheep.

The group mean LT response specific to PPDJ varied between samples and
treatments (Figure 4.8). The unchallenged animals (Uc) provided a reference
background reactivity against which other responses could be measured. The
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peripheral L T was greater than the response from the gut tissues in all the challenged
groups of animals. Both groups of immune animals (Uv-I and Nv- I) had a strong
response from blood and spleen leucocytes, but the Uv-1 had a lower response from
the prescapular lymph node.
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Figure 4.8: Mean LT response to PPDj from lymphoid
tissues of immune and diseased animals

The IFN-y response shown in Figure 4.9 shows a significant difference
between the Uc group and the other treatment groups (P<O.Ol). Diseased animals had
strong responses in the spleen and post JJLN and moderate responses in the other gut
lymphatics. Unvaccinated immune animals had strong responses in the peripheral
blood and relatively low responses from the gut lymphatics. The Neoparasec™
vaccinated animals had high responses in the peripheral and gut lymphatics. This
group not surprisingly, also had the highest response seen in the prescapular lymph
node. This was logical based on the fact this was the lymph node draining the
injection site in the neck.
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Results given in Figure 4.10 show that the percentage of CD4+ cells found in
the peripheral and gut associated lymphatic tissues of diseased, immune and
unchallenged animals. In this experiment the proportion of CD4+ cells found in the
tissues of unchallenged control (Uc) animals provided background reference values.
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Figure 4.10: Mean percentage CD4+ cells in different tissues from immune
and diseased animals (This data was log transformed)

It appears that immune animals (Uv-I, Nv-I) have equivalent proportions of

CD4+ cells to the negative controls. In contrast, Diseased (D) animals have a
significantly lower (P<0.001) percentage of CD4+ cells throughout the peripheral and
gut associated lymphatic tissues. The spleen had fewer CD4+ cells than the other
tissues examined.

The Diseased animals showed a significant reduction in percentage of CD8+
cells from the other treatment groups (P<0.001), though this was not seen uniformly
between the tissues (Figure 4.11 ). The blood, spleen and prescapular lymph node
from the immune (Uv-I and Nv-I) animals had a higher percentage ofCD8+ cells than
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Diseased (D) or Unchallenged control (Uc) sheep. In the gut lymph nodes generally
the Diseased animals had a lower percentage of CDS+ T cells.
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Figure 4.11: Mean percentage CDS+ cells in different tissues from immune
and diseased animals (This data was log transformed)

When the percentage of B cells was measured by FACS analysis, there was a
large difference seen between the treatment groups (Figure 4.12). The Nv-I and the
Uv-I animals showed a significantly greater percentage ofB cells (P< 0.001) than the
diseased animals and the Unchallenged controls. Over all the percentage of B cells
found in the tissues of Unchallenged animals was similar to that found in diseased
animals. There was no significant difference between the tissues.
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The blood, spleen and prescapular lymph node had a significantly higher
percentage of y8 T cells than were seen from the gut associated lymph nodes. Overall

the blood had a higher percentage of y8 T cells than the peripheral or gut associated
lymphatic tissues.
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Rgure 4.13: Mean percentage yo T cells in different tissues from immune
and diseased animals

The percentage of y8 T cells in the blood of unchallenged animals was
consistently higher than was found in the challenged groups. There was no significant
difference seen in the percentage of y8 T cells found in the issues obtained from the
different treatment groups (Figure 4.13).

Diseased animals had a significantly lower (P< 0.01) percentage of CD25+
(activated) cells from the different tissues, as shown in Figure 4.14. The Nv-I animals
had a higher percentage of CD25+ cells than the Uc sheep. The Nv-I sheep had a
similar percentage of CD25+ cells in all the gut lymph nodes. There was a significant
difference between the tissues with the spleen having a significantly lower percentage
of CD25+ cells than the prescapular lymph node. The blood also tended to have a
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lower percentage of CD25+ cells than the prescapular and gut associated lymph
nodes.
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Rgure 4.14: Mean percentage of CD25+ cells in different tissues from
immune and diseased animals

The immune animals from both the Neoparasec™ vaccinated and Unvaccinated group
generally had a higher level of CD25+ cells than diseased (D) animals or
Unchallenged control (Uc) group
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Conclusions
Protection against Johne's disease is considered to be associated with a strong
CMI response (Chiodini 1996). The data from sheep that resisted infection all show a
good CMI response as measured by the IFN-y assay, but this was not significantly
different from the diseased animals. The LT response appeared to develop earlier in
animals that were protected from infection and disease. Neoparasec™ vaccinated
animals that were protected produced higher levels of reactivity earlier than
vaccinated animals that developed disease. The diseased sheep also showed strong
IFN-y levels but lower LT reactivity 12 months post infection, a pattern of cellular
sensitisation that was not protective. This could indicate that the divergence between
animals developing disease and those with protective immune responses occurred
during establishment of disease in the period from 0-9 months post challenge. Skin
testing of the animals showed the immune animals from all treatment groups to have a
slightly larger response but not statistically different from diseased animals. Results
from the blood sample taken at nine months post challenge showed peak antibody
levels, this blood sample was the first taken after the skin test. It is unlikely that the
skin testing boosted this antibody response as the blood sample was taken three
months after the skin test. Tuberculin skin testing of deer has been observed to give
increased antibody responses in M bovis infected animals for 28 days (Griffin et al.
1994).

Differences between gut associated lymphatic and peripheral immune
responses could be observed in the animals. The most noticeable difference was in the
numbers of y8 T cells, which were high in the blood but not in the other lymphatic
tissues examined. The spleen typically had lower numbers of CD4+ or CD8+ T cells
and larger numbers of B cells.

The main difference between the immune sheep and either the Diseased or
Unchallenged control groups was the increase in proportion of B cells seen from the
immune animals. The elevated levels ofB cells in gut associated lymphatic tissues did
not appear to correlate with higher levels of plasma antibody. High levels of antibody
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were seen m animals vaccinated with Neoparasec™ irrespective of whether they
developed disease or were immune. The increase of B cells was more noticeable in
the gut lymph nodes than peripheral lymphatics. This could indicate that B cells may
play a part in the protective immunity of sheep infected with M. paratuberculosis.
The immune animals also had a higher percentage of CD4+, CD8+ and CD25+ cells in
the gut lymphatic tissues than sheep that developed disease. A reduction in these cells
may have resulted in a failure or subversion of the protective CMI response within gut
tissues.

Chapter 5:
Discussion

Cording of the lymphactic (Lacteals) ducts in an experimentally infected sheep: The
lacteals shown here run from the posterior jejunum and ileum to the posterior jejunal
lymph node
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Infection models
The main objective of this study was to develop a reliable, well-defined sheep
M. paratuberculosis infection model in which new vaccination protocols and

diagnostic assays can be evaluated. Studies using sheep as a model have used
differing strains of M. paratuberculosis sourced from cattle (Kluge et al. 1968), deer
(Begara-McGorum et al. 1998) and sheep (Gwozdz and Thompson 2002; Reddacliff
and Whittington 2003). The studies have resulted in dramatically different disease
outcomes, with some animals developing clinical disease within one month while
others have taken 20 months post challenge before disease becomes evident. To date
very few experimental infection studies in sheep have used typed 'ovine' strain of M
paratuberculosis. Reddacliff & Whittington (2003) recently used typed 'ovine' strain
M. paratuberculosis to infect merino lambs. Whereas they established clear infection

patterns, the animals were slaughtered 14 weeks post challenge, so there was
insufficient time for the development of gross or microscopic lesions.

