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Introduction — The Many Hosts of
Mycobacteria: An Interdisciplinary
Approach to Understanding
Mycobacterial Diseases

Christine Sizemore,* Karen Lacourciere and Tina Parker
National Institutes of Health, Bethesda, USA

Mycobacteria have been associated with human
and animal disease for millennia. In particular,
tuberculosis (TB) continues to cause significant
human morbidity and mortality worldwide.
The discovery in 1882 of the tubercle Bacillus,
Mycobacterium tuberculosis, by the German
physician and microbiologist Robert Koch was
met with great enthusiasm as it defined the
infectious nature of the disease. By 1915, a col-
laboration between the physician Albert Cal-
mette and the veterinarian Camille Guérin
resulted in the development of an attenuated
strain of the bovine tubercle Bacillus, Mycobac-
terium bovis, that later became the basis of the
Bacille Calmette-Guérin (BCG) vaccine, which
is one of the most widely used childhood vac-
cines in the world. This discovery is a wonder-
ful example of how, for centuries, collabor-
ations among multiple scientific disciplines
have positively impacted the control of infec-
tious disease.

Since 2007, scientists from the United States
Department of Agriculture’s Agricultural
Research Service (USDA, ARS), the Albert
Einstein College of Medicine (AECOM) and
the National Institute of Allergy and Infec-
tious Diseases (NIAID) of the National Insti-
tutes of Health (NIH) have been convening

* E-mail: csizemore@niaid.nih.gov

the workshop Many Hosts of Mycobacteria. The
workshop was founded on a principle of
cross-disciplinary inclusion and the belief
that by bringing together all members of the
mycobacterial research community we could
achieve a better understanding of mycobac-
teria and the diseases caused by them, and
thus contribute to knowledge and the devel-
opment of products to improve global health.

When researching a human infectious dis-
ease, experimental animal models are often
employed to create or test hypotheses. How-
ever, the study of natural infections in animals,
and the information that can be gained from
them, is often overlooked. The knowledge
that can be obtained by determining mechan-
isms that drive host specificity for related
pathogens, as well as understanding disease
transmission and differences in disease pro-
gression and presentation for the same patho-
gens in different hosts, can enhance our
understanding of human disease. Focusing
only on human disease also neglects the role
of wildlife, livestock and other peri-domestic
animals in transmission of infectious diseases.
By bringing together a multidisciplinary team
of leading scientists studying mycobacterial
infections in humans and animals, Many Hosts

XV
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of Mycobacteria created a venue for sharing
knowledge about the spectrum of mycobacter-
ial diseases, exploring host-pathogen variability,
and understanding what the commonalities and
differences in disease presentation and host spe-
cificity teach us.

Promoting discussion among experts in
scientific disciplines that traditionally do not
interact has resulted in the critical evaluation
of mycobacterial infections in natural and
artificial hosts and the identification of areas
of mutual interest and collaboration. Participants
in the workshop span from basic scientists to
clinicians, animal modellers and product de-
velopers to individuals with zoological and
wildlife expertise to cover the breadth of known
species of mycobacteria and the various hosts
that harbour them.

Many Hosts of Mycobacteria was initially
driven by the TB research community’s need
to better understand and interpret the results
of studies of candidate vaccines against human
TB that were tested in a variety of animal
species — cattle, non-human primates, guinea
pigs and mice. Different animal models are
useful for understanding particular aspects of
human TB disease, but not all of these ani-
mals are practical models for many research
needs because of size or cost. Initial discussions
focused on differences in the host immune
responses, but quickly evolved to include
perspectives on how the molecular and patho-
physiologic differences between various
mycobacterial pathogens can manifest with a
distinct host or tissue specificity and can be
exploited in experimental models. As the work-
shop progressed, it became clear that these
interdisciplinary discussions were providing
unique insights that could not be gained from
studying individual mycobacteria or hosts
alone. By comparing the similarities and dif-
ferences between each of the mycobacterial
pathogens and hosts, the participants gained
a better understanding of all mycobacteria.
The concept of ‘comparative mycobacteriology”
was born as a framework to evaluate disease
pathology and promises to contribute to dif-
ferent aspects of infectious disease research, which
could ultimately improve vaccines, diagnostics
and therapeutics for mycobacterial diseases
such as TB and leprosy.

Although the greatest need for development
of interventions for mycobacterial diseases is
to improve human health, there are also many
important applications for animals. Cattle are
often infected from wildlife reservoirs such as
deer, badgers or possums. Once an infection
in livestock is discovered, the entire herd is
typically culled, leading to considerable eco-
nomic losses. In resource-limited settings where
families are dependent on cattle for food and
income, infected animals are frequently not
culled and may lead to infection of humans
through the consumption of meat or milk.
A vaccine for cattle or the wildlife reservoirs
of mycobacteria may minimize these infec-
tions. Zoo animals such as elephants can
contract TB from their handlers. Colonies of
non-human primates that are used in research
are also affected by M. tuberculosis infection
resulting in the removal and loss of valuable
animals and research. A diagnostic that allows
earlier detection and isolation to prevent trans-
mission may be able to help protect these im-
portant animals.

The Many Hosts of Mycobacteria workshop
has fostered an interdisciplinary approach and
unique collaborations that benefit multiple
scientific communities. The sharing of ideas
and results across disciplines has allowed for
enhancement of research in M. tuberculosis,
M. bovis, M. leprae and other non-tuberculous
mycobacteria. Most of all, it has increased the
knowledge of researchers who are developing
vaccines, diagnostics and drugs to prevent,
diagnose and treat some of the oldest patho-
gens of man. This book serves to share the les-
sons learned from these workshops not only
within the mycobacterial community, but also
to a wider audience, as this approach may
benefit other fields of research.

About the Cover

Mycobacterial diseases affect humans, live-
stock and wildlife in all regions of the world.
Pathogenic mycobacteria can infect a wide
variety of species, passing between them in
complex webs of infection. We chose the cover
photograph to illustrate vividly the intimate
human-animal interface in a region of the



Introduction — The Many Hosts of Mycobacteria XVii

world (Sub-Saharan Africa) with a relatively
high prevalence of bovine and human tuber-
culosis, leprosy and Buruli ulcer. The intent of
the image is to capture the One Health essence
of mycobacterial disease research. The suck-
ling calf in the image demonstrates the role of
ingestion of non-pasteurized milk in Mycobac-
terium bovis transmission. The indigenous
Zebu cattle and Ethiopian tribesman portray
genetic and socio-economic factors affecting
control measures in diverse populations. In the
background, chickens (likely to be harbouring

M. avium) represent the confounding role of
non-tuberculous mycobacteria for develop-
ment of improved vaccines and diagnostic
tests. In addition, iconic wildlife species (e.g.
lions, elephants and rhinoceros) are native to
Sub-Saharan Africa and survival of these spe-
cies is hindered by chronic and debilitating
infections with tuberculous mycobacteria
species. (Photograph taken by Rea Tschopp
(Wildlife Veterinarian/Epidemiologist at the
Armauer Hansen Research Institute in Addis
Ababa, Ethiopia).)
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Plate 1. Mutational patterns associated with Rif resistance from sequences with known drug sensitivity, organized

according to phylogenetic relationships.



Plate 2. Crystal structure of the deazaflavin-dependent nitroreductase (Ddn) from Mtb with cofactor F420 (50). Despite
a wealth of knowledge on Ddn as an activator of these important drug candidates little biological information on their
physiological role has been obtained.

Plate 3. Large caseous lesion with cavitation in the lungs of a skin-test-negative alpaca with a cough and continuous
hiccups. No other symptoms. The photograph shows a liquefactive flowing abscess, devastating the lung tissue,
potentially resulting in highly infectious exhaled breath. (Photograph courtesy of James Barnett, APHA.)

Plate 4. Lesions of the tracheal mucosa in an apparently healthy, skin-test-negative alpaca euthanized as a direct
contact of a herd mate with a cough. The pale purulent matter in the centre of the ulcerated lining contains
Mycobacterium bovis. (Photograph courtesy of James Barnett, APHA.)

Plate 5. Parietal pleura of a llama with pearlescent lesions of tuberculous pleurisy. (Photograph courtesy of Tim
Crawshaw, APHA.)
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Plate 6. Multiple foci in llama mediastinal lymph node showing scattered caseous foci. (Photograph courtesy of Tim
Crawshaw, APHA.)

Plate 7. Dorsal view of the thoracic viscera of an alpaca showing grossly enlarged (20x) bronchial and mediastinal
lymph nodes almost completely with caseous material and containing Mycobacterium bovis. This alpaca was also
skin-test-negative with no outward symptoms other than ‘not his usual self’. (Photograph courtesy of James Barnett,
APHA.)

Plate 8. Tuberculous lesions on the mesenteric lymph node and wall of intestine (a), hepatic (b) and cranial
mediastinal (c) lymph nodes of a Mycobacterium bovis-infected dromedary in Ethiopia. (Photographs courtesy of BTB
Research Group — ALIPB — Addis Ababa University, Ethiopia.)



Plate 9. Lung from Elephant TB Stat-Pak®- and MAPIA-reactive African elephant. Trunk wash culture negative but
culture positive for Mycobacterium tuberculosis at necropsy. Miliary to confluent granulomatous pneumonia. Note the
variable appearance from granular to smooth and waxy or ‘lardaceous’. (Image taken by Susan Mikota.)

Plate 10. Lung from Elephant TB Stat-Pak®- and MAPIA-reactive African elephant. Trunk wash culture negative but
culture positive for Mycobacterium tuberculosis at necropsy. Large solid granuloma with ‘lardaceous’ texture and
scattered chalky foci of mineralization. (Image taken by Susan Mikota.)

Plate 11. Asian elephant, Elephant TB Stat-Pak® and MAPIA reactive; trunk wash culture negative but culture
positive for Mycobacterium tuberculosis at necropsy. Partially fixed lung with localized region with miliary granulomas,
interlobular septal fibrosis and plugging of bronchioles with thick mucopurulent exudate. (Image taken by Dr Steven
Kubiski, UC Davis Veterinary Medical Teaching Hospital.)

Plate 12. Asian elephant post-treatment for TB. Lung with regionally extensive consolidation and fibrosis (right side of
image) and large white foci of mineralization (old granulomas). Culture and PCR were negative. (Image taken by

L.J. Lowenstine, UC Davis Veterinary Medical Teaching Hospital.)



Plate 13. Asian elephant, Elephant TB
Stat-Pak® and MAPIA reactive; trunk
wash culture negative but culture
positive for Mycobacterium
tuberculosis at necropsy. Histiocytic
granuloma with a single multinucleated
giant cell and peripheral, infiltrating
lymphocytes and neutrophils.
Surrounding alveoli (at top of image)
are flooded with oedema (haematoxylin
and eosin, H&E). (Image taken by

L.J. Lowenstine.)

Plate 14. Asian elephant, Elephant TB
Stat-Pak® and MAPIA reactive; trunk
wash negative but culture positive for
Mycobacterium tuberculosis at
necropsy. Pulmonary granuloma with
central caseous necrosis (upper right),
histiocytes, neutrophils and lympho-
cytes and a thin rim of fibrosis
(haematoxylin and eosin, H&E).
Acid-fast stains were negative. (Image
taken by L.J. Lowenstine.)

Plate 15. Asian elephant, Elephant TB
Stat-Pak® and MAPIA reactive; trunk
wash culture negative but culture
positive for Mycobacterium
tuberculosis at necropsy. Necrotizing
and histiocytic bronchiolitis with
peribronchiolar infiltration by
lymphocytes and neutrophils
(haematoxylin and eosin, H&E). (Image
taken by L.J. Lowenstine.)



Plate 16. Mycobacterium bovis in lungs of a lion (Panthera leo).

Plate 17. Pulmonary lesions associated with Mycobacterium kansasii infection in a bontebok (Damaliscus pygaragus
dorcas).

Plate 18. Pulmonary lesions associated with Mycobacterium tuberculosis infection in a black rhinoceros (Diceros
bicornis).

Plate 19. Mycobacterium avium lesions in the liver of a white-winged wood duck (Asarcornis scutulata).
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Plate 21. Spoligotype of lineage six wildlife-associated TB strains compared with representative spoligotypes from
other Mycobacterium tuberculosis complex species, modified from Alexander et al. (2010).

Plate 22. Schematic of the phylogenetic relationships between Mycobacterium tuberculosis complex species, with
the lineage of six wildlife-associated TB strains highlighted (red box). The phylogenetic relationships are based on
single-nucleotide polymorphisms (white boxes) and the presence or absence of regions of difference (grey boxes),
modified from Alexander et al., 2010.
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Mycobacterium bovis Infection of Cattle
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'National Animal Disease Center, Ames, USA; 2University of Edinburgh,
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Introduction

Infection with the tubercle bacillus, and the
ensuing immunopathogenesis, is a quintes-
sential example of the complex and ancient
interplay between host and pathogen (re-
viewed in Cooper and Torrado, 2012; Reece
and Kaufmann, 2012). Upon entry into the host,
Mycobacterium tuberculosis has a unique ability
to delay onset of adaptive immune responses
in mice or humans (reviewed in Ottenhoff,
2012). Likewise, adaptive responses are delayed
with M. bovis infection of cattle (Vordermeier
et al., 2009a; Waters et al., 2009). This delay in the
adaptive response is likely to give the pathogen
both a foothold for infection (a critical mass
of tubercle bacilli) and a defined niche to dic-
tate the ensuing response (Cooper, 2009). The
tubercle bacillus is also armed with a multitude
of immune evasion tactics enabling intracellu-
lar survival and persistence. Examples given by
Ottenhoff (2012) include:

1. Inhibition of important host defence mech-
anisms such as phagosome maturation and
phagolysosome fusion, autophagy, antigen

* E-mail: ray.waters@ars.usda.gov

processing and presentation, apoptosis and
interferon (IFN)-y receptor signalling.

2. Capacity to escape from the hostile phago-
some to the cytoplasm.

3. Mechanisms to inhibit and scavenge toxic
oxygen and nitrogen intermediates.

Once infection is established, primarily
lymphocytes and macrophages are recruited
to the site of infection in humans and cattle,
forming granulomas. Granulomas are dynamic
structures with continual movement of host
cells into and out of the structure, orchestrated
by the host as well as by the pathogen (Ram-
akrishnan, 2012). With humans, various stages
of tuberculosis are recognized including active
(either primary or post-primary), latent and
reactivation or secondary disease (Barry et al.,
2009; Young et al., 2009; Hunter, 2011). Primary
disease occurs when immunocompetent indi-
viduals are first infected with M. tuberculosis.
With this form, the bacillus typically spreads
from the initial site of infection to regional
lymph nodes (and potentially elsewhere)
until immunity develops and the infection is
controlled. Only 5-10% of individuals infected

© USDA 2015. Tuberculosis, Leprosy and Mycobacterial Diseases
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with M. tuberculosis develop clinical mani-
festations of primary tuberculosis within
2 years after exposure. The majority of in-
fected individuals develop latent tubercu-
losis, defined as having evidence of M. tuber-
culosis infection by tuberculin skin test or
IFNy release assay (IGRA) without clinical
signs of disease (Lin and Flynn, 2010). Latent
infection is a dynamic equilibrium in which
the host controls but does not clear the bacil-
lus (Behr and Waters, 2013). With M. bovis in-
fection of cattle, the disease is generally con-
sidered slowly progressive, without clear
delineation of the various stages associated
with tuberculosis of humans (Pollock et al.,
2006). As with human tuberculosis (origin-
ally described in Bayle, 1810; Laénnec, 1837),
the disease in cattle may be defined micro-
scopically according to the degree of fibro-
sis, necrosis, caseation and mineralization
(Wangoo et al., 2005). Thus, there are many
similarities in the immunopathogenesis of
bovine and human tuberculosis, and a few
distinct differences.

Aerosol and intratracheal inoculation are
routinely used for experimental biology pur-
poses to infect cattle with virulent M. bovis,
each resulting primarily in a respiratory tract
infection including lungs and lung-associated
lymph nodes (reviewed in Vordermeier, 2010).
Disease severity is dose- and time-dependent,
closely mimicking natural infection of cattle
(Buddle et al., 1994; Palmer et al., 2002). Recently,
unique insights into M. bovis transmission
have been gained through ‘in contact’ studies
in which sentinel cattle are exposed to M. bovis-
infected cattle in a model of natural infection
(Khatri et al., 2012). With each of these routes
of exposure, experimental approaches permit
disease confirmation through post-mortem
examination with laboratory analysis by histo-
pathology and bacterial culture, defining the
relationship between dose and route of infec-
tion, immune response and the pathogenesis
of infection (Waters et al., 2012). The bovine
infection model also provides significant op-
portunities to investigate the basis of genetic
susceptibility and impacts of co-infection on
pathogenesis and diagnostic techniques (Kao
et al., 2007; Flynn et al., 2009; Claridge et al.,
2012). Finally, access to naturally infected cattle
provides a unique opportunity to evaluate

vaccine and ante-mortem testing strategies,
particularly as animals are often available for
post-mortem inspection for infection confirm-
ation as well as for gross and microscopic
assessment of lesions. Thus, intervention strat-
egies may be directly assessed, as opposed to
being inferred based upon immunologic and
clinical parameters.

Pathogenesis

The caseonecrotic granuloma is one of the
hallmarks of tuberculosis. With the aim of
gaining an understanding of the temporal
evolution of the granuloma, researchers have
performed sequential analysis of granulomas
in experimentally infected cattle (Cassidy et al.,
1998; Palmer et al., 1999). Microscopic granu-
lomas can be seen as early as 7-15 days after
experimental infection with 10° colony-forming
units of M. bovis (Palmer et al., 2007). Early
lesions, categorized as Stage I (initial, Fig. 8.1)
granulomas (Wangoo et al., 2005; Palmer et al.,
2007) are composed of accumulations of epi-
thelioid macrophages with low numbers of
lymphocytes, neutrophils and Langhan’s mult-
inucleated giant cells. Importantly, necrosis is
absent in Stage I granulomas. Between 21 days
and 60 days after experimental infection there
is a steady progression through granuloma
stages. Stage I granulomas are followed by
Stage II (solid, Fig. 8.1) granulomas that are
similar to Stage I granulomas but have central
infiltrates of neutrophils and lymphocytes and
a thin fibrous capsule. Central necrosis may
be present. Stage III (necrotic, Fig. 8.1) granu-
lomas exhibit complete fibrous encapsulation
and significant central necrosis. Stage IV (nec-
rotic and mineralized, Fig. 8.1) granulomas are
characterized by multiple coalescing caseone-
crotic granulomas with multicentric necrosis,
dystrophic mineralization and thick fibrous
encapsulation. By 60 days after experimental
infection, granulomas of all four stages may
be present on the same microscopic section of
tissue. In fact, granulomas with morphology
typical of Stage I may be seen in proximity to
granulomas of more advanced stages, and are
sometimes referred to as satellite granulomas.
Acid-fast bacilli can be present in all stages
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Fig. 8.1. Microscopic tuberculous lesions are staged (I-1V) based on adaptations of the criteria described
by Wangoo et al. (2005). Stage | (initial) granulomas are characterized by accumulations of epithelioid
macrophages with low numbers of lymphocytes and neutrophils. Multinucleated giant cells may be
present but necrosis is absent. Acid-fast bacilli are often absent or present in low numbers within

macrophages or multinucleated giant cells. Stage Il (solid) granulomas are characterized by accumulations
of epithelioid macrophages surrounded by a thin connective tissue capsule. Infiltrates of neutrophils and
lymphocytes may be present as well as multinucleated giant cells. Necrosis when present is minimal.
Stage |ll (necrotic) granulomas are characterized by complete fibrous encapsulation. Necrotic cores are
surrounded by a zone of epithelioid macrophages admixed with multinucleated giant cells and lymphocytes.
Stage IV (necrotic and mineralized) granulomas are characterized by thick fibrous capsules, irregular
multicentric granulomas with multiple necrotic cores. Necrotic cores contain foci of dystrophic mineralization.

Epithelioid macrophages and multinucleated giant cells surround necrotic areas and there may be
moderate to dense infiltratres of lymphocytes. Acid-fast bacilli are often present in moderate numbers
primarily located within the caseum of the necrotic core. Magnifications: Stage |, 20x; Stage II, 10x; Stage

IIl, 10x and Stage 1V, 4x.

but have been shown to be most numerous in
Stage IV granulomas (Palmer et al., 2007).
T-cell immunity is considered essential in
clearance of mycobacterial infections. As such,
CD3" CD4* T cells are the predominant lympho-
cyte subtype in granulomas of all stages. Lower
numbers of CD8T T cells, y8 T cells, as well as
B cells, can be found in Stages I-1II. Stage IV
granulomas may contain dense clusters of
B cells in the periphery or outside the capsule.

¥8 T cells have been described in both early-
(Palmer et al., 1999) and late-stage granulomas
(Wangoo et al., 2005).

It has been shown that the dose of infec-
tion when administered within a relatively low
dose range (i.e. 1-1000 colony-forming units,
CFU) does not necessarily correlate to the
level of pathology once infection takes place
(Johnson et al., 2007). However, in this same
study it was shown that the proportion of



Immunopathogenesis of Mycobacterium bovis Infection of Cattle

139

cells expressing IFNy was directly affected
by the infection dose. Thus, the nature of the
immune response observed at the site of
infection may vary according to the initial
bacterial load; the higher the infectious dose,
the higher the proportion of IFNy positive
cells in the granuloma.

In another study, Aranday-Cortes et al.
(2013) determined that the presence of certain
cytokines and chemokines was related to the
stage of progression of the granuloma. Thus,
IL-17A and CXCL9 were found to be transcribed
to a greater extent in type I as compared to
type IV granulomas. CXCL10 was also found
to be transcribed to a greater extent in type I
as compared to type IV granulomas; however,
this was not a linear relationship, as type II
and type III granulomas expressed lower
CXCL10 than type IV granulomas. These
results indicate that there may be characteris-
tic responses in the development of the granu-
loma that could inform whether a lesion is
progressing or is being contained. However,
the data also indicate that the immune re-
sponse during tuberculosis is complex and
may not necessarily follow a linear pattern of
progression.

An intended goal of vaccination is to elicit
a more rapid and targeted immune response
upon subsequent exposure to the pathogen,
thereby limiting granuloma development.
Johnson et al. (2006) found that granulomas in
cattle vaccinated with bacille Calmette-Guerin
(BCG) subsequently challenged with M. bovis
were reduced in number and size as compared
to granulomas found in non-vaccinated cattle
challenged with M. bovis. Importantly, the
percentage area stained for lymphocytes (i.e.
primarily CD3" and y8 TCR™ cells) and macro-
phages (i.e. CD68" cells) was reduced in BCG-
vaccinated as compared to non-vaccinated
animals after challenge with virulent M. bovis.
Additionally, staining for B cells (ie. CD79"
cells) and IFNy clustered more intensely in the
medullary regions of lymph nodes of vaccinated
animals as compared to those of controls.
Thus, the priming of cattle with BCG affects
the subsequent immune response to the patho-
gen at the site of infection.

It is likely that the classification of the TB
granuloma into stages of development as well
as determining the immune response within

and in the surrounding areas of lesions will
inform future studies in vaccine and diagnos-
tic developments. Dean et al. (2014) recently
used the classification of the TB granuloma as
a tool to determine the level of vaccine protec-
tion against M. bovis. Future studies aimed at
finding correlates between peripheral and local
immune responses will permit the develop-
ment of tools to assist discrimination between
vaccinated and infected animals, as well as
defining responses favourable for controlling
infection. This in turn will inform vaccine and
diagnostic development.

Innate Immune Responses
and Initiation of Adaptive Inmune
Responses

Dendritic cells and macrophages

Denderitic cells (DC) are a heterogeneous popu-
lation of professional antigen-presenting cells
(APC) which are essential mediators of im-
munity (Banchereau and Steinman, 1998) and
tolerance (Steinman et al., 2003). They originate
from stem cell precursors in the bone marrow
which give rise to circulating myeloid or lymph-
oid precursors within the blood that enter
tissues and reside as immature DC. These
cells act as sentinels and respond to infection,
inflammatory signals or tissue damage by
migrating away from the periphery towards
lymph nodes where immune responses may
be induced. During migration DC undergo
maturation characterized by an increased
expression of costimulatory molecules, adhe-
sion molecules, reduced endocytosis and redis-
tribution of intracellular MHC II to the cell
surface. Thus DC are primed to effectively
stimulate naive or memory T-cell responses
within the lymph nodes.