The experimental model developed here was designed to provide certain key
outcomes involving both infection and disease in order to examine new vaccination
strategies and explore new diagnostic assays. The model ideally should result in
infection in a high proportion of the experimentally challenged animals, which should
progress to disease at clearly defined end points. For future vaccine efficacy studies,
known time points for the establishment of infection and clinical disease was
considered necessary to exploit a cost effective challenge model. It was also
considered ethically important to maximise the welfare of the sheep and limit
suffering. The only other temporal constraint factored into the development of the
infection model was the age of the lambs at challenge. Infectious challenge of
animals needed to occur at a minimum of three months of age so that animals could
be subjected to a full vaccination protocol in the neonatal period. This was considered

111

necessary to allow for full expression of a protective immune response to vaccination
before experimental challenge with virulent M. paratuberculosis. The risks associated
with this late infection were that environmental exposure to saprophytic mycobacteria
might occur through grazing and from intercurrent exposure. These risks were
minimised in this study due to use of lambs sourced from a-flock of sheep with no
recorded cases of M. paratuberculosis infection, and the lambs were grazed on fresh
pasture at iow stocking densities. Through out this series of experiments only one of
the

38

unchallenged

control

animals

developed

an

infection

with

M

paratuberculosis. It could be expected with such a low infection rate of the

unchallenged controls that the exposure to environmental mycobacteria had a
minimal impact on the experimental results.

The infection protocol used in Experiment I was designed to investigate
whether strains of M. paratuberculosis cultured at low passage could result in either
infection or Johne's disease. The sheep were held in separate pens under
biocontainment conditions to limit cross infection, as the possible spread of M.
paratuberculosis infection was unknown. The results indicated (Table 2.2) relatively

low infection rates were established and minimal pathology produced within the
experimental time frame (eight months) from challenge to necropsy. Nonetheless
there appeared to be different outcomes associated with the strain and dose of bacteria
used for experimental challenge. Four doses of the W strain M paratuberculosis
(lx10 8 cfu per dose) produced more infected sheep (4/12) than the same dose regime
of the S strain (0/12). Four doses of the W strain resulted in more infected animals
(4/12) than one dose (1/12).

In subsequent developmental experiments it was decided to change the breed
of sheep from Coopworth to merino because of anecdotal evidence from local
veterinarians that merino sheep might be more susceptible to Johne's disease.
Immunological differences between Coopworth and Merino were not considered an
important factor if there was no functional experimental model. In a trial that
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extended the protocol used in Experiment I, increased number of doses (12) and
concentration (1 x 109 cfu) of W strain M. paratuberculosis failed to establish
infection in the animals, necropsied at 6-20 months following challenge (Appendix 2
Table A2). The lack of success of this continuously cultured pathogenic strain raised
the concern that there was a possible loss of virulence due to the long term passage.
There was evidence of an altered phenotype of the bacteria as the growth rate of
sequential subcultures seemed to increase. Consequently it was decided to use direct
tissue isolates from a Johne's diseased merino sheep in subsequent experiments.

In Experiment II trials were conducted to examine the efficacy of a direct
tissue isolate compared with cultured strains of M. paratuberculosis to establish
infection in sheep. The number and timing between the infectious doses was also
examined to determine if clinical disease could be established predictably in a
significant proportion of challenged lambs in an acceptable time frame (maximum
one year). Two different routes of infection were trialed. Firstly the oral route,
because this is considered to be the most likely natural route of infection. The second
method involved the instillation of virulent bacteria into the crypt of the tonsil, as this
is another possible route of exposure to bacteria. The tonsillar route is appealing for
the reason that it avoids exposure of bacteria to antibacterial gut secretions and
exposure to a fixed dosage can be achieved more accurately.

Results from Experiment II (Table 2.3) showed an increased number of
infected animals and more severe pathology than was seen in Experiment I. Direct
tissue isolates of M paratuberculosis used for challenge resulted in more animals
with histological lesions (9/12) than those sheep challenged with the laboratory
passaged culture of the strain W (1/12). Eight of the twelve animals challenged with
the direct tissue isolate (JD3-0) became infected compared to 3/12 animals
challenged with the passaged strain W (W -0). This suggested that the direct tissue
isolate JD3 was more virulent than the cultured strain W.
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The different routes of inoculation examined in Experiment II (Table 2.3)
resulted in infection and disease similar to that reported previously (Kluge et al.
1968). Oral inoculations using primary tissue isolates of M. paratuberculosis
produced results (9/12 histology positive and 8/12 culture positive) similar to that
seen in other experimental infection model studies (Brotherston et al. 1961; Gwozdz
et al. 2000; Gwozdz et al. 2001; Gwozdz and Thompson 2002). The intra-tonsillar

route of infection produced pathology typical for Johne's disease as seen by
histological analysis of the intestine and associated lymph nodes (7112 histology
positive and 8/12 culture positive). However the majority of the necropsy samples
from the tonsils and retro-pharyngeal lymph nodes, that drain the tonsil, were
negative for culture and histopathology for Johne's disease (data not shown). This
suggested that while lymphatic spread had occurred there was a propensity forM
paratuberculosis to traffic to the intestines. There is evidence from deer naturally

infected with M. paratuberculosis that the retro-pharyngeal lymph nodes may
become infected with M. paratuberculosis (de Lisle et al. 2003). Earlier studies using
experimental Tb infection of deer (Griffin et al. 1995) have established that the
draining retro-phamgyeal lymph nodes act as a primary target of infection following
installation of bacteria into the tonsillar crypt. The lack of infection or
histopathological lesions from the tonsils and retro-pharyngeal lymph nodes may
indicate that after instillation into the tonsil some of the bacteria may have leaked out
of the tonsil back into the throat causing an oral infection.

There was some concern that the prolonged interval between the infectious
challenges in the infection protocols in Experiment II (two doses one month apart)
may have meant the second dose could have had a reduced effect due to the sheep
developing a protective immune response to the first dose. Consequently, a further
group of animals were exposed at weekly intervals (3x) to oral high doses of JD3
(JD3-HD-0). By increasing the number of doses and reducing challenge interval in
the Experiment II High dose (JD3-HD-O) study, it was possible to establish clinical
disease (Table 2.4) predictably and at a high frequency. Clinical disease occurred
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between 11-18 months post challenge. Overall 17/30 animals challenged in the
Experiment II High dose trial developed clinical symptoms as measured by weight
loss, gross and histological examination. A very high frequency (8/8 or 100%) of
pathology was seen in animals slaughtered electively between 11-12 months post
challenge. These animals showed clinical evidence of disease with associated weight
loss. A lower frequency of disease (9/16 or 56%) was seen in animals necropsied
between 14-22 months post challenge. Six of these animals showed no clinical
evidence of disease and may represent a subgroup (6/30 or 20%) of innately resistant
animals within the challenged group.

The Experiment III challenge was designed to refine the infection model to be
for use in future vaccine efficacy studies. The aim of this experiment was to find out
the earliest time after challenge (six, nine and ten months) that necropsy could be
performed to establish representative infection and disease outcomes. Culture results
from necropsied animals in Experiment III (Table 2.7) demonstrate that at six months
post challenge organisms could be recovered from only 2/10 animals. This finding is
compatible to the results obtained by Reddacliff and Whittington (2003), using
menno

lambs

experimentally

challenged

with

an

'ovine'

strain

of M.

paratuberculosis. They reported that organisms could be isolated from a range of

tissues in the animals challenged with 1-7 x 107 cfu at 7-14 weeks post challenge, but
that disease did not occur at this early point after challenge. The experimental
challenge in Experiment III demonstrated that histopathological lesions were
established at nine months post challenge in most animals (90%). Gross lesions were
visible in 20% of animals at nine months and in 60% of animals examined at ten
months post challenge. After nine months 90-100% of the animals were culture
positive. Other experimental challenge studies reported that histological lesions
maybe found in the first few months following challenge (Kluge et a!. 1968). This
was not seen in the current study nor that published by Reddacliff and Whittington
(2003). The presence of lesions within months of experimental infection could result
from higher doses used to infect the sheep, or the use of the 'bovine' strain of M.
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paratuberculosis for experimental challenge. It is also possible that the sheep breeds

used may have responded differently (Reddacliff and Whittington 2003). Although
the doses used in this experiment were higher than those used by Reddacliff and
Whittington (2003), there was still no histopathology or clinical Johne's disease six
months following challenge.

The disease patterns established experimentally in Experiment II and III
challenge studies were similar to what is seen in most natural cases of Johne's disease
in sheep (Turner 2003). The severity oflesions seen by macroscopic and microscopic
examination was the greatest in the ileaocaecal valve with less seen in the adjacent
tissues in the ileum and jejunum. However the posterior jejunal lymph node was more
likely to contain lesions than the ileocaecallymph node. Prominent lacteal ducts were
observed and in some cases there were granulomatous lesions in the lacteal ducts of
the jejunum in severely diseased animals (Turner 2003).

Results from Experiment II and III infection studies showed that typical
disease pathogenesis was evident in animals necropsied at or after nine months
following experimental challenge. The Experiment I infection model showed two
animals with minor histological lesions at eight months post infection, but in the
Experiment II and III studies, clinical disease first became evident at 9-11 months
post infection. More significantly, results from the Experiment III study showed that
there were no histopathological lesions and minimal infection evident at six months
post challenge, but by nine months disease had become apparent histologically and at
ten months gross lesions could be seen. The period of 9-10 months post challenge
appears to be the minimum time needed to identify an acceptable number of diseased
animals for future studies using the Experiment III challenge regime. This data
indicates that elective necropsy of sheep in Experiment I that were challenged with
laboratory cultured W strain, may have been premature to establish representative
pathology as it was carried out eight months after challenge.
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Immune profiles after experimental challenge
Merino lambs experimentally challenged orally with moderate or high doses
of the primary tissue isolate (JD3) of M. paratuberculosis showed no Lymphocyte
transformation (LT) reactivity until at least seven months post challenge (Figures 2.4,
2.5 and 2.21). In the high dose challenged (Experiment II, JD3-HD-O) animals that
were kept for 22 months, the peak reactivity was seen at 13-16 months post challenge
(Figure 2.5). The prolonged low initial LT reactivity from the sheep in the current
study was a longer lag phase than would have been expected. Experimental challenge
studies in sheep (bighorn x mouflon hybrid or domestic sheep given 50 mg wet
weight M. paratuberculosis) have shown increased LT reactivity five months after
challenge (Williams et al. 1985). The significantly lower challenge doses used in this
study compared to the study of Williams et al (1985) may have been responsible for
the longer lag phase seen before LT reactivity increased. In cattle, LT reactivity after
experimental challenge could be seen after five months (Waters et al. 2003) while
goats showed reactivity after two months (Storset et al. 2001). In contrast to the oral
challenge with primary tissue isolates of M paratuberculosis, laboratory passaged
strain W (W-0) sheep showed increased levels of reactivity one month after
challenge (Figure 2.4). Animals challenged by the intratonsillar route had higher
levels of reactivity than seen in those challenged with the primary tissue isolate orally
(Figure 2.4). This increased background reactivity was not seen in cattle
experimentally challenged via the intratonsillar route (Waters et al. 2003), though
there was no comparison with orally challenged animals in that study. The cause of
the increased reactivity could be due to direct sensitisation of the immune system
after the direct instillation of the bacteria into a lymphoid organ. A major limitation in
the use of the LT assay was the variability in responses derived from paired blood
samples taken from an individual animal. Paired LT results showed up to a 50%
difference between samples taken at short intervals (two weeks apart). This
phenomenon has been reported previously as a problem in the use of LT for the
diagnosis of Johne's disease (Hintz 1981; Molina et al. 1996; Storset et al. 2001).
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Antibody production in M. paratuberculosis infections is not thought to be
protective, but it has been used widely as a diagnostic marker for infection and
disease. Antibody responses from animals exposed orally to medium or high dose of
primary tissue isolate of M. paratuberculosis remained at background levels until at
least 6-9 months post challenge (Figures 2.6, 2.7 and 2.23). The sensitivity for
detection of M. paratuberculosis infections using the ELISA is linked directly the
clinical status of the infected animal. Generally animals with clinical disease have a
higher amount of antibody than subclinically infected animals (Billman-Jacobe et al.
1992; Dargatz et al. 2001). Interestingly, in the present studies peak levels of
antibody were recorded nine months post infection (Figure 2. 7) in the high dose
challenged sheep (JD3-HD-O) in Experiment II, just before clinical disease became
evident. The elective removal of animals showing clinical signs (weight loss) may
have eliminated the challenged animals producing large amounts of antibody
associated with disease. Previous literature has shown experimentally challenged
cattle have low levels of antibody for the first 3-4 months (Waters et al. 2003) and
low antibody was found for up to ten months post challenge in goats (Storset et al.
2001). Reddacliff and Whittington found one merino sheep antibody positive 14
weeks after the initial challenge with 7x107 cfu of 'ovine' strain M. paratuberculosis.
Detection of Johne's disease by ELISA, like the LT assay, appears to be hindered by
the late development of reactivity and is therefore of little assistance in identifying
subclinically infected sheep.

The IFN-y test was the first assay to detect sensitisation in sheep orally
challenged with the primary tissue isolate of M. paratuberculosis. The time at which
the increased IFN -y production became pronounced appeared to correlate to the dose
7

rate used for infection. In Experiment II, where two doses of 5 x 10 cfu were used to
challenge the animals and resulted in increased IFN-y production at eight months post
challenge, compared to controls (Figure 2.8). In contrast, Experiment III animals,
9

which were challenged with four doses of 1 x 10 cfu showed increased IFN-y
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production by three months post challenge (Figure 2.22). The observation in this
study of an early IFN-y response followed later by antibody and LT responses is
comparable to previously published data on the kinetics of immune reactivity to M.
paratuberculosis infections in cattle and goats (Storset et al. 2001; Waters et al.

2003). The early detection of M paratuberclosis infection using the IFN-y assay has
been reported in published literature to identify more subclinically affected animals
than the antibody ELISA (Billman-Jacobe et al. 1992; Reddacliff and Whittington
2003).

Unchallenged control animals in Experiment II and III showed increased
immune reactivity between 8-15 months into the experiment. The most logical
explanation was that the sheep may have been exposed to high numbers of
environmental mycobacteria associated with seasonal changes and feeding rotations
in the winter- spring period (September- October).

The Experiment II infection studies which used the W cultured strain (W -0)
challenged sheep showed that high LT and IFN-y responses could be observed two
months post challenge (Figure 2.4 and 2.8). While the LT response remained strong
(Figure 2.3) throughout the remainder of the study, the IFN-y levels dropped to low
levels five months after challenge (Figure 2.8). Surprisingly the serum antibody
levels in animals exposed to the cultured strain W challenged sheep remained at
background levels

(Figure 2.6). The protective immune response to M.

paratuberculosis is considered to require a strong CMI reactivity and low levels of

antibody (Chiodini 1996). Although three of the animals challenged with strain W
were culture positive (one of which was histology positive at necropsy) they had
similar immune profiles to the remainder of the group that were uninfected.
9

Challenge of sheep with increased doses (12 doses of 4 x 10 cfu) of strain W failed
to establish infection or disease related histopathology in any of the animals
(Appendix 2: Table A2). A similar immune profile was seen in the high dose strain W
challenged animals as observed in Experiment II challenged sheep, with an initial
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strong LT response two months post challenge (Appendix 2: Figure A2). This
challenge appears inadvertently to have acted as an oral vaccine rather than cause
experimental infection or disease.