In cattle there is evidence (as in other
species) for considerable heterogeneity in DC
populations: both functional and phenotypic
divergence has been reported, and cells of both
myeloid and lymphoid origin are present
(Howard and Hope, 2000; Miyazawa ef al.,
2006; Reid et al., 2011). Subpopulations of DC
draining the skin (McKeever et al., 1991; How-
ard et al., 1997; Brooke et al., 1998) and mucosal
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surfaces have been described which have dif-
ferential capacity not only to stimulate T-cell
responses (Howard et al., 1997) but which also
display divergent capacities to interact with
mycobacteria. Monocyte-derived DC (MoDC)
infected with M. bovis or BCG induced effect-
ive memory CD4" and CD8" T-cell responses
(Hope et al., 2000). However, assessment of
ex vivo populations of DC isolated from afferent
lymphatic vessels revealed that only a subset
could uptake and present antigens from BCG
or M. bovis (Hope et al., 2012). This could impact
vaccine efficacy or the induction of protective
immunity to infection.

Macrophages are a diverse population of
specialized phagocytic cells which are essen-
tial for host defence, homeostasis and wound
repair. They are derived from bone marrow
precursors and circulating blood monocytes
which differentiate into resident macrophages
or DC upon tissue entry (Verschoor et al., 2012).
Macrophages are considered the major host
cell for mycobacteria in vivo and, due to the
respiratory route of entry, alveolar macrophages
have a pivotal role during mycobacterial
immune responses. Macrophages express an
array of cell surface receptors that recognize
mycobacteria including toll-like receptors
(TLRs) (Means et al., 1999), the macrophage
mannose receptor that identifies mannosylated
glycoproteins, Fc receptors which can bind
opsonized cells, and complement receptors
(Ernst, 1998). The early interactions of myco-
bacteria with DC in the respiratory tract also
involve TLRs including TLR2, 4 and 9 but,
binding to dendritic cell specific intracellular
adhesion molecule 3, grabbing non-integrin
(DC-SIGN) is particularly important for uptake
of M. tuberculosis (Means et al., 1999; Tsuji et al.,
2000; Von Meyenn et al., 2006). The down-
stream events triggered by binding and uptake
lead to divergent responses in macrophages
when compared with DC with respect to bac-
terial killing /survival, cytokine and cell surface
molecule expression, antigen presentation and
trafficking, all of which can directly influence
the outcome of infectious challenge.

In vitro bovine monocyte-derived macro-
phages and MoDC were equally phagocytic
for M. bovis or BCG, yet higher numbers of ba-
cilli were retained within MoDC compared with
macrophages, reflecting preferential survival
of mycobacteria within DC. In addition, DC

infected with M. bovis or BCG up-regulated
CD80, CD40 and MHC II, which are required
for antigen presentation and stimulation of
T-cell responses. Coupled with the ability of
DC to migrate towards lymph nodes this could
indicate that infection of DC would prime
T-cell immune responses to infection. Different
cytokine profiles have also been reported for
macrophages and DC in response to myco-
bacterial exposure: typically, MoDC secrete
high levels of IL-12 associated with induction
of IFNy by T cells and NK cells (Denis et al.,
2007) whereas macrophage responses are dom-
inated by TNFa, IL-1B and IL-10 (Hope et al.,
2004). In addition, infected MoDC and macro-
phages have been shown to express inflam-
matory chemokines (Widdison et al., 2011;
Siddiqui and Hope, 2013) to attract NK cells
and granulocytes in vitro. The expression
profiles of key chemokines were significantly
different between MoDC and macrophages
(Siddiqui and Hope, unpublished observa-
tions), suggesting the potential chemoattrac-
tion of different subsets of lymphocytes. I vivo
chemokine gradients produced by M. bovis-
infected APC would contribute to inflam-
matory influx into the tissues and granuloma
formation.

Mycobacteria can persist within macro-
phages and DC by preventing phagosome
maturation and evading lysosome fusion
(Flynn and Chan, 2003; Nguyen and Pieters,
2005; Rohde et al., 2007) thereby evading
intracellular destruction and reducing antigen
presentation and subsequent T-cell responses.
The production of nitric oxide (NO) is a key
response contributing to the capacity of cells to
control intracellular bacteria. In bovine stud-
ies, NO production was predominantly seen in
macrophages (Denis and Buddle, 2008) and
could be significantly enhanced by the add-
ition of IFNy (Piercy et al., 2007). The activation
of macrophages with IFNy promotes intracel-
lular killing, at least in part through the induc-
tion of autophagy which has been shown to
contribute not only to destruction of intracel-
lular M. tuberculosis and BCG but also to in-
crease antigen presentation to T cells (Gutierrez
et al., 2004; Puleston and Simon, 2014).

Thus, early differential interactions of
M. bovis with APC are central to the downstream
events occurring post-infection. Further recip-
rocal stimulation of innate and adaptive cells
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will contribute to the eventual outcome of
exposure and determine whether disease or
immunity ensues.

Natural killer cells

NK cells are large granular lymphocytes which
are traditionally cells of the innate immune
system but as essential drivers of the adaptive
immune response, NK cells are found at the
interface between innate and adaptive immun-
ity. NK cells have two main effector functions:
cytotoxicity of target cells through the release
of preformed granules containing perforin and
granulysin (Reefman et al., 2010) and cytokine
production including IFNy, TNFo, GM-CSF
(Fehniger et al., 1999; Cooper et al., 2001; Boy-
sen et al., 2006), IL-10 (Fehniger et al., 1999;
Cooper et al., 2001) and IL-22 (Cella et al., 2009;
Dhiman et al., 2009). NK cell function and
maintenance of self-tolerance is determined
by a complex interplay between activating
and inhibitory NK cell receptors (Long et al.,
2013). These germ line encoded receptors
enable NK cells to distinguish cellular stress
related ligands, MHC class I molecules and
MHC class I-like molecules. In addition to key
roles in innate defence, NK cells are located at
the bridge between innate and adaptive im-
mune responses through interactions with APC
and have recently been shown to have features
of adaptive immunity including ‘memory’.
Evidence for NK cell memory was first iden-
tified in mice (O’Leary ef al., 2006; Sun et al.,
2009) and human memory-like NK cells have
been shown to migrate into tuberculous pleural
fluid via a CXCR3 and CXCR4 axis (Fu ef al.,
2011, 2013).

Phenotypically distinct subsets of NK cells
with divergent functions have been described
across species. Human NK cells are defined as
CD3- with variable expression of CD56 and
CD16 (Cooper et al., 2001). Similarly, discrete
subsets of NK cells also exist in mice which
are differentiated based on their expression
of CD27 and CD11b (Chiossone ef al., 2009).
NKp46 (CD335), a natural cytotoxicity recep-
tor expressed exclusively by NK cells, is
a pan species marker that identifies this
heterogeneous cell population (Moretta et al.,
2005; Walzer et al., 2007b). The development

of a monoclonal antibody specific to this re-
ceptor has allowed for the characterization of
NK cells in cattle (Storset et al., 2004). Bovine NK
cells can be subdivided into two subsets based
on their differential expression of the adhe-
sion/costimulatory molecule, CD2 (Boysen
et al., 2006). The NKp46+ CD2+ and NKp46+
CD2/low (referred to as CD2™ herein) subsets
are predominantly localized within the periph-
eral blood and lymph nodes/afferent lymph
respectively (Boysen et al., 2006; Lund et al.,
2013) and these subsets have divergent func-
tions with the CD2-NK cells being more func-
tionally active (Boysen et al., 2006, 2008). Within
bovine peripheral blood, NK cells account for
0.5-10% of the total lymphocyte population
with an increased prevalence in neonatal
calves, particularly those aged between 8
and 120 days old (Kulberg et al., 2004; Graham
et al., 2009).

NK cells are responsive during mycobac-
terial infection in vivo. Following infection
of mice with M. tuberculosis or M. bovis BCG,
increased numbers of activated NK cells are
recruited to the lungs where they secrete IFNy
(Junqueira-Kipnis et al., 2003). During studies
of active M. tuberculosis infection in humans,
NK cells infiltrate the lungs where they are lo-
calized to granulomas (Portevin et al., 2012).
Furthermore, the importance of NK cell- and
v8 T cell-derived IFNy during BCG immun-
ization of infants has been recently defined,
highlighting the significance of innate effector
cells during anti-mycobacterial immune re-
sponses (Zufferey et al., 2013). The frequency,
phenotype and function of NK cells during
M. bovis or M. bovis BCG infection in cattle
have not yet been fully defined.

Early interactions between populations
of innate immune cells, particularly NK cells
and DC, are fundamental in determining the
nature of the adaptive immune response.
Nevertheless, direct activation of NK cells has
been reported, for example binding of M. bovis
BCG to NK cells via NKp44 (Esin et al., 2008)
or recognition of M. bovis via TLR2 expressed
by human NK cells (Marcenaro et al., 2008).
However, for the most part, NK cells require
indirect activation through interplay with
APC in order to become functionally mature
(Lucas et al., 2007). In cattle, Hope et al. (2002)
described interactions between NK cells and
DC in the context of mycobacteria. An NK-like
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population was shown to proliferate and pro-
duce IFNy in response to M. bovis BCG infected
DC (Hope et al., 2002). More recently it was
shown that preferential stimulation of CD2- NK
cells occurred following co-culture of bovine
NK cells with M. bovis-infected DC (Siddiqui
and Hope, 2013). This subset was effectively re-
cruited in response to chemokines secreted by
the DC resulting in significant expression of
IFNy which could potentiate Th1 bias and the
development of protective immunity.

A central role for IL-12 in the cross-talk
between DC and NK cells is evident from a
number of studies. DC-derived IL-12 acting
in synergy with IL-18 is essential to drive
cytokine production by NK cells (Ferlazzo et al.,
2004; Chaix et al., 2008). Bovine DC-secreted
IL-12 in response to M. bovis or M. bovis BCG
(Hope et al., 2004) and blockade of IL-12 se-
cretion partially abrogated the capacity of NK
cells to produce IFNy in response to infected
DC (Siddiqui and Hope, 2013). Importantly,
the ability of DC to produce IL-12 depends on
rapid IFNy production by NK cells (Gerosa
et al., 2002; Piccioli et al., 2002; Mailliard et al.,
2003), resulting in a positive feedback loop
involving secretion of IL-12 and IFNy from
mature DC and NK cells, respectively. This
demonstrates the reciprocal nature of NK-DC
interactions with effects on both cell popula-
tions being evident. DC that have been in con-
tact with NK cells were shown to increase
IL-12 (Van Elssen et al., 2010), CCR7 expression
and, in cattle showed enhanced expression of
MHC class II (Siddiqui and Hope, 2013). Thus
NK cells may influence the adaptive immune
response by inducing effective APC.

Bovine NK cells stimulated with IL-2, IL-15,
IL-2/12 or IL-12/15 restrict the replication of
M. bovis BCG within monocyte-derived and
alveolar macrophages (Endsley ef al., 2006).
Additionally, NK cells proliferate and produce
IFNYy in response to interactions with M. bovis-
infected macrophages, which enhances the
release of IL-12 and NO by activated macro-
phages (Denis ef al., 2007). Thus exposure of
macrophages to NK cells augments myco-
bacteria killing. Whether bovine NK cells
exposed to M. bovis-infected DC are increased
in their cytolytic potential for immature DC,
as demonstrated for human NK cells (Ferlazzo
et al., 2004), remains to be elucidated.

Protective immunity against M. bovis
infection in cattle is driven by Th1 polarized
immune responses which are characterized
by IENy production (Buddle et al., 2005).
Interactions between NK cells and DC in vivo
were shown in murine models to mediate the
induction of Th1 responses through the secre-
tion of NK cell-derived IFNy (Martin-Fontecha
et al., 2004). Co-localization between NK cells,
DC and T cells has been demonstrated in lymph
nodes indicating a role for innate immune cell
interactions in shaping T-cell responses in vivo
(Bajenoff et al., 2006; Lucas et al., 2007; Walzer
et al., 2007a). Further studies are essential to
determine if bovine NK cells, DC and T cells
co-localize in vivo and whether the reciprocal
interactions between NK cells and DC can
influence downstream responses of cpat
and CD8"% T cells such that protective im-
munity may be induced.

Polar and apolar lipid fractions

The first point of contact between M. bovis and
its host is likely to be interaction between
innate immune cells such as macrophages or
dendritic cells (DC) and bacterial surface mol-
ecules, many of which are lipids or contain
lipid moieties. Anumber of M. tuberculosis lipid
compounds have been described to interact
with receptors on DC or macrophages such as
lipomannan (LM), lipoarabinomannan (LAM),
phosphatidylinositol mannosides (PIMs), and
cord factors trehalose mono- and dimycolate
(TMM and TDM) as well as the phthiocerol
dimycocerosates (PDIMs) (see Kremer and
Besra, 2005, for details on mycobacterial
lipids). These surface-bound mycobacterial
lipids interact with a variety of innate surface
receptors including Toll- (Underhill et al., 1999)
and C-type lectin receptors such as DC-SIGN
(Ehlers, 2010) modulating innate immune re-
sponses. For example, it has been shown that
monomycolyl glycerol (MMG) modulates host
immunity resulting in hypervirulence (Reed
et al., 2004). However, few data exist which
describe the effects of M. bovis-derived lipids
on bovine innate immune cells with only a few
studies using non-target-species animal models
or compounds not directly isolated from



Immunopathogenesis of Mycobacterium bovis Infection of Cattle

143

M. bovis. This is therefore a field that invites
more and detailed work.

In a recent study (Pirson et al., 2012), M. bovis
polar and apolar lipid preparations were pre-
pared and assessed for biological activity in
bovine monocytes, monocyte-derived macro-
phages and monocyte-derived DCs (MoDC).
The apolar lipid preparation contained TDM,
TMM, PDIMMs, PGL and MMG; while the
polar fraction contained, among other lipids,
a range of PIMS, penta-acyl trehalose and glu-
cose monomycolate (GMM). These lipid frac-
tions, particularly the polar fractions, altered
the cytokine production profile by both fresh
and cultured bovine monocytes as well as
MoDC inducing significant levels of IL-10, IL-12,
MIP-183, TNFa and IL-6. Further, BoLA class II,
CD86 and CD1b expression decreased on all
cell types tested after exposure to the polar
lipid fraction. Polar lipids also significantly in-
creased CD40 expression only on monocytes
and monocyte-derived macrophages but
had no effect on its expression on MoDC. Fi-
nally, M. bovis polar lipid-treated macro-
phages were less capable as APC than un-
treated macrophages, while similar treatment
of MoDC had no effect on their capability to
stimulate allogenic mixed lymphocyte reac-
tions. These data demonstrated that M. bovis
lipids modulate innate cell responses and in
particular may hamper the ability of the host
APCs to induce an appropriate immune re-
sponse. As noted above, differential responses
of macrophages and DC may also be relevant
to the induction of downstream immune re-
sponses. Recent studies (Pirson and Vorder-
meier, unpublished data) indicate that M. bo-
vis lipids also stimulate IFNy production by
NK cells.

Cell-mediated Immune Responses:
Correlates of Protection versus
Pathology

IFNy and delayed type hypersensitivity
(DTH) responses

A clear feature of the bovine immune response
to M. bovis infection is an early and persistent
production of IFNy in response to various M.
bovis antigens, detectable both in vivo and

within in vitro re-stimulation assays (i.e. IGRAs)
(Pollock et al., 2001). Peripheral IFNy responses
to complex and specific mycobacterial antigens
are consistently detectable 2-3 weeks after
experimental infection (Waters et al., 2010). As
with M. tuberculosis infection of humans, CD4,
CD8 and v T cells (as well as NK cells) contrib-
ute to the response (Pollock et al., 2001; Endsley
et al., 2009); however, T helper 1 (Thl) CD4 T
cells are generally considered the predominant
cell type responsible for the robust IFNy re-
sponse (Hope et al., 2000; Walravens et al.,
2002). Clearly, CD4 T cells and an intact Th1
response are essential for control of M. bovis
infection in cattle. These responses, however,
are not sufficient for clearance as M. bovis in-
fection almost invariably results in persistent
and progressive disease. Given the import-
ance of Thl cells in the adaptive response to
tuberculosis, it is not surprising that IFNy
release assays (IGRAs) and DTH (i.e. skin test)
responses are useful correlates to infection
(reviewed by Schiller ef al., 2010). The level of
these responses, however, do not necessarily
correlate with the severity of infection (Waters
et al., 2012). Most effective tuberculosis vaccines
also elicit specific IFNy and DTH responses
(Black et al., 2002), but not all vaccines that in-
duce IFNy and DTH responses are protective
against tuberculosis and the amount of IFNy
produced in response to vaccination does not
necessarily correlate with the level of protec-
tion afforded by the vaccine (Mittriicker et al.,
2007; Abebe, 2012; Waters et al., 2012). Also,
protection is not linked with maintenance of
a DTH response (Whelan et al., 2011a). With
that said, non-sensitizing vaccines (e.g. doses
of BCG that do not elicit a DTH response)
have proven ineffective in vaccine efficacy
studies with cattle (Buddle et al., 2011). Evalu-
ation of IFNy responses after experimental in-
fection may also be useful indicators of pro-
tection, or lack thereof, in vaccine efficacy
studies. Responses with diagnostic potential,
such as IFNy responses, are generally inversely
correlated with responses that predict vaccine
efficacy, particularly to antigens not included
within the vaccine. For instance, increasing
ESAT-6/CFP10-specific IFNy responses after
challenge is a negative indicator of vaccine
efficacy (e.g. with BCG or M. bovis ARD1 mutant
vaccines) as these responses have been shown
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to positively correlate with tuberculosis-
associated pathology (Vordermeier et al., 2002;
Dietrich et al., 2005; Waters et al., 2009). Thus,
failed vaccine approaches resulting in increas-
ing antigen burden and associated pathological
changes evoke immune responses such as
ESAT-6/CFP10-specific IFNy responses, in-
dicative of infection.

T-cell effector and central memory
(Tcm) subsets

Immunological memory develops naturally
as a result of infection and memory T-cell
responses are generally considered indispens-
able for vaccine-elicited protection against most
intracellular infectious agents. However, the
relationship between effector T-cell responses
and long-lasting T-cell memory is not com-
pletely understood in humans (Todryk et al.,
2009) or cattle (Waters et al., 2009, 2011). Vaccin-
ation strategies are often designed to generate
memory cells capable of responding rapidly
and efficiently upon subsequent infection.
Pathogens and their derivatives are generally
transported to lymphoid organs by APCs for
initiation of T-cell responses. Initiation of this
primary response may take days to weeks to
develop, relying on exposure of naive T cells
to antigens in secondary lymphoid organs,
expansion of antigen-specific T cells and hom-
ing of effector cells to the site of infection
(Mackay et al., 1990). For instance, with both
human and bovine tuberculosis, there is a 2-3
week delay in the response at the primary site
of infection that is advantageous for the patho-
gen, enabling it to define the ensuing response
(Ernst, 2012). After initial encounter with cog-
nate antigen and subsequent proliferation/
activation, the number of antigen-specific
T cells increases up to ~10,000-fold (Hou et al.,
1994; Murali-Krishna et al., 1998; Whitmire
et al., 1998). In addition to clonal expansion,
activated T cells differentiate and exhibit ef-
fector functions, expressing important medi-
ators of pathogen control (e.g. IFNy, TNF-o.,
IL-17 and cytotoxic granules). If the immune
system successfully controls the infection, only
a few memory cells remain as 90-95% of the
antigen-specific T-cell population undergoes
apoptosis (Wilkinson et al., 2009; Totté ef al.,

2010). Subsets of memory CD4 T cells in hu-
mans include: (i) central memory T cells (Tem,
CD62L.YCCR7™) that preferentially localize to
lymphoid tissues and exhibit great prolifer-
ation potential and IL-2 production; and (ii)
effector memory T cells (Tem, CD62L"CCR7")
that preferentially localize to peripheral tis-
sues and have immediate effector functions
(Sallusto et al., 1999; Champagne et al., 2001;
Woodland and Kohlmeier, 2009; Sallusto et al.,
2010). Tem cells may remain blood associated,
either circulating or contained within splenic
red pulp or hepatic sinusoids. Upon re-
stimulation, Tem cells undergo relatively little
proliferation and secrete minimal IL-2 (Cham-
pagne et al., 2001; Sallusto et al., 2004, 2010).
Short-term IFNy responses to mycobacterial
antigens measuring effector and Tem responses
are utilized as a correlate to infection with
tuberculosis tests for cattle and humans (e.g.
IGRAs). Additionally, assessment of long-term
IFNy production (i.e. as a surrogate to Tem re-
sponses) may be used to detect past M. tuber-
culosis infection in humans with negative IG-
RAs (Butera et al., 2009). Thus, measurement of
effector and memory T responses may each
provide diagnostic benefit.

Upon stimulation by mycobacterial anti-
gens (e.g. rTESAT-6:CFP10 or M. bovis PPD),
bovine peripheral blood CD4, CD8 and y& T
cells from M. bovis-infected cattle proliferate
and display an activated phenotype (i.e.
TCD25, TCD26, TCDA44) after 3-6 days in cul-
ture (Waters et al., 2003; Maue et al., 2005).
Mycobacterial antigen-activated CD4 cells also
decrease expression of CD62L and increase
expression of CD45RO (associated with mem-
ory T cells) while decreasing expression of
CD45R (associated with naive T cells pheno-
type) (Maue et al., 2005). The variant splices
A, Band C of CD45 receptor are not described
for cattle (Bembridge et al., 1995). These find-
ings demonstrate that cattle exhibit an expected
T-cell effector phenotype upon antigen acti-
vation within short-term cultures. Addition-
ally, with bovine tuberculosis vaccine efficacy
studies, long-term (14 day cultures) T-cell re-
sponses (so-called cultured ELISPOT responses,
Vordermeier et al., 2006) negatively correlate
with mycobacterial burden (Waters ef al.,
2009) and tuberculosis-associated pathology
and positively with vaccine-induced protec-
tion (Whelan ef al., 2008; Vordermeier ef al.,
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2009b). With this assay, T-cell lines are gener-
ated via stimulation of PBMC with mycobac-
terial antigens including Ag85A, TB10.4 and
M. bovis PPD. Effector T-cell responses wane
over time and memory cells are sustained via
addition of IL-2 and fresh medium. After 13
days of culture, cells are washed, transferred
to plates containing autologous APCs, cul-
tured overnight and the ensuing response
measured by IFNy ELISPOT. Studies with
samples from humans have demonstrated
that the responding cells within these long-
term cultures (up to 14 days) are mainly Tems
and that this response, in contrast to effector
responses, correlates with better infection
outcomes (Todryk et al., 2009). With cattle,
BCG vaccination of neonatal calves induces
significant protection against M. bovis chal-
lenge at 12 months but not at 24 months after
vaccination. This loss of efficacy correlates
with a significant reduction in the numbers
of antigen-specific IFNy-secreting cells within
long-term PBMC cultures (Thom et al., 2012).
Tems are likely to contribute to the long-term
cultured ELISPOT response to BCG vaccin-
ation by cattle, although a lack of an anti-
bovine CCR7 antibody has hindered this
characterization. In the assessment of the
migration pattern of y8 T cells, Vrieling et al.
(2012) recently demonstrated that an anti-
human CCR?7 antibody cross-reacts with bovine
CCRY7 molecules. Recent studies have demon-
strated that Tem cells, with a minor contribu-
tion by Tem cells, are the primary cell type
responding in long-term cultured IFNy ELIS-
POT responses to M. bovis infection in cattle
(Maggioli et al., 2012). Data on the response to
vaccination and subsequent challenge to ac-
cess the correlation between Tcm and Tem re-
sponses to protection/pathology are still
lacking. However, these data demonstrate the
potential for defining a protective signature
elicited by vaccination to prioritize vaccine
candidates for efficacy testing within calves.