The immune responses seen in animals challenged by the intratonsillar route
(JD3-IT) were higher overall than that found in the orally challenged (JD3-0) group
(Figures 2.4, 2.6 and 2.8). The moderate numbers of organisms (5 x 107 cfu)
introduced directly onto a mucosal surface of the tonsillar crypt could cause direct
infection of the draining lymphatics (retro-pharyngeal lymph node) with systemic
spread to the gut and associated increased immune reactivity. This contrasts with oral
challenge where a large amount of the infectious dose would pass straight through the
gut and not infect the gut mucosa. Published data shows that different routes of
experimental challenge result in different patterns of immune reactivity. Intravenous
and intra-tracheal challenged animals produce increase serological titres compared
with animals exposed orally (Merkal et al. 1968a). Delayed type hypersensitivity skin
test reactivity in lambs inoculated intra-tracheally was greater than that seen in orally
challenged animals (Merlcal et al. 1968a). This suggests that while the use of different
routes of infection may result in Johne's disease, it can alter the resulting
immunological profiles. Because the intratonsillar challenge route is technically
demanding and produced more florid immune responses, it was decided to continue
with the oral route of experimental infection, as it may more accurately reflect the
natural route of infection.

A study of patterns of immune reactivity of gut associated lymphoid tissues
showed that the infected sheep examined in detail in the Experiment II infection study
had low to moderate levels of CMI responses from the gut (both intestinal mucosal
tissues and associated lymph nodes) as measured by LT and IFN-y assays (Figures
2.10 & 2.11). The infected animals examined in Figures 2.10 and 2.11 (JD3-0, JD3IT, W -0 challenged sheep), while showing histopathological lesions, were not yet
clinically affected as assessed by weight loss. The data obtained in this study was
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comparable to data obtained by Burrells et al (1998), where they established that cells
from the lamina propria and intestinal lymph nodes produced a lower immune
response than that seen from the blood. Difficulties in isolating sufficient sheep
lymphocytes from the lamina propria meant that in later studies this population of
cells were not examined.

The animals challenged in Experiment II (JD3-HD-O) that developed disease
produced strong LT reactivity in peripheral tissues (blood, spleen and prescapular
lymph node) (Figure 2.15). By contrast, lower IFN-y levels were seen in the blood
and prescapular lymph node samples (Figure 2.16). These finding are at variance with
the data published by Gwozdz & Thompson (2002) which suggest that the
prescapular lymph node cells could be used as a tissue for diagnosis of disease using
the IFN-y assay (Gwozdz and Thompson 2002). This anomaly may be due to
methodological differences, where Gwozdz & Thompson (2002) found that a 48 hour
incubation of the purified mononuclear leucocytes with antigen produced optimal
results. A 24 hour incubation protocol was used in this study because this was found
to be the optimal time for IFN-y production with gut associated lymph node cells.

Eight of the nme experimentally challenged (JD3-HD-0) sheep that
developed disease (Figures 2.15 - 2.20) and had representative lymphatic tissues
examined in detail ex vivo, had large numbers of AFOs, while one had moderate
numbers. All nine sheep had grade six pathology along with large numbers of AFOs
indicating that all the animals had multibacillary type Johne's disease. Previously
published data suggests that sheep with multibacillary disease do not produce large, if
any, CMI responses (Clarke et al. 1996a; Clarke and Little 1996; Burrells et al. 1998;
Burrells et al. 1999; Perez et al. 1999). These findings do not correlate with the
results obtained in the present study. The mean peripheral blood LT response at
necropsy from the experimentally challenged diseased sheep had a stimulation index
(SI) of 18 compared with Burrells et al (1998) findings, where naturally infected
(multibacillary) animals had a SI of2.7. Burrells et al (1998) findings showed a SI of
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1.5 for mesenteric lymph node cells while in this experiment the SI for the different
gut lymph nodes ranged from 3 - 9.5. There are two possible reasons for this
difference; the first, in this study experimentally challenged sheep were used and the
animals were electively culled before chronic disease was established. Had the
animals been left longer in the current study, it is conceivable that the CMI response
may have been reduced further. The second reason could be that Burrells et al (1998)
sampled one section of the mesenteric lymph node, whereas the results from the
present study established that different regions within the mesenteric lymph node
gave dramatically different immune responses.

Multibacillary lesions have also been linked to strong antibody responses
(Clarke and Little 1996; Perez et al. 1997). The Experiment II animals with lesions
produced the highest levels of antibody around the time of onset of clinical disease
symptoms (as measured by weight loss) 11 months post infection. At that time both
the IFN -y or LT responses had peaked. The antibody levels dropped as the disease
progressed possibly due the elective culling of clinically affected sheep. By
comparison CMI levels for both LT and IFN-y dropped more rapidly than the
antibody levels.

Monitoring individual lymphatic subpopulations in diseased animals showed
some interesting findings. Other researchers have observed that clinically diseased
animals have lower numbers of CD4+ T cells and that as a result there is a reduction
in the CMI response (Chiodini and Davis 1993; Koets et al. 2002). In the present
study, with the exception of peripheral blood, the mean percentages of CD4+ T cells
were significantly lower in the lymphatics of diseased animals than in the
unchallenged controls (Figure 2.17). From the group of diseased animals examined
with severe lesions in the posterior jejunal lymph node, the IFN-y assay (Figure 2.13)
showed significant differences between the gut tissues, where the posterior JJLN cells
had higher IFN-y responses than the other regions of the jejunal lymph nodes. A
similar pattern was observed in the lymphocyte transformation results (Figure 2.12).
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This suggests that the specific immune response associated with Johne's disease
appears to be greatest at the site of the most severe lesions in the gut lymph nodes.
This localised increase in Johne's specific CMI response can be loosely correlated to
the number of CD4+ T cells seen within the gut lymph nodes. While there were no
statistically significant differences between the percentage of CD4+ T cells in the gut
lymph nodes, there was a trend that the highest numbers of CD4+ T cells were seen in
the posterior JJLN, where the CMI response was highest (Figures 2.12, 2.13, 2.14,
2.15, 2.16 and 2.17). This may indicate that theM. paratuberculosis reactive CD4+ T
cells from within the gut or peripheral lymphatics migrate to the more severely
infected sites (post JJLN), in an attempt to contain the infection (Mackay 1992;
Mackay 1993; Bradley and Watson 1996; Meeusen 1998; Mackay 2000). The
increase in CD4+ T cell could also be explained by clonal expansion of the cells
through antigenic activation in the severely affected lymph node.

The explanation for increased levels of IFN-y seen in gut lymph nodes is that
these tissues contain larger numbers of Johnin reactive CD4+ T cells. However the
number of CD25+ T cells (activated T cells) present in these tissues did not increase
(Figure 2.14), as would be expected if a large number of Johnin reactive CD4+ T cells
had proliferated in, or trafficked into the lymph node with the most severe disease.
This indicates that other cell populations may be responsible for some of the
increased IFN-y production. Histological analysis of multibacillary diseased tissues
show an increase of infiltrating macrophages (Clarke and Little 1996; Little et al.
1996; Turner 2003), which could be responsible for the increased IFN-y production in
gut tissues with severe lesions (Stabel 2000; Weiss et al. 2002). Unfortunately
macrophages were not examined by FACS analysis in the present study due to a lack
of a suitable monoclonal antibody. Another explanation is that CD25 expression on T
cells in vivo can be transient after antigen stimulation (Roman et al. 2002; Mempel et
al. 2004). Although the studies of Memple et al (2004) and Roman et al (2002) only
investigated acute infections or antigen stimulation. In chronic infections such as M.
paratuberculosis CD25 expression is variable over time (Storset et al. 2001). Serial
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blood samples taken from subclinically infected goats stimulated in vitro with PPD
generally show a decrease in CD25 expression on CD4+ T cells as the disease
progresses in some animals (Storset et al. 2001 ).

The role of CD4+CD25+ T reg cells in M paratuberculosis infection of
ruminants still has yet to be elucidated. While this population was not examined
specifically in this study, the number of CD25+ cells was decreased in the diseased
animals. It is possible there is a loss of the T reg cells as the disease progresses in
sheep as has been observed in inflammatory bowel disease mouse models (Martin et
al. 2004). The increased proportions ofCD25+ cells seen in the immune animals may
be due to the y8 T cell subset WC1 which is found to have increased CD25+
expression in the early stages of mycobacterial infections (Kennedy et al. 2002),
which again may be playing a regulatory role in the intestine.

Another notable difference between the

diseased animals

and the

unchallenged controls was the significant reduction in the proportion of CDS+ T cells
(Figure 2.1S). The numbers of CDS+ T cells in the intestines of sheep with
multibacillary lesions have been reported to be reduced (Little et al. 1996). However
studies in cattle and goats have indicated either an increase in the CDS+ T cell
population of the lymph nodes with increased lesion severity (Navarro et al. 199S) or
no change (Koets et al. 2002). The reduction in the percentage of CDS+ T cells
observed in the present study and that of Little et al (1996) could have been due to the
infiltration of other leucocytes such as macrophages, which make up a large part of
the multibacillary lesion (Little et al. 1996).

The proportions of y8 T cells and B cells did not change significantly between
the diseased sheep and the unchallenged controls. Gamma delta T cells have been
shown to be reactive to mycobacterial antigens and can downregulate the function of
CD4+ T cells (Chiodini and Davis 1992), while CDS+ T cells can downregulate y8 T
cell function (Chiodini and Davis 1993). The low numbers of y8 T cells observed
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from the gut associated lymph nodes suggest that this cell population play a minor
role at this site. This is unlike the intestine Uejunum and ileum) where the y8 T cells
are present in large numbers (Koets et al. 2002) and are thought to play an active role
in the immune response toM. paratuberculosis infections (Chiodini and Davis 1992;
Chiodini and Davis 1993; Little et al. 1996). The B cell population did not change
from the blood or the intestinal lymph nodes or between the unchallenged controls
and the diseased sheep. Multibacillary lesions are associated with strong antibody
responses (Clarke et al. 1996b) (Perez et al. 1997) and from this it might be expected
that the number of B cells from clinically diseased animals would increase as has
been seen in cattle (Waters et al. 1999).

Vaccination
Previous vaccination trials have shown a reduction in the prevalence of
clinical disease (1%-8%) (Sigurdsson 1960; Cranwell1993) but infection still persists
in vaccinated animals. An ideal vaccine would either generate sterile immunity or
help the animal contain the infection so there is no horizontal spread. Most of the
current M. paratuberculosis vaccines use mineral oil adjuvants to evoke more active
immune responses. Adjuvants used range from mineral oil (Sigurdsson 1960) to a
mixture of liquid paraffin, olive oil and pumice powder (Saxegaard and Fodstad
1985). Vaccination with these strong adjuvants often leads to lesions at the site of
vaccination (Windsor et al. 2002). While they invariably result in a strong CMI
response, there is an overlay with an equally strong humoral response (Garcia Marin
et al. 1999). The most likely protective response to mycobacterial infections would be
an exclusive CMI response, with no humoral reactivity (Orme et al. 1991).
Hypothetically the immune response resulting from ideal vaccination should
comprise of a strong IFN-y and LT reactivity with no antibody, both hallmarks of a
Type 1 response.
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The key attributes of a good vaccine, other than protection from infection is
that it should manifest few side effects and not affect farm production. None of the
vaccines tested in this study appeared to interfere with weight gains made by the
sheep. This observation is in agreement with similar studies where no changes were
observed in weight gains or wool production following vaccination of sheep
(Windsor et al. 2002).

Immune responses to two commercial vaccines were examined in Studies I
and II, to chart qualitative aspects of immunity in vaccinated sheep. The vaccines
used were Neoparasec™ (live 316F in a mineral oil adjuvant) and Gudair™ (killed
316F in a mineral oil adjuvant). The results show the Neoparasec™ and Gudair™
vaccines both evoke strong peripheral immune responses, which comprised of both
CMI and humoral reactivity. The Neoparasec™ vaccine produced qualitatively
different responses from the sheep in the two trials in which it was tested. In Study I,
seven months after N eoparasecTM vaccination of the sheep, the LT reactivity doubled
(Figure 3.2), whereas this was not seen in Study II (Figure 3.5). This could have been
due to the sheep being exposed to environmental bacteria resulting in the increased
reactivity seen after seven months in Study I (Figure 3.2).

The Johne's specific IFN-y production from Neoparasec™ vaccinated sheep in
these trials demonstrated differences from previously published results (Garcia Marin

et al. 1999). In this series of experiments (Figure 3.7) the IFN-y levels peaked 2-3
months post vaccination while Garcia Marin et al, (1999) observed a gradual increase
peaking at one year post vaccination. Garcia Marin et al, (1999) also suggested that
the Gudair™ vaccine can stimulate a greater IFN-y or cellular response in lambs than
Neoparasec™ (Garcia Marin et al. 1999). This was not confirmed in the present
study, where the IFN-y and specific antibody levels from Gudair™ vaccinated sheep
were similar to those produced by Neoparasec™. This again may be due to numerous
factors including differences in sheep breed, batch differences of the vaccine used, or
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exposure to environmental mycobacteria such as M paratuberculosis or M. avium
subsp avium. Nonetheless, variations seen in the immune readout from different trials
suggest caution in interpreting any one experimental finding as definitive.

Specific antibody responses in sheep vaccinated with N eoparasec ™ or
Gudair™ in Study II were first seen one month after vaccination of the sheep, with the
levels rising again at ten months post vaccination (Figure 3 .6). In the study of GarciaMarin et al (1999), maximum antibody levels were recorded from 60-120 days post
vaccination using Neoparasec™ in sheep.

The Study I N eoparasecTM vaccinated sheep show weak gut associated
immune reactivity with responses that were rarely different from unvaccinated
controls (Figures 3.3 and 3.4). There were greater immune responses to vaccination in
the peripheral lymphoid cells than the gut associated tissue cells. The immune
response from the lymph node (prescapular) cells, of the lymphatics draining the site
of vaccination was lower than seen from peripheral blood; this could be due to
activated T cells leaving the lymph node (Valheim et al. 2002) and becoming part of
the circulatory immune system. It also may relate to the fact that subcutaneous
inoculation with vaccine caused widespread activation of the peripheral lymphatic
tissue, through trafficking from the site of inoculation.

The use of killed rather than attenuated live vaccines is attractive because live
organisms are not released into the environment, nor is there any risk of reversion to
virulence as there is with attenuated vaccines. Reversion of attenuated bacteria (such
as 316F) to virulent forms could become a source of infection, since subcutaneous
injection of live virulent M paratuberculosis in calves has resulted in disease (Larsen

et al. 1977). The Gudair™ vaccine, a killed vaccine, gave a similar response in
animals to that seen in the Neoparasec™ vaccinated sheep, with a strong CMI and
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humoral immune response. The LT response however was considerably lower in the
Gudair™ vaccinated group of animals than Neoparasec™ vaccinated sheep.

The Study III vaccination trial examined the efficacy ofNeoparasec™ vaccine
in sheep challenged with M. paratuberculosis. The Gudair™ vaccine had not been
commercially released in New Zealand at this time so it could not be examined. The
Neoparasec™ vaccine appeared to provide significant protection in the sheep, where
only 25% of vaccinated animals developed lesions, as measured by histology
following infectious challenge, compared to 75% of unvaccinated controls (Table
3.7).