IL-17 and IL-22

There is considerable interest in the role of
IL-17 producing cells in the immune response
to persistent infection (Cooper, 2010). Significant
IL-17 responses are elicited by M. tuberculosis
infection of mice and humans (Khader and

Cooper, 2008; Jurado et al., 2012) and M. bovis
infection of cattle (Vordermeier et al., 2009b).
Early expression of IL-17 is required for rapid
accumulation of protective memory cells in
tuberculosis infection of mice (Khader et al.,
2007); however, the absence of IL-17 during
M. tuberculosis infection only modestly alters
the inflammatory response (Khader et al., 2005;
Umemura et al., 2007). y8 and other non-
CD4" T cells are the primary producers of
IL-17 during M. tuberculosis infection in mice.
Early IL-17 produced by yd T cells occurs
prior to af T-cell priming, thus biasing the
ensuing adaptive response (Lockhart et al.,
2006). However, excessive IL-17 responses
may be detrimental, resulting in a destruc-
tive influx of granulocytes as well as in-
creased amounts of MIP2, TNF-a and IL-6
within affected lungs (Cruz et al., 2010).
Thus, the timing and amount of IL-17 pro-
duced in response to tuberculosis is critical
for the balance between control of the bacilli
and detrimental inflammatory responses.
With cattle, stimulation of PBMCs with
either M. bovis PPD or Ag85A elicits IL-17
mRNA expression in samples from M. bovis-
infected or BCG plus viral-vectored Ag85A
vaccinated cattle (Vordermeier et al., 2009b).
With BCG/Ag85A-vaccinated cattle, IL-17
responses to Ag85A 10 weeks after vaccination
and prior to challenge negatively correlate with
tuberculosis-associated pathology at post
mortem, indicating that vaccine-elicited IL-17
responses are protective (Vordermeier et al.,
2009b). Likewise, Rizzi et al. (2012) recently
demonstrated that IL-17 mRNA expression is
increased in response to M. bovis PPD stimu-
lation in cattle vaccinated with a BCG strain
over-expressing Ag85B; and, post-vaccination/
pre-challenge IL-17 responses negatively cor-
related with lesion severity after experimen-
tal infection (Rizzi et al., 2012). IL-17 responses
to M. bovis PPD detected after challenge, how-
ever, do not correlate with protection as there
is a ~20-fold increase in IL-17 gene expression
detected in samples from non-vaccinated,
vaccinated /protected and vaccinated/non-
protected groups (Vordermeier et al., 2009b).
Additionally, IL-17 mRNA expression (60 and
90 days after experimental infection) in re-
sponse to M. bovis PPD correlates with the
presence of gross tuberculous lesions, sug-
gesting that IL-17 may prove useful as a
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biomarker of infection (Blanco et al., 2011).
Using laser capture microdissection followed
by qPCR, Aranday-Cortes et al. (2013) demon-
strated increased IL-17A and IL-22 expression
within tuberculous granulomas as compared
to non-affected tissues from experimentally
infected cattle. Expression was greatest in early
lesions with decreasing expression in more
advanced lesions, perhaps suggestive of down-
regulation of IL-17A and IL-22 associated
with expression of other immune-modulat-
ing cytokines. Further studies with bovine
tuberculosis should prove useful for delineat-
ing potential roles for IL-17 and other Th17
cytokines (e.g. IL-22, Bhuju et al., 2012) in pro-
tective and detrimental responses to M. bovis
in cattle.

YO T cells

Bridging innate and adaptive immune func-
tions, y8 T cells play a critical role in the early
immune response to various infections of
cattle including leptospirosis, anaplasmosis,
paratuberculosis, theileriosis and tubercu-
losis (reviewed in Guzman et al., 2012). The
frequency of y3 T cells within the peripheral
lymphocyte pool in humans and mice is ~5-10%
(Kabelitz, 2011) whereas y8 T cells constitute
up to 60% of the circulating lymphocyte popu-
lation in neonatal calves and ~25% in adult
cattle (Hein and Mackay, 1991; Jutila et al.,
2008). Populations of bovine y3 T cells are com-
monly divided based upon their expression
of Workshop Cluster 1 (WC1) (Mackay et al.,
1989; Clevers et al., 1990; Morrison and Davis,
1991; Machugh et al., 1997), a transmembrane
glycoprotein and member of the scavenger
receptor cysteine rich (SCRC) superfamily,
which includes CD163, CD5, CD6 and DMBT1
(Sarrias et al., 2004). The majority of bovine
peripheral blood y3 T cells express WC1, and
it is the WC1+ subpopulation that has been
shown to respond to M. bovis infection, although
recent studies indicate that WC1- y3 T cells
are also responsive (McGill et al., 2014).

In cattle, y8 T cells undergo dynamic
changes in distribution after M. bovis infection,
with a marked decrease in the circulating
pool shortly after infection (Pollock et al.,

1996; Cassidy et al., 1998). The initial decline
of peripheral blood y3 T cells has been attrib-
uted to trafficking to the site of infection as
circumstantially evidenced by the accumula-
tion of y8 T cells within tuberculous lesions of
cattle (Cassidy et al., 1998; Palmer et al., 2007).
Following the initial decrease in circulation,
percentages of WC17 y8 cells within the per-
ipheral blood of M. bovis-infected cattle
increase with a concomitant increase in CD25
expression, indicating an active response
to infection (Pollock et al., 1996). Similarly,
WC1" 8 T cells are among the first cells to
accumulate at the site of DTH responses
following PPD injection of M. bovis-infected
cattle (Doherty et al., 1996). And, as with mice
(Dieli et al., 2003), bovine yd T cells rapidly
infiltrate lungs as well as lung- and head-
associated lymphoid structures 1 week after
intranasal BCG vaccination (Price ef al., 2010).
These findings demonstrate that bovine y3
T cells traffic to sites of mycobacterial infec-
tion, in vivo.

With in vitro studies, y8 T cells from
M. bovis-infected cattle proliferate and produce
IFNy in response to stimulation with complex
M. bovis antigens — including PPDs, whole cell
sonicates and culture filtrate proteins (Rhodes
et al., 2001; Smyth et al., 2001) — as well as spe-
cific proteins such as Ag85, MPB83, hsp 16.1
and ESAT-6/CFP10 (Rhodes et al., 2001; Maue
et al., 2005). Human and murine y3 T cells
proliferate and secrete cytokine in response to
both protein and nonprotein phosphoantigens
of M. tuberculosis (Haregewoin et al., 1989;
Born et al., 1990; Morita et al., 1995; Fournie
and Bonneville, 1996). Welsh et al. (2002) dem-
onstrated that y3 T cells from M. bovis-infected
cattle respond to pyrophosphates, including
isopentyl pyrophosphate (IPP) and monome-
thyl phosphate. yd T cells from M. bovis-infected
cattle also respond to mycolylarabinogalactan
peptidoglycan (a complex mycobacterial cell
wall component, Vesosky et al., 2004) as well as
antigens within proteinase-K treated M. bovis
whole cell sonicates (Welsh et al., 2002). Thus,
it is evident that bovine y3 T cells respond to a
variety of antigens upon M. bovis infection;
however, the role of this response (i.e. protect-
ive versus detrimental) is unclear.

vd T-cell deficient mice are able to tem-
porarily control BCG (Ladel et al., 1995) and
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low-dose M. tuberculosis infection (D’Souza
et al., 1997), but exhibit a more severe inflam-
matory response as compared to control mice,
suggesting a role for y3 T cells in granuloma
formation and maintenance. In agreement,
depletion of WC1" 8 T cells from SCID-bo
mice prior to M. bovis infection significantly
alters the architecture of the developing granu-
loma (Smith et al., 1999). In contrast, depletion
of WC1T 8 T cells from M. bovis-infected cat-
tle has no effect on disease severity or granu-
loma formation (Kennedy et al., 2002). In-
stead, these animals exhibit a reduction in
early IFNy production and an increased skew-
ing towards a Th2 type response, suggesting
a role for y3 T cell-derived cytokines in estab-
lishing Th1 immunity. Along these lines, incu-
bation of WC1% v8 T cells with autologous
M. bovis-infected dendritic cells induces
enhanced expression of MHC II and CD25,
as well as increased secretion of IFNy by the
v T cells (Price and Hope, 2009). Dendritic
cells, in turn, produce increased levels of IL-
12 when incubated with y3 T cells, suggesting
that reciprocal interactions between den-
dritic cells and WC1™" v8 T cells may occur in
vivo. Together, these findings support the no-
tion that early and specific y5 T-cell responses
bias the immune response in favour of a Th1l
response. Additional functions of y3 T cells in
the immune response to mycobacteria include
IL-17 production (Lockhart et al., 2006; Ume-
mura ef al., 2007; McGill et al., 2014) direct
cytotoxicity (Stenger et al., 1998; Skinner et al.,
2003) and - potentially — regulatory functions
(Guzman et al., 2012). However, further stud-
ies are required to fully define these functions
with M. bovis infection in cattle.

Cytotoxic T lymphocytes (CTLs)

Cytolysis of mycobacteria-infected cells can
result in direct killing or release of bacilli
for eventual killing via other mechanisms
(reviewed by Flynn and Chan, 2001). CD8"
T cells are the primary cell type performing
CTL functions with mycobacterial infections;
however, other lymphocyte populations such
NK cells, CD4™ T cells and v T cells also have
cytolytic capacity (Stenger et al., 1998; Canaday

et al., 2001). Primary effector functions of
CD8™ T cells are production of IFNy necessary
for macrophage activation and lysis of infected
macrophages (Einarsdottir et al., 2009) and pro-
duction of perforin and granulysin essential
for CTL function via pore formation and anti-
microbial functions, respectively. Additionally,
IFNy from CD4" T cells is required for effect-
ive CD8™ T-cell responses (Green et al., 2013);
thus, CTL functions are essential for the control
of mycobacterial infections and CD4" T-cell re-
sponses are supportive of this response.

CTLs are also implicated in the host re-
sponse to bovine tuberculosis. Antigen-
specific CD8 T cells cause release of viable M.
bovis from infected bovine macrophages, in-
dicating CTL activity (Liebana et al., 2000).
Activated CD8™ T cells are detectable within
the lymphocytic outer core of early-stage bo-
vine tuberculous granulomas, indicating a
potential role for these cells in the initial con-
tainment of the bacilli (Liebana et al., 2007).
Bovine T cells also express a homologue of
human granulysin, a potent antimicrobial
protein stored in association with perforin in
cytotoxic granules (Endsley et al., 2004). Add-
itionally, antigenic stimulation of peripheral
CD4™ T cells from BCG-vaccinated cattle re-
sults in enhanced anti-mycobacterial activity
against BCG-infected macrophages linked
with increased perforin and granulysin tran-
scription (Endsley et al., 2007). Expression of
the bovine granulysin gene can be induced in
cD4*, CD8* and y8 T cells resulting in anti-
mycobacterial activity (Endsley et al., 2004,
2007). Granulysin and granzyme A mRNA
are detectable within granulomas of M. bovis-
infected cattle (Endsley et al., 2004; Aranday-
Cortes et al., 2012). Granzymes are a group of
serine proteases released by CD8™ T cells and
NK cells in cytoplasmic granules along with
perforin. Granulysin and perforin gene ex-
pression are also up-regulated in peripheral
blood CD4" and CD8" T cells in both BCG-
and M. bovis ARD1-vaccinated calves (pro-
tected) as compared with non-vaccinated
(not protected) calves (Capinos Scherer et al.,
2009). Thus CTLs are involved in the bovine
immune response to M. bovis infection; how-
ever, further studies are required to deter-
mine their exact roles in protection and
pathogenesis.
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Polyfunctional T cells

Polyfunctional T cells simultaneously produce
two or more cytokines in response to antigen,
and higher frequencies of these cells are asso-
ciated with control of chronic infections such
as HIV, hepatitis C, leishmaniasis, malaria
and tuberculosis (reviewed in Wilkinson and
Wilkinson, 2010; Caccamo and Dieli, 2012).
The majority of studies with human tuberculosis
indicate that polyfunctional T-cell responses
are associated with active disease (Sutherland
et al., 2009; Wilkinson and Wilkinson, 2010);
however, others indicate a protective role
(Geluk et al., 2012). Few studies have been
performed on the evaluation of polyfunctional
T cells in cattle, largely due to the lack of neces-
sary reagents. Whelan et al. (2011b) recently
described the development of an assay to
detect polyfunctional CD4 T cells in M. bovis-
infected (natural infection) cattle. Bovine poly-
functional CD4 T cells exhibited a characteristic
CD44" CD62L° CD45RO" TEM phenotype.
Interestingly this study, as well as recent as yet
unpublished results, suggests that polyfunc-
tional CD4" T cells are associated with path-
ology rather than protection (Whelan et al.,
2011b; Whelan, Villarreal-Ramos and Vorder-
meier, unpublished data). That a more diverse
cytokine profile can be reflective of more
severe disease has also recently been high-
lighted by the observation that cattle produ-
cing both IL-2 and IFNy (measured by ELISA
after in vitro stimulation) are more likely to
present with visible pathology at post mortem
than those that produce IFNy only (Rhodes
et al.,2014). Further studies are warranted to
determine the exact role of polyfunctional
T cells in the response to M. bovis infection as
well as vaccination.

B Cells and Antibody Responses
Role for B cells?

Specific roles for B cells in the immune response
to tuberculosis are generally considered sup-
portive, rather than essential (reviewed by
Maglione and Chan, 2009). Functions attrib-
uted to B cells in the response to tuberculosis

include antigen presentation, APC regulation
via Fc receptors, immune modulatory actions
of immune complexes and antibody-dependent
cytotoxicity. B cell aggregates are consistently
detected in association with tuberculous
lesions in mice, cattle, non-human primates,
humans and other host species infected with
M. tuberculosis-complex organisms. These
tertiary structures contain naive, memory
and plasma cells as well as intermixed CD4 "
and CD8' T cells, follicular dendritic cells and
mycobacteria-laden APCs (Ulrichs et al., 2004).
Using immunohistochemistry, Aranday-Cortes
et al. (2013) demonstrated the presence of
B cells (CD79a™ cells) within granulomas of
tuberculous cattle. In that study, early granu-
lomas (Stages I and II) displayed scattered
B cells, whereas more advanced granulomas
(Stages III and IV) showed satellite nests of
CD79%a™ cells located peripherally and out-
side of the fibrous capsule. In mice, forma-
tion of B cell follicles within infected lung tis-
sues is dependent upon IL-23 and CXCL13,
and CXCL13 production is dependent upon
IL-17A and IL-22 in this response (Khader ef al.,
2011). The presence of ectopic germinal centres
indicates that the M. tuberculosis complex —
and the ensuing inflammation — induces active
B cell clusters that modulate the host response.
Thus, these follicles provide at least a partial
framework for coordinated immune control
of mycobacterial growth in the affected tissues
(Ulrichs et al., 2004).

Tuberculin boost

Several antibody-based tests have recently
emerged for use in cattle, captive cervids, sev-
eral wildlife reservoirs of M. bovis and various
z00 species (most notably elephants). Intrader-
mal tuberculin administration is known to
significantly boost antibody responses in tu-
berculous cattle and cervids, but not in non-
infected animals (Lyashchenko et al., 2004;
Harrington et al., 2008). This phenomenon can
be observed from 1 to 2 weeks to several
months after tuberculin injection (Palmer et al.,
2006; Chambers et al., 2009). The absence of
seroconversion in non-infected animals and
the short-lived antibody kinetics with features
of an anamnestic response strongly suggest
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that the tuberculin-boosted antibody response
is due to memory B cells originally primed by
mycobacterial infection that can be quickly
activated upon re-stimulation by tuberculin
administration.

Correlations to pathology

Cellular immune responses elicited by myco-
bacterial infections of cattle generally correlate
with infection but not necessarily with the
level of pathology (Waters et al., 2010). Inocu-
lation of cattle with M. tuberculosis-complex
strains that are attenuated in cattle (e.g.
M. tuberculosis H, R or M. bovis Ravenel
results in relatively robust cell-mediated im-
mune responses and persistent colonization
with minimal to no lesions. With M. kansasii
inoculation, cell-mediated immune responses
are elicited without detection of the organism
or associated lesions. As expected, inoculation
of cattle with virulent M. bovis (field strains
such as 95-1315 or A2122/97) results in robust
cell-mediated immune responses, persistent
colonization and associated tuberculous le-
sions. Similar results were observed following
the intratracheal inoculation of cattle with a
virulent M. bovis strain (WAg201) and three
attenuated M. bovis strains. One attenuated
strain had a mutation in the inhA gene
(WAg405, daughter strain of WAg201), a
second strain (ATCC 35721) with a mutation
in the principal sigma factor, rpoV gene and
BCG (Wedlock et al., 1999). Extensive macro-
scopic lesions were found only in cattle inocu-
lated with the virulent strain, while strong
antigen-specific IFNy and IL-2 were induced
by all M. bovis strains. Interestingly, the virulent
strain and two of the attenuated strains
(WAg405 and ATCC 35721) elicited strong
DTH responses to bovine PPD in the skin test
in comparison to BCG and this correlated with
rapid in vitro proliferation in unstimulated
bovine alveolar macrophages and proinflam-
matory cytokine gene expression. Thus, regard-
less of the pathological and mycobacterial
burden outcome, cell-mediated immune
responses are elicited. In contrast, antibody
responses generally correlate with levels
of pathology associated with mycobacterial

infections (Wedlock et al., 1999; Waters et al.,
2010). For instance, mycobacterial-specific
antibody is detectable relatively early after
M. tuberculosis challenge of cattle, yet these re-
sponses wane over time, and this is likely to
be coincident with the reduction of M. tubercu-
losis colonization. In contrast, with virulent
M. bovis infection that leads to persistent in-
fection and significant pathology, antibody re-
sponses persist, probably due to increasing
antigen burden. With less virulent mycobac-
teria (e.g. M. kansasii), antibody responses are
elicited and then wane, likely to be coincident
with clearance of the pathogen. Regardless
of disease expression, mycobacteria-specific
antibody responses may be boosted by re-
exposure to mycobacterial antigens (e.g. PPD
for skin test) or other live mycobacteria,
thereby potentially confounding interpretation
of serologic tests.

Transmission of Mycobacterium bovis
from Cattle to Cattle

In most countries with active control pro-
grammes, affected cattle herds contain low
numbers of infected animals, suggestive of low
rates of cattle-to-cattle transmission (Palmer
and Waters, 2006). Entry of M. bovis into cattle
herds may occur via cattle-to-cattle transmis-
sion through purchase of infected animals or
contiguous spread (Goodchild and Clifton-
Hadley, 2001), from wildlife reservoirs (de Lisle
et al., 2002), or environmental exposure (Phil-
lips et al., 2003). Transmission is generally by
direct contact with tuberculosis-infected ani-
mals as the organism may occur in exhaled
droplets, saliva, faeces, milk, urine, vaginal
discharges, semen or exudate from tubercu-
lous lesions (e.g. lymph nodes with draining
tracts that communicate to the exterior). With
M. tuberculosis, for example, airborne bacilli
can be generated and carried in droplets ran-
ging in size between 0.5 and 2 um. Droplets of
this size are significant in that they are readily
dispersed and can remain suspended in air
where they are dispersed (Segal-Maurer and
Kalkut, 1994). To achieve airborne transmis-
sion, M. bovis must remain viable inside drop-
let nuclei. Gannon et al. (2007) found that 94%
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viability was retained 10 min post-aerosolization,
with a half-life of 1.5 h. Infection may also re-
sult from ingestion of infected feeds. Housing
(e.g. cattle sheds, milking parlours) and
crowding increases the contact of naive ani-
mals with infected animals, enhancing the
spread of this disease. Lesion distribution in
tuberculous farmed cattle indicates aerosol
infection, often as a result of exposure to small
numbers of viable bacilli (Dean et al., 2005).
In comparison, significantly larger numbers
of bacilli are needed to initiate oral infection
(Pollock et al., 2006).

M. bovis is also transmitted by indirect
contact through contaminated feed and water,
equipment or anything that mechanically
transfers the organism between locations.
Movement of infected animals resulting from
transfer of ownership, sharing of breeding ani-
mals and fence-line contact with other herds
is another common means of transferring the
disease between herds and regions (Probst
et al., 2010). This concept is also supported by
Welby et al. (2012) where within-herd spread
was a factor in herd level breakdowns, with
trade in undetected infected animals posing a
significant risk. Barlow et al. (1998) indicated
that cattle movement is the likely cause of
transmission in areas where M. bovis-infected
reservoirs are absent. Also, cattle movements
were more likely to be responsible for local
breakdowns in isolated areas, rather than
spread through wildlife (Bourne, 2007). Stud-
ies revealing social interactions also provide
insight into the potential for cattle-to-cattle
transmission. Sauter and Morris (1995) studying
New Zealand cattle identified the herd dom-
inance hierarchy and found that skin-test
reactors were likely to be found in the top 50%
within that hierarchy. The introduction and
use of proximity data logging collars has im-
proved social network tracing (Bohm et al.,
2009), with up to 26 direct cattle-to-cattle inter-
actions found per day. Cattle prominent in
the social hierarchy are also likely to be more
inquisitive and are therefore more likely to
acquire infection from infectious herd cohorts
(Bohm et al., 2009). Movement of cattle from
TB endemic areas was seen to be a greater risk
for TB breakdown compared to other vari-
ables (Gilbert et al., 2005). Specifically, Gopal
et al. (2006) investigated herd breakdowns in

north-east England and tracked 17 cases where
skin-test reactors were traced to herds with the
same genotype. Global trade agreements are in-
creasingly being implemented to promote inter-
national trade of livestock, thereby increasing
risks for inter-regional spread and distribution
of TB over great distances.

Anumber of studies have examined nasal
excretion as a source for transmission. Rome-
ro Tejeda et al. (2006) tested nasal exudates
from Mexican cattle using PCR and found
excretion from infected cattle. Menzies and
Neill (2000) estimated that up to 20% of in-
fected cattle can excrete M. bovis. McCorry
et al. (2005) monitored nasal excretions from
cattle infected under controlled conditions
and identified two distinct periods of excretion,
less than 30 days post-infection and greater
than 80 days post-infection. However, trans-
mission from infected cattle to naive animals
held under experimental conditions has not
been a common finding; perhaps this was due
to stringent airflow management for biological
containment. Segal-Maurer and Kalkut (1994)
reported that a single change of air reduced
airborne M. tuberculosis by 67%. More recently,
studies using an experimental model of bovine
tuberculosis have demonstrated the complexity
and unpredictability of cattle-to-cattle transmis-
sion (Khatri et al., 2012). Sentinel (non-infected)
cattle were housed with M. bovis-infected cat-
tle (naturally infected and from farms in
England or Wales) in ten pens with six senti-
nels and four donors per pen. After 12 months
of direct contact with donors, only 8 of 60 sen-
tinels became infected, demonstrating a rela-
tively low rate of transmission (13.3%) even
under conditions of close and continued dir-
ect contact. Insights into disease transmission
were obtained using molecular typing of
M. bovis isolates obtained from donor and
sentinel animals. Several patterns emerged.
In two pens, transmission was likely to be due
to an animal with extensive lesions, highlight-
ing the highly infectious nature of animals
with advanced disease. In another pen, the
only donor with a spoligotype matching one
of its infected receptor pen mates had a low
pathology score and only a single visible lesion
in a mediastinal lymph node, demonstrating
that an animal with early-stage infection, and
without visible lung pathology, can also be
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infectious. In two other pens, the spoligotype
pattern of isolates from the receptor cattle did
not match spoligotype patterns from any of
the lesions from donor animals, indicating
either indirect contact via shared airspace (i.e.
pen to pen transmission) or through transfer
of M. bovis by husbandry procedures. Inter-
estingly, in one of these two pens, the spolig-
otype of the M. bovis strain from one of the
sentinel animals did not match a spoligotype
from any of the donor animals in the study,
potentially suggesting transmission from a
donor with no visible lesions. This study clearly
demonstrates the difficulties in determining
the exact nature of transmission events with
bovine tuberculosis herd breakdown events.
Use of whole-genome sequencing may prove
useful for the unravelling of these complex
and seemingly unpredictable transmission
scenarios (Biek et al., 2012; Godfray et al.,
2013). Additionally, after an animal becomes
infected, the period during which it may
become infectious will vary (Goodchild and
Clifton-Hadley, 2001) as well as the time period
that it is detectable as ‘infected” — diagnostic-
ally. Francis (1946) estimated this period to be
between 30 and 50 days although Barlow et al.
(1998) suggested that 6-20 months is more
likely, especially when cattle are tested on a
regular basis.

Transmission of Mycobacterium
bovis from Wildlife to Cattle

The eradication of bovine TB from cattle herds
in many countries has been frustrated by the
existence of wildlife reservoirs of infection,
proving strong evidence of transmission of
M. bovis from wildlife to cattle. M. bovis has
a wide host range infecting many wildlife
species, but only a limited number including
brushtail possums in New Zealand; badgers
in the UK and Ireland; white-tailed deer in
Michigan, USA; elk and bison in Canada; and
wild boar in Spain and Portugal serve as
maintenance hosts of M. bovis infection (de
Lisle et al., 2002). Since the 1970s there has
been increasing evidence that these mainten-
ance hosts serve as an important source of
infection for cattle, supported by M. bovis

typing studies identifying common strains
in wildlife and cattle in the same areas (Collins,
2011).