As a companson with proprietary live and killed adjuvanted vaccines
containing strain 316F M paratuberculosis, we chose to examine the performance of
live bacteria (316F) formulated without the oil adjuvant but mixed in an aqueous
saline solution. This enabled a comparison of the immune responses to different
formulations of 316F and their possible protective efficacy. The vaccination of sheep
with low dose ( 106 cfu of 316F) vaccine did not produce any response above that
seen in the unvaccinated controls. Aqueous high dose vaccine (1 08 cfu of 316F) used
in the sheep over two successive trials showed variable responses. In study I, low to
moderate responses were recorded from the intradermal skin test and LT assays,
while the study II Aqueous vaccinated sheep produced very little immune response.
The Aqueous vaccine has been used previously in deer and has resulted in a strong
CMI responses (Mackintosh et a!. 2001). The reason for the inconsistencies m
immune profiles seen between the two studies is unknown. The lack of
reproducibility in the results indicate this vaccine formulation may not be suitable for
future work. Though there was some humoral response seen after use of Aqueous
vaccines in these studies, this is unlikely to be associated with protective immunity to
M. paratuberculosis. The gut associated lymphoid cells showed little immune
responsiveness to Johnin. The Aqueous high dose vaccinated animals showed
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responses in the peripheral lymphoid cells, especially the blood in the LT assay and
spleen for the IFN-y assay (Figures 3.3 and 3.4).

The study III trial (where the animals were challenged after vaccination)
confirmed the suspicion that the Aqueous vaccine provided very little protection
against disease. The Aqueous and Unvaccinated challenged animals had lesions in
80% and 75% of the sheep respectively. Immunologically the Neoparasec™
vaccinated lambs showed strong immune reactivity at the time of challenge, which
was not seen in the Aqueous vaccinated animals. The failure of the Aqueous
formulated vaccines to protect sheep against Johne's disease was not a surprise
considering the low levels of immune activation seen after vaccination. Unlike
commercial oil adjuvanted vaccines the Aqueous vaccines did not generate the level
of CMI responsiveness within one month of vaccination thought to be necessary for
protection. A new generation of vaccines is currently being trialed that uses a lipid
adjuvant formulation. To date the immune responses in these animals show strong
CMI reactivity with no humoral antibody (Data not shown).

Protective immunity to Johne's disease
Hypothetically protective responses have been associated with a strong CMI
response and no humoral response (Chiodini 1996). The data from the present study
showed that sheep protected from disease had strong CMI responses: good IFN-y and
LT reactivity, although they also produced elevated antibody levels. The animals that
were immune to infection (unvaccinated, Neoparasec™ or Aqueous vaccinated) all
had higher LT and DTH responses earlier following challenge than case matched
diseased sheep (Figure 4.2 and Table 4.2). The unvaccinated diseased (Uv-D) sheep
showed a stronger IFN-y and a higher antibody response at 12 months post infection
than was evident in the immune (Uv-I) animals (Figures 4.3 and 4.4). This indicates
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that while animals go on to develop disease they can have a late onset of mixed CMI
and antibody responses which are not protective and may be diagnostic for disease.

Sheep that were resistant to disease following Neoparasec™ vaccination
showed stronger CMI responses at the time of challenge than was seen in immune or
diseased animals vaccinated with the Aqueous vaccine or unvaccinated sheep. The
difference between the N eoparasec™ vaccinated animals that survived infection and
those developing disease was the significantly higher LT and DTH responses that
were evident in the non-diseased animals. The hypothesis of Gwozdz et al (2000) is
that infection with M. paratuberculosis can cause tolerance of the immune system by
down regulating expression of some cell surface markers required for immune cell
interactions (a hypothetical survival mechanism). The tolerance can be overcome by a
strong immune response developed early after vaccination thus giving protection
when challenged (Gwozdz et a!. 2000). From the data observed here the correct CMI
responses need to be activated via vaccination to give protection in sheep, because
even though a strong CMI response was shown from the N eoparasecTM vaccinated
animals that developed disease, it was not protective.

Vaccination of sheep against M paratuberculosis infection results in the
development of a significant peripheral immune response with a low number of
immune cells seeding to the gut as seen by the low LT and IFN-y responses. In
animals that clear the infection either with or without vaccination there are low levels
of immune reactivity within the gut lymphoid tissues. In contrast, animals that
develop disease appear to produce non-protective cell activation in the gut associated
lymphoid tissues. This results in the increased production of IFN-y and LT responses
and an associated change in the proportion of lymphocyte subpopulations in the gut
associated lymphoid tissues.

The most obvious difference in the proportions of lymphoid cells m the
tissues of immune (N eoparasecTM immune or Unvaccinated immune) animals and the
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other treatment groups (Diseased or Unchallenged) was the increase in proportion of
B cells from the immune sheep (Figure 4.12). Changes in the proportion of B cells
has been observed before, Begara McGorum et al (1998) found in the early stages of
infection (eight weeks post challenge) with M paratuberculosis, sheep have a lower
number of B cells in the gut associated lymphatics than control animals. In cattle with
clinical Johne's disease, the number of B cells increase in the blood, while the
reactivity of the peripheral blood B cells decrease (Waters et al. 1999). The increase
in proportion of B cells seen in this study, while associated with protection against M

paratuberculosis infection, may not be responsible for the effector pathways required
for immunity. Further examination of this B cell population from the protected sheep
is needed to determine if the cells are contributing to protection against disease.
The possible reasons for the increase in number of B cells in this study are numerous,
but it is lmow that without B cells in M tuberculosis infections of mice the infection is
three to eight fold worse (Vorderrneier et al. 1996). The first reason could be that
there is an increase in the proportion of activated B cells, although the expected
outcome of this would have been increased levels of antibody which was not seen.
The possible explanation is that there accumulation is a by product of protection and
they have no real function, this could have been caused by increased T reg cell
population and production of IL-l 0, IL-l 0 makes B cells long lived (Gary-Gouy et al.
2002). The third possibility is that B cells are acting as antigen presenting cells. In
vivo B cells can activate CD4+ T cells (Evans et al. 2000), this may be an alternative
presentation pathway due to down regulation ofMHC and LFA-1 on macrophages. B
cells acting as antigen presenting cells on the other hand can induce tolerance of
CD4+ and CD8+ cells either when in competition with other kinds of antigen
presenting cells (Evans et al. 2000). If the B cells are resting they have little or no
costimulatory activity and can also lead to tolerance (Evans et al. 2000). To find out
the role of B cells in the protective immune response to M paratuberculosis
infections in sheep many new reagents such as monoclonal antibodies will be needed.
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Although the immune sheep were aged 22 months at necropsy, there may not
have been enough time to assess the final disease outcome. Natural disease
progression usually occurs over 2-5 years, some of the sheep surviving at the end of
these studies may have yet gone on to develop clinical disease. Because of this long
lag phase between challenge and disease progression, identification of truly immune
or protected animals may never be possible.

As with all mycobacterial diseases the protective immune response to Johne's
disease fits within the Type I vs Type 2 paradigm (Figure 5.1) (Chiodini 1996; Little

et al. 1996; Clarke 1997). After the initial infection with M paratuberculosis, the
mycobacteria seem to activate CD4+ T cells of the Type I pathway (Burrells et al.
1999) resulting in the early induction of the CMI response observed.
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Figure 5.1: The immune paradigm in relation toM. paratuberculosis infections
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In all the cases of Johne's disease observed in this study there was a mixed
CMI and humoral immune response after the initial CMI response. The Type I vs
Type 2 paradigm only goes part way to explaining this mixed immunological

response. In ruminants the Type I vs Type 2 response may not be as mutually
exclusive as is usually seen in inbred mice strains. In cattle, polarised immune
profiles are rarely seen, with T cell clones expressing both IL-4 and IFN-y
simultaneously (Brown et a!. 1998; Estes and Brown 2002). It is possible that after
the initial interactions of the macrophage and T helper cells a CMI response is
activated. As the bacteria continue to survive and establish infection a Type 2
response is initiated by alternative regulatory pathways, which overwhelms the CMI
response.
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Conclusions and future work.
Exposure of animals to M. paratuberculosis can result in the establishment of
infection, disease or immunity. Although all diseased animals have histopathological
lesions in the gut, the lesions may be grouped into two main types. Paucibacillary
(tuberculoid) lesions are associated with increased CMI (Figure 5.2) Immune
response (Clarke and Little 1996; Perez et al. 1996) that appears to generate
hypersensitivity reactions within the gut mucosa and associated lymphatics.