Studies in New Zealand have shown that
a reduction of possum numbers by culling in
a locality is followed by a reduction in the
annual incidence of TB in cattle (Tweedle and
Livingstone, 1994; Caley et al., 1999), and infec-
tion in livestock increased if infected possums
returned (Ryan et al., 2006). A characteristic of
wildlife as a source of infection was the ex-
treme rarity of severely infected cattle and
most herds had only one or two infected ani-
mals (Collins, 2011). Large-scale badger cull-
ing trials in the UK and Republic of Ireland
have provided convincing evidence of trans-
fer of infection from badgers to cattle. In the
Randomized Badger Culling Trial (RBCT)
undertaken in the UK, proactive culling re-
sulted in a reduction in bovine TB incidence in
cattle herds inside culled areas, but a tempor-
ary increase in adjacent areas. Reactive culling
in response to herd breakdowns was associ-
ated with an increase of bovine TB in cattle,
possibly as a result of social perturbations in
badger social groups (reviewed by Wilson
et al., 2011). Thus, non-selective culling may
have positive and negative outcomes. Based
on the results from the RBCT, Jenkins et al.
(2008) suggested that the contribution of
badgers to infection in cattle accounted for
50% in the experimental areas. Studies in the
Republic of Ireland indicated that proactive
culling had beneficial effects on the bovine TB
incidence in cattle and there was no evidence
that small-scale culling led to an increase in
herd breakdowns (Griffin et al., 2005).

A reservoir of M. bovis infection in white-
tailed deer in five counties in north-east Mich-
igan, USA, has been a source of infection for
cattle herds in this region. In a case-control
study of farm risk factors for TB, Kaneene
et al. (2002) found management practices to
exclude deer from cattle areas were the most
significant factors to reduce farm risk of TB.
In Manitoba, Canada, an elk herd was impli-
cated in an outbreak of M. bovis in 11 cattle
herds surrounding Riding Mountain National
Park, where co-mingling elk and cattle were
feeding on the same hay bales and a unique
strain of M. bovis was identified (Miller and
Sweeney et al., 2013). In the regions of southern
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Spain with highest cattle TB prevalence, wild-
life species such as European wild boar and
red deer showed a high prevalence of TB,
which suggested that the disease was shared
between domestic and wild hosts (Naranjo
et al., 2008). In southern and eastern Africa,
only four species are suspected to play a role
as a maintenance host: buffalo, lechwe, and
possibly greater kudu and common warthog.
However, there has been no case of bovine
spillback from wildlife to cattle confirmed,
although indirect contacts between cattle and
buffalo do occur at the periphery of several
large conservation areas in southern Africa
(de Garine-Wichatitsky et al., 2013).
Mechanisms to explain routes of transmis-
sion of M. bovis from wildlife to cattle include
both direct and indirect contact. Direct aero-
sol spread between possums and cattle has
been considered the principal route when
cattle investigated terminally ill possums, with
cattle attracted by the unusual behaviour of ill
possums that do not show the avoidance
behaviour of healthy animals (Sauter and Mor-
ris, 1995). In addition, terminally ill possums
often have open draining lesions containing
large numbers of organisms. In contrast, in-
direct contact between badgers and cattle has
been considered the principal route for trans-
mission of infection to cattle. Use of automated
proximity loggers on badgers and cattle and
at badger latrines located on pasture showed
that direct contacts between badgers and cattle
were very rare, while indirect contacts, visits
to badger latrines by badgers and cattle were
more common (Drewe et al., 2013). The detection
of viable M. bovis at badger setts and latrines
is strongly linked to the frequency of M. bovis
excretion by infected badgers (Courtenay et al.,
2006). Badger visits to farm buildings may also
be important and badgers have been recorded
defaecating and urinating in buildings, some-
times directly on to feed and regularly came
within 2 m of housed cattle (Wilson ef al., 2011).
The transmission of infection between wild-
life and cattle in Spain was considered most
likely from indirect contact based on a study
where camera traps were placed around at
water spots, food bait stations and pasture on
an extensive cattle farm also used for game
hunting. Direct interactions between wildlife
(deer and wild boar) and cattle were rare,

while indirect interactions of wildlife followed
by livestock were most frequent at water
holes, suggesting water points as a hotspot
for indirect interactions (Kukielka et al., 2013).
Indirect contacts between white-tailed deer
and cattle were considered the major route of
transmission between the species and it has
been demonstrated that experimentally infected
deer transmitted M. bovis to cattle through
sharing of feed in the absence of direct contact
between the two groups of animals (Palmer
et al., 2004).

Special Topics

Mycobacterium bovis-infected cattle with
non-visible lesions: latency?

In contrast to M. tuberculosis infection in hu-
mans, the degree of latency resulting from
M. bovis infection in cattle is unknown and
controversial (Cassidy 2006; Alvarez et al.,
2009). Most consider the disease as slowly
progressive in cattle; however, given the high
degree of genetic homology (~99.95%)
between M. bovis and M. tuberculosis it is un-
clear why latency is a prominent disease stage
in humans and has not been clearly defined in
cattle. The difference may be host related as
reactivation of latent M. bovis infection in
humans has been demonstrated (Larsen ef al.,
2008) and M. bovis infection of Eurasian badgers
results primarily in a prolonged non-clinical
course of disease with minimal inflammation,
suggestive of a latent state (Corner et al., 2011).
Thus, there is potential for various disease
outcomes with M. bovis infection that is host
contingent.

Dormancy survival regulon (DosR) and
enduring hypoxic response (EHR) genes are,
in part, responsible for encoding dormancy
related functions of M. tuberculosis (Lin and
Ottenhoff, 2008), of which, many of these
genes are conserved between M. tuberculosis
and M. bovis (Alvarez et al., 2009). Responses
to DosR and EHR antigens are detectable,
albeit at low frequency (particularly with
DosR antigens), in M. bovis-infected cattle
(Jones et al., 2011). IL-1p responses to the EHR
antigen Rv0188 are associated with responses
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by infected animals exhibiting low or no path-
ology whereas responses to other EHR anti-
gens are not correlated with disease status
(Jones et al., 2011). While DosR and EHR anti-
gens were identified with in vitro studies
culturing M. tuberculosis under conditions
mimicking latency (i.e. hypoxia and low levels
of NO), responses to these antigens are not
restricted to latent versus active M. tubercu-
losis infection of humans (Hinks et al., 2009;
Schuck et al., 2009; Gideon et al., 2010). Thus,
while M. bovis infection of cattle elicits re-
sponses to dormancy-associated antigens, it is
still uncertain whether these responses are in-
dicative of a latent stage of infection in cattle.

Latency is clinically defined as persistence
of viable mycobacteria within a tuberculous
lesion in a non-symptomatic host. On rare
occasions, M. bovis is detected by culture or
molecular techniques in tissues from animals
without visible tuberculous lesions; however,
it is uncertain if infected animals with no
visible lesions would eventually develop pro-
gressive disease analogous to reactivation in
human tuberculosis. Similarly, experimental
infection of cattle with laboratory-adapted
strains (i.e. M. tuberculosis H37Rv, M. bovis
ANS5 or M. bovis Ravenel) results in colonization
with minimal to no lesions 4-5 months after
challenge, despite vigorous cell-mediated im-
mune responses (Whelan et al., 2010; Vorder-
meier, unpublished observations; Waters et al.,
unpublished observations). Using the clinical
definition of latency, these animals would be
classified as having latent infection; although,
as with naturally infected cattle with no visible
lesions, it is unknown if active disease would
result spontaneously given time or be induced
via immune suppression.

It has also been suggested that skin-test
or IGRA-positive animals with no visible le-
sions upon post-mortem inspection may have
latent infection (Alvarez et al., 2009). Recent
studies have clearly demonstrated that IGRA-
positive, skin-test negative animals are at
increased risk to convert to skin-test positive
status over a period of time and present with
confirmed M. bovis infection upon post-
mortem inspection (Cassidy, 2006). With this
scenario, animals that are initially IGRA posi-
tive, skin-test negative and later confirmed
as infected, could be classified as: (i) early-

infected with progressive disease; or (ii) latently
infected with the potential for subsequent
progression to active disease. While IGRAs
are a good correlate of infection (median test
sensitivity, 87.6%; Schiller et al., 2010), the
magnitude of the response is not indicative of
the severity of lesions or duration of infection
in cattle (Waters et al., 2012). Thus, animals
that are potentially latently infected may
have a similar magnitude of response as com-
pared to animals with visible lesions (Waters
et al., 2010). The possibility of latent M. bovis
infection in cattle has a profound consequence
for both evaluation and use of immune-based
diagnostic tests, particularly given the pitfalls
of current gold-standard tests. Even with thor-
ough post-mortem examinations, extensive
culture of tissues including lymph nodes/
lungs with no visible lesions and histopatho-
logical assessment including M. tuberculosis-
complex specific PCR, our ability to detect all
infected animals is not 100%. This is likely to
be due to the paucibacillary nature of the
disease in certain animals, inability to sample
all tissues and shortcomings of mycobacterial
culture (e.g. harsh decontamination during
processing). Fortunately, with more aggressive
eradication/control programmes, slaughter
surveillance and ante-mortem testing is used
to identify tuberculosis-affected herds, of which
aggressive measures such as whole-herd
depopulation (stamping out) or stringent
interpretation of ante-mortem tests may be
applied to ensure removal of all infected ani-
mals, including those which may be ‘latently”
infected.

Host genetics: correlations
to resistance

Patterns of infection at the population scale
are determined largely by relative susceptibil-
ity. Animal-level risk factors separate broadly
into genetic and non-genetic (environmental)
risk factors that act jointly to influence sus-
ceptibility. It is biologically untenable that
genetic variation in both host and pathogen
does not play a role in the outcome of expos-
ure to tuberculous bacteria. There is now
compelling evidence from studies in humans,
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mice, deer and rabbits that the outcome of in-
fection with M. tuberculosis-complex bacteria
has a significant genetic component (Allen
et al., 2010). Species-level differences in sus-
ceptibility to bovine tuberculosis have been
detected in cattle (Ameni et al., 2007); Bos indi-
cus animals are more resistant than B. taurus.
Recent developments suggest that it may be
possible to increase the resistance to bovine
tuberculosis by genetic selection.

In population-based studies, the propor-
tion of the variance of any trait contributed by
host genetic variation (heritability, h,) can be
estimated. Significant heritability is one of the
key factors determining the potential success
of breeding schemes in livestock production.
Recent quantitative genetics studies have dem-
onstrated significant heritability (21%) of sus-
ceptibility to bovine tuberculosis in Holstein
cattle in Ireland (Bermingham ef al., 2014) and
in the UK (Brotherstone et al., 2010; Berming-
ham et al., 2011). For comparison, heritability
for milk yield is estimated at around 28%,
with substantial genetic gain achieved via
selective breeding. Furthermore, field studies
are likely to underestimate true heritability
for infectious disease predisposition, due
to unequal exposure to the pathogen and
incomplete sensitivity of the diagnostic tests
(Bishop and Woolliams, 2010). One of the
significant read-outs of these large-scale quan-
titative genetics studies is that it should be
possible to rank the bovine tuberculosis risk
of individual sires (sire relative risk), based
on the bovine tuberculosis status that fol-
lows in their progeny. Sire relative risk rank-
ings for Holstein—Friesians in Ireland and the
UK are currently being developed and are
likely to overlap significantly. A recent Irish
study also suggests that selective breeding to-
wards bovine tuberculosis resistance should
not have a negative impact on other desirable
production traits (Bermingham et al., 2014).

Molecular genetics seeks to identify the
individual genetic variants that explain the
heritability of observed resistance/suscepti-
bility phenotypes. Genome-Wide Association
Studies (GWAS) have been used in the past in
human genetics to find variation underpin-
ning multiple traits, by examining genetic dif-
ferences between panels of individuals with a
phenotype of interest (cases) and individuals

without the phenotype (controls). Can cattle
exposed to tuberculosis be assembled into
such case and control panels? Tuberculosis in
cattle, as in all animal models and human
studies, presents as a spectrum of infection
outcomes or phenotypes (Barry et al., 2009;
Young et al., 2009), a departure from the clas-
sical view that tuberculosis infection has a bin-
ary outcome. Extrapolation of this spectrum to
cattle can clearly define animals as being sus-
ceptible (cases) or resistant (controls).