TH2

TH1

Immune

Multibacillary
Disease

TH2

Paucibacillary
Disease

Figure 5.2: The Thl and Th2 profiles that are measured from animals with three
outcomes of M. paratuberculosis infection. The immune animal has a controlled
CMI response and a minimal Th2 response. Multibacillary diseased animals have a
mixed CMI and humoral response. Animals with paucibacil/ary disease have
hypersensitive CMI response with little humoral activity.
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Paucibacillary lesions typically contain small numbers of acid fast organisms, have a
higher number of CD4+ and CD8+ T cells and proinflammatory Type 1 cytokines
(Figure 5.1) (Perez et al. 1999). Pathological damage is thought to be caused by the
large lymphocytic infiltrate into the lesion (Little et al. 1996). This results in the
thickening of the intestinal mucosa that leads to weight loss and clinical disease.
Though paucibacillary lesions were not examined in the present study. Multibacillary
lesions appear to be associated with a switch to an inappropriate humoral immune
response (Figure 5.2). Multibacillary lesions are associated with large numbers of
AFOs, with a reduction in the number of CD4 + T cells and an increase in the number
of macrophages present (Clarke and Little 1996; Perez et al. 1996). The lesions are
associated with mixed Type 1 and Type 2 cytokine production (Figure 5.1) (Clarke et

al. 1996a).

A successful infection model should result in disease in a large proportion of
challenged animals, and have defined times when infection and disease can be
accurately measured post challenge. The development of a robust infection model for
Johne's disease was the major goal of this work. The development of an immune
response 6-9 months post challenge with M paratuberculosis in sheep that survived
the infection and did not develop histological lesions, indicates that the emergence of
an immune response and the resulting clearance of the organism from the host does
not occur immediately post challenge (Figure 5.3). Lesions may even develop in the
animals that remain subclinical (as was seen in two sheep that survived 22 months
after challenge). The optimal model for the development of clinical disease as
8

suggested by the results of this study consists of four oral inoculations of 5x10 cfu
tissue homogenate M. paratuberculosis, given at intervals of two to three days apart.
This infection model will result in infection with recoverable organisms at nine
months post challenge, histological lesions at ten months post challenge and clinical
disease at 11 months. The model used will ultimately depend on what the individual
researchers are investigating, subclinical infection and development of lesions rather
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than progressiOn to clinical disease may reqmre a lower infectious dose of M

paratuberculosis.

Multibacil/ary lesion
(Mixed Th1 & Th2)
Numbers
of
M.ptb
in tissue
Paucibacillary lesion
(Th1>Th2)
Protective- no lesions
(Th1 Effector)

0

6

Sterile immunity
(Th1 memory)

Time post infection (months)

Figure 5.3: Hypothetical outcomes of M. paratuberculosis infections in sheep.
Multibacillary lesions result in large number of AFOs, while paucibacillary lesions

have a small number of AFOs. Immune animals without lesions may either have
sterile immunity to M. paratuberculosis infection or remain infected at undetectable·
levels.

Further studies are needed to determine the changes in the immune response that
occur in the period between challenge and nine months, in the establishment of
infection, disease or protection. For studies on vaccine efficacy, unless the vaccine
can create sterile immunity, the animal model will be required to show that
histopathological lesions can be attenuated to prove a reduction in disease.
Vaccination in some cases may only slow the onset of disease in experimentally
challenged sheep, so animals may need to be left longer than the 9-10 months; the
earliest time at which microscopic and macroscopic lesions are evident in
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experimentally challenged animals (Experiment III). It is important to determine if
the surviving sheep remain infected with M. paratuberculosis for the remainder of
their life. If animals remain infected, it is necessary to determine what proportion
develop clinical Johne's disease subsequently.

The challenge with W strain M paratuberculosis gave an unexpected result of
very little infection and no disease in the sheep challenged. The immune profile of the
W strain challenged sheep was also very different from that seen in the JD3
challenged sheep with a strong IFN -y and LT responses within one month of
challenge and very little antibody. These immune responses coupled with the low
rates of infection indicate the W strain may be acting as an oral vaccine. A future
study could investigate this further by first seeing if animals challenged with strain W
develop disease, this may mean holding the sheep until they are seven to eight years
?f age. A study on the efficacy would also have to be completed. The safety of using
the W strain as a vaccine would also be an issue. If sheep vaccinated with live strain
W shed the organism into the environment it will not be widely accepted, it could
also create other problems such as the strain reverting to its original pathogenic form
and cause disease.

The immune responses measured in the different infection models used in this
study showed the expected early CMI reactivity, followed by a later mix of CMI and
humoral responses. Variability in immune reactivity seen in the different infection
trials was especially evident in the autumn to spring period, when even unchallenged
animals produced immune reactivity to M. paratuberculosis antigens while other
experimental challenges did not. Variations in immune profiles were also seen in
sheep vaccinated with Neoparasec™ or Aqueous vaccines in successive studies.

Results from the present study confirmed the findings of earlier studies in
diseased sheep (Little et al. 1996) that the number of CD4+ T cells is significantly
reduced in multibacillary lesions. While there was a reduction in the proportion of
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CD4+ T cells there appeared to be mixed necrotising CMI and humoral responses in
gut associated lymph nodes. There was a correlation between the number of CD4+ T
cells in the gut lymph node of a diseased sheep and the CMI response recorded from
the lymph node. When the number of CD4+ T cells was high, there was a
correspondingly large CMI response. The strongest Johne's specific CMI responses
were seen in tissues with the most severe lesions, which infers that the overall
effector activity of these cells had limited protective efficacy. Further investigations
could be carried out to find the proportion of CD4+ T cells that are activated or
reactive to M. paratuberculosis antigens and which cell populations are responsible
for in vivo IFN-y production.

The increase in the proportion of B cells seen in the protected animals was
surprising. Previously B cell numbers and antibody production have been shown to
increase (Waters et al. 1999) in clinically diseased cattle. While an increase was seen
in the antibody levels from the clinically infected sheep in this study there was no
significant change in the number of B cells in gut associated lymphoid tissues or
blood of diseased animals. How B cells could play a role in the protective immunity
of the sheep to Johne's disease remains an enigma. Further examination of this
phenomenon could help in the evaluation of the role, if any B cells play in immunity
to experimental M paratuberculosis infection. Further examinations could include
immunohistochemical analysis of tissues from animals at different stages of infection
and disease. Examination of the activation status of the B cells isolated from
surviving animals.

The immune response to M. paratuberculosis infection is an evolving process,
with continual changes in the read out of different immunological parameters as
infection progresses. The results from this study show some experimentally infected
animals may survive infection and express constitutive resistance to infection. At the
other extreme a proportion of the animals develop disease relatively early (nine
months) and may represent a susceptible subgroup. Immunologically the difference
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between an animal that has a protective or ineffectual response to infection may be
very small and difficult to detect reliably in one-off immunological tests. A
significant challenge for future studies is to develop in vitro tests that are predictive
for immunity, infection or disease. Considering the prolonged interval between
infectious challenge and the establishment of infection (2-6 months) or disease (nine
months) more detailed work is needed to chart immunity throughout this period.
Considerable time, effort and expertise will be required to fill the major gaps that
exist in the understanding of the definitive immunological responses to M
paratuberculosis infection. The current studies represent a beginning, which if

extended may clarify some of the strands that give such diverse colour to the tapestry
of M. paratuberculosis infection.
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Appendix 1
Reagents and solutions

Lymphocyte transformation assay
Phosphate buffered saline (PBS): 8g NaCl + 0.2g KCl + 1.135g Na2HP0 4 + 0.2g
KH 2P04 make up to one litre with deionized water.

RPMI: 10.39g RPMI (Gibco 1640) + 4.77g Hepes + 2g NaHC0 3 made up to 1litre
with deionized water
All RPMI had gentamicin and L-Glutamine added at 40mg/L

RPMI with L- Glutamine added= RPMI + 0.58g ofL-Glutamine

ELISA
Carbonate Buffer: 1.59g Na2 C0 3 , 2.9g NaHC0 3 and 1 litre of deionized water

Wash buffer: PBS+ 0.05% tween 20.

Substrate Solution: citric acid + N aHP0 4 + a-phenylenediamine dihydrochloride
(OPD; Sigma) + HzOz

FACS
FACs buffer: 95 mL ofPBS + 5 mL FCS + 0.2 gm of sodium azide

1% paraformaldehyde: 1 gm paraformaldehyde in 100 mL of PBS
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Appendix 2

Route of
infection
Oral

Strain of organism

Dose

Number of doses

w

2 x 10, CFU

3 daily doses

lOY CFU

12 daily doses

Age at challenge Interval from challenge
Gross
to necropsy
pathology
3 months
6 or 10 months
0110

Histology
(+)
015

Culture
(+)
0/10

(continuously
passaged)
Oral

w

4

X

3 months

6 or 10 months

0/9

0/5

0/9

(continuously
passaged)

Table A2: Results from an expenment usmg high doses of stram W

A separate experiment was carried out along side Experiment I (Chapter 2) to examine the effect of increasing the challenge dose
of strain W M. paratuberculosis. The results show that (Table A2) none of the challenged animals became infected. The
lymphocyte transformation assay profile is shown on page 167.

153

60000

--+- M. ptb challenged

50000

- - - Unchalleged

40000
I:

c.. 30000

u

20000
10000
0
Dec
-1

Feb

Apr

3

Jun

Aug

Oct

5

7

9

Dec
11

Months post challenge

Figure A2: Mean lymphocyte transformation response in
9
cfu) challenged
high dose strain W (12 doses of 4x10
sheep compared to unchallenged controls

Feb Date
13

154

Appendix 3
An extract from the thesis (Bachelor ofMedical Science) ofDylan Turner, shown
with his permission

Grading and classification:
A set of paired slides was obtained for each animal, one was stained with H&E and
the other with using the Zheil Neelson (ZN) method. Each slide contained two serial
cross sections of intestinal mucosae, adjacent mesentery and draining regional
lymph node from each designated section of small intestine. A standard protocol was
used to view the slides (Carbonell, 1998).

Scan the entire H&E section at 40x magnification for 5 to1 0 min. Particular attention
was paid to the Peyer's patches lymphoid tissue when they where present in a
section, as this is believed to be the site of primary infection (Momotani et al, 1988).
Appropriate areas of the ZN section were then searched at 400x magnification for a
further 5 to 10 min. The slides were viewed in reverse anatomical order starting at
the ICVIICLN section and proceeding proximally to the AntJJ/AntJJLN section.

The pathology was graded subjectively by one observer (DJT) and recorded as one
of 5 groups based on the severity and distribution of lesions within selected tissues.
The presence of Acid/Alcohol Fast Organisms (AFOs) was also semi-quantified into
6 groups. Other histological features noted when present were: Villus thickening
and/or atrophy; extent of infiltration by lymphoid cells, eosinophils, neutrophils,
Langhans-type giant cells and epithelioid macrophages; number of AFOs (Carrigan
and Seaman, 1990). The number of germinal centres, presence of foreign bodies,
non-granulomatous inflammatory infiltrates such as acute neutrophilic or eosinophilic
infiltrates suggesting some other pathology, and the presence of mesenteric
granulomata were also noted.

155
Grade 0 (Figure 5):
No visible granulomatous lesions (NVL) within intestinal mucosae or lymph node.
No acid/alcohol fast organisms present.
No thickening, fusion or atrophy of intestinal villus.
No significant mesenteric or lymphatic pathology.

Figure 1. Ileum mucosae from a sheep. Note the
peyer's patch lymphoid tissue on the left side of the
photo and the normal thickness of the intestinal
villus. A terminal lymphatic duct is also labelled.
H&E. X 40.
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Grade 1 (Figures 6 and 7):
1) Focal, contained granulomata within the Peyer's patch lymphoid tissue OR the
Lamina propria only. Isolated focal granulomata composed of epithelioid
macrophages in cortex of lymph node.
2) Mild thickening of intestinal villi.
3) No caseous necrosis.

Figure 2. Grade 1 pathology seen from the ICV of an
experimental sheep. Focal granulomata can be seen
in peyer's patch lymphoid tissue only. H&E. x 40.
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Figure 3. Grade 1 pathology taken from a naturally
infected deer. Focal granulomata can be seen in
peyer's patch lymphoid tissue only. H&E. x 40.
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Grade 2 (Figures 8, 9 and 10):
•

Focal contained granulomata within the Peyer's patch lymphoid tissue with local
extension into the surrounding lamina propria. Widespread focal granulomata
composed of epithelioid macrophages throughout cortex of lymph node.

•

Mild-moderate thickening fusion or atrophy of intestinal villi.

•

No caseous necrosis.

Figure 4. Grade 2 pathology taken from an
experimentally infected sheep (1600). Numerous
granulomata are seen within Payer's patch lymphoid
tissue and the lamina propria. H&E. x 40.
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Figure 5. Grade 2 pathology taken from an
experimentally infected sheep. Note the granulomata
composed of epithelioid macrophage within the
lymphoid tissue and within the lamina propria. The
intestinal villus are also mildly thickened. H&E. x 40.
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Figure 6. Grade 2 pathology taken from a naturally
infected deer. Focal granulomata can be seen within
Peyer's patch lymphoid tissue and also within the
lamina propria. A large degree of villus thickening
can be seen at the top of the photograph. H&E. x 40
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Figure 7. Grade 3 pathology taken from an
experimentally sheep. A diffuse granulomatous
infiltrate composed of epithelioid macrophage can be
seen within the lamina propria causing varying
degrees of villus thickening. Granulomata are also
present in the lymphoid tissue and submucosae.
H&E. X 40
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Figure 8. Grade 3 pathology taken from an
experimentally infected sheep. The villus are
markedly thickened due to the granulomatous
infiltrate. H&E. x 100.
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Figure 9. Grade 3 pathology taken from an
experimentally infected sheep (1600). The lamina
propria contains numerous epitheioid macrophage
with highly eosinophillic cytoplasm and indistinct cell
borders. Foci of neutrophil polymorphs can also be
seen. H&E. x 400.
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Figure 10. Grade 3 pathology taken from an
experimentally infected deer. A diffuse
granulomatous infiltrate composed of macrophage
and lymphocytes fill the lamina propria and
underlying submucosae. H&E. x 40.
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Figure 11. Grade 3 pathology taken from an
experimentally infected deer. This photo shows the type
of granulomatous infiltrate commonly seen in deer. Note
the morphological differences between the macrophage
seen in this photo with the epithelioid macrophage seen
in sheep (Figure 8.). H&E. x 400.