Having been able to classify cattle exposed
to tuberculosis as cases or controls, we then
must be able to index the differing genetic
variation that underpins their phenotypic
outcome. Due to the stunning achievements
of the bovine genome sequencing project
(Bovine Genome Sequencing and Analysis
Consortium, 2009; Larkin, 2011) and associated
genetic marker discovery (Bovine HapMap
Consortium, 2009), cattle GWAS can now
index variation at >700,000 genetic markers
(SNPs) from across the whole 3 bn letter bo-
vine genome. This development allows for an
approach that does not require any a priori
knowledge of the exact genes/loci causing
particular phenotypes, thereby potentially
identifying novel networks of genes involved
in tuberculosis resistance, and pathways cru-
cial to the host—-pathogen interaction. The first
of these bovine GWAS has just reported pre-
liminary findings (BBSRC, 2011; Finlay et al.,
2012; Bermingham et al., 2014). The study
identified a number of genetic markers asso-
ciated with the risk of acquiring bovine TB if
exposed; some were associated with increased
risk and others with reduced risk. Subject to
further research and validation, these provi-
sional results suggest that it might be possible
to selectively breed cows that are more resist-
ant to bovine tuberculosis.

Additionally, recent advances are taking
the field of genetic epidemiology beyond the
concept of associating individual genetic poly-
morphisms with phenotypes. Novel quanti-
tative methodologies can now be employed
to associate whole-genome variation with
disease phenotypes (Daetwyler et al., 2008);
such ‘genomic selection” can then be used to
predict the phenotypic outcome for any ani-
mal based on just its whole-genome genotype
without the need to undertake lengthy and
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costly trait recording or phenotyping exercises.
This concept is an extension of genome-wide
or genomic selection using SNP arrays (Meu-
wissen et al., 2001), which is now common-
place in most major advanced dairy cattle
breeding programmes.

commercial products in this publication is
solely for the purpose of providing specific
information and does not imply recommen-
dation or endorsement by the US Department
of Agriculture.

Martin Vordermeier was funded by the

Department for Environment, Food and Rural
Affairs UK (Defra) and the Wellcome Trust.

This project was supported, in part, by
Agriculture and Food Research Initiative
Competitive Grant no. 2011-67015-30736 from
the USDA National Institute of Food and
Agriculture.

Acknowledgements/Disclaimers

USDA is an equal opportunity provider
and employer. Mention of trade names or

References

Abebe, F. (2012) Is interferon-gamma the right marker for bacille Calmette-Guérin-induced immune protec-
tion? The missing link in our understanding of tuberculosis immunology. Clinical and Experimental
Immunology 169(3), 213-219.

Allen, A.R., Minozzi, G., Glass, E.J., Skuce, R.A., McDowell, S.W., Woolliams, J.A. and Bishop, S.C. (2010)
Bovine tuberculosis: the genetic basis of host susceptibility. Proceedings of the Royal Society B: Bio-
logical Sciences 277(1695), 2737-2745.

Alvarez, A.H., Estrada-Chavez, C. and Flores-Valdez, M.A. (2009) Molecular findings and approaches spot-
lighting Mycobacterium bovis persistence in cattle. Veterinary Research 40, 22.

Ameni, G., Aseffa, A., Engers, H., Young, D., Gordon, S., Hewinson, G. and Vordermeier, M. (2007) High
prevalence and increased severity of pathology of bovine tuberculosis in Holsteins compared to zebu
breeds under field cattle husbandry in central Ethiopia. Clinical and Vaccine Immunology 14(10),
1356-1361.

Aranday-Cortes, E., Hogarth, P.J., Kaveh, D.A., Whelan, A.O., Villarreal-Ramos, B., Lalvani, A. and
Vordermeier, H.M. (2012) Transcriptional profiling of disease-induced host responses in bovine
tuberculosis and the identification of potential diagnostic biomarkers. PLoS One 7(2), e30626.

Aranday-Cortes, E., Bull, N.C., Villarreal-Ramos, B., Gough, J., Hicks, D., Ortiz-Peldez, A., Vordermeier, H.M.
and Salguero, F.J. (2013) Upregulation of IL-17A, CXCL9 and CXCL10 in early-stage granulomas in-
duced by Mycobacterium bovis in cattle. Transboundary and Emerging Diseases 60(6), 525-537.

Bajenoff, M., Breart, B., Huang, A.Y., Qi, H., Cazareth, J., Braud, V.M., Germain, R.N. and Glaichenhaus, N.
(2006) Natural killer cell behavior in lymph nodes revealed by static and real-time imaging. Journal of
Experimental Medicine 203, 619-631.

Banchereau, J. and Steinman, R.M. (1998) Dendritic cells and the control of immunity. Nature 392, 245-252.

Barlow, N.D., Kean, J.M., Caldwell, N.P. and Ryan, T.J. (1998) Modelling the regional dynamics and man-
agement of bovine tuberculosis in New Zealand cattle herds. Preventive Veterinary Medicine 36(1),
25-38. PubMed PMID:9677625.

Barry 3rd, C.E., Boshoff, H.l., Dartois, V., Dick, T., Ehrt, S., Flynn, J., Schnappinger, D., Wilkinson, R.J.
and Young, D. (2009) The spectrum of latent tuberculosis: rethinking the biology and intervention
strategies. Nature Reviews Microbiology 7(12), 845-855.

Bayle, G.L. (1810) Research on the Phthisis. Book read in the society of the Faculty of Medicine of Paris,
in various sessions in 1809 and 1810, Gabon, Paris.

BBSRC (2011) UK Food and Farming Benefits from Research to Combat Animal Diseases. Available at:
http://www.vetsonline.com/news/latest-headlines/uk-farming-benefits-from-research-to-combat-
animal-diseases.html (accessed 29 July 2015).

Behr, M.A. and Waters, W.R. (2013) Is tuberculosis a lymphatic disease with a pulmonary portal? Lancet
Infectious Disease S14733099(13), 70253-70256.

Bembridge, G.P., MacHugh, N.D., McKeever, D., Awino, E., Sopp, P., Collins, R.A., Gelder, K.I. and Howard, C.J.
(1995) CD45RO0 expression on bovine T cells: relation to biological function. Immunology 86(4),
537-544.


http://www.vetsonline.com/news/latest-headlines/uk-farming-benefits-from-research-to-combat-animal-diseases.html
http://www.vetsonline.com/news/latest-headlines/uk-farming-benefits-from-research-to-combat-animal-diseases.html

156 W.R. Waters et al.

Bermingham, M.L., Brotherstone, S., Berry, D.P., More, S.J., Good, M., Cromie, A.R., White, .M., Higgins, |.M.,
Coffey, M., Downs, S.H., Glass, E.J., Bishop, S.C., Mitchell, A.P., Clifton-Hadley R.S. and Woolliams J.A.
(2011) Evidence for genetic variance in resistance to tuberculosis in Great Britain and Irish Holstein-
Friesian populations. Biomedcentral (BMC) Proceedings 5(4), S15.

Bermingham, M.L., Bishop, S.C., Woolliams, J.A., Pong-Wong, R., Allen, A.R., McBride, S.H., Ryder, J.J.,
Wright, D.M., Skuce, R.A., McDowell, S.W. and Glass, E.J. (2014) Genome-wide association study iden-
tifies novel loci associated with resistance to bovine tuberculosis. Heredity (Edinburgh) 112, 543-551.

Bhuju, S., Aranday-Cortes, E., Villarreal-Ramos, B., Xing, Z., Singh, M. and Vordermeier, H.M. (2012) Global
gene transcriptome analysis in vaccinated cattle revealed a dominant role of IL-22 for protection against
bovine tuberculosis. PLoS Pathogens 8(12), e1003077.

Biek, R., O'Hare, A., Wright, D., Mallon, T., McCormick, C., Orton, R.J., McDowell, S., Trewby, H., Skuce, R.A.
and Kao, R.R. (2012) Whole genome sequencing reveals local transmission patterns of Mycobacterium
bovis in sympatric cattle and badger populations. PLoS Pathogens 8(11), e1003008.

Bishop, S.C. and Woolliams, J.A. (2010) On the genetic interpretation of disease data. PLoS One 5(1),
€8940.

Black, G.F., Weir, R.E., Floyd, S., Bliss, L., Warndorff, D.K., Crampin A.C., Ngwira, B., Sichali, L., Nazareth, B.,
Blackwell, J.M., Branson, K., Chaguluka, S.D., Donovan, L., Jarman, E., King, E., Fine, P.E. and
Dockrell, H.M., (2002) BCG-induced increase in interferon-gamma response to mycobacterial antigens
and efficacy of BCG vaccination in Malawi and the UK: two randomised controlled studies. Lancet
359(9315), 1393-1401.

Blanco, F.C., Bianco, M.V., Meikle, V., Garbaccio, S., Vagnoni, L., Forrellad, M., Klepp, L.1., Cataldi, A.A.
and Bigi, F. (2011) Increased IL-17 expression is associated with pathology in a bovine model of tu-
berculosis. Tuberculosis (Edinburgh) 91(1), 57-63.

Béhm, M., Hutchings, M.R. and White, P.C. (2009) Contact networks in a wildlife-livestock host commu-
nity: identifying high-risk individuals in the transmission of bovine TB among badgers and cattle. PLoS
One 4(4), e5016.

Born, W., Hall, L., Dallas, A., Boymel, J., Shinnick, T., Young, D., Brennan, P. and O’'Brien, R. (1990) Rec-
ognition of a peptide antigen by heat shock reactive gamma delta T lymphocytes. Science 249, 67—69.

Bourne, J.F. (2007) Bovine TB: The Scientific Evidence. A Science Base for a Sustainable Policy to Control
TB in Cattle. Final Report of the Independent Scientific Group on Cattle TB. DEFRA Publications,
London. Available at: http://archive.defra.gov.uk/foodfarm/farmanimal/diseases/atoz/tb/isg/report/final_
report.pdf.

Bovine Genome Sequencing and Analysis Consortium (2009) The genome sequence of taurine cattle: a
window to ruminant biology and evolution. Science 324(5926), 522—-528.

Bovine HapMap Consortium (2009) Genome-wide survey of SNP variation uncovers the genetic structure
of cattle breeds. Science 324(5926), 528-532.

Boysen, P., Olsen, 1., Berg, |., Kulberg, S., Johansen, G.M. and Storset, A.K. (2006) Bovine CD2-/NKp46+
cells are fully functional natural killer cells with a high activation status. BMC Immunology 7, 10.
Boysen, P., Gunnes, G., Pende, D., Valheim, M. and Storset, A.K. (2008) Natural killer cells in lymph nodes
of healthy calves express CD16 and show both cytotoxic and cytokine-producing properties. Develop-

mental and Comparative Immunology 32, 773-783.

Brooke, G.P., Parsons, K.R. and Howard, C.J. (1998) Cloning of two members of the SIRP alpha family of
protein tyrosine phosphatase binding proteins in cattle that are expressed on monocytes and a subpop-
ulation of dendritic cells and which mediate binding to CD4 T cells. European Journal of Immunology 28,
1-11.

Brotherstone, S., White, I.M., Coffey, M., Downs, S.H., Mitchell, A.P., Clifton-Hadley, R.S., More, S.J.,
Good, M. and Woolliams, J.A. (2010) Evidence of genetic resistance of cattle to infection with Myco-
bacterium bovis. Journal of Dairy Science 93(3), 1234—1242.

Buddle, B.M., Aldwell, F.E., Pfeffer, A., de Lisle, G.W. and Corner, L.A. (1994) Experimental Mycobacterium
bovis infection of cattle: effect of dose of M. bovis and pregnancy on immune responses and distribu-
tion of lesions. New Zealand Veterinary Journal 42, 167-172.

Buddle, B.M., Wedlock, D.N., Denis, M. and Skinner, M.A. (2005) Identification of immune response correl-
ates for protection against bovine tuberculosis. Veterinary Immunology and Immunopathology 108,
45-51.

Buddle, B.M., Aldwell, F.E., de Lisle, G.W., Vordermeier, H.M., Hewinson, R.G. and Wedlock, D.N. (2011)
Low oral BCG doses fail to protect cattle against an experimental challenge with Mycobacterium
bovis. Tuberculosis (Edinburgh) 91(5), 400-405.


http://archive.defra.gov.uk/foodfarm/farmanimal/diseases/atoz/tb/isg/report/final_report.pdf
http://archive.defra.gov.uk/foodfarm/farmanimal/diseases/atoz/tb/isg/report/final_report.pdf

Immunopathogenesis of Mycobacterium bovis Infection of Cattle 157

Butera, O., Chiacchio, T., Carrara, S., Casetti, R., Vanini, V., Meraviglia, S., Guggino, G., Dieli, F., Vecchi, M.,
Lauria, F.N., Marruchella, A., Laurenti, P., Singh, M., Caccamo, N., Girardi, E. and Goletti, D. (2009)
New tools for detecting latent tuberculosis infection: evaluation of RD1-specific long-term response.
Biomedcentral (BMC) Infectious Diseases 9, 182.

Caccamo, N. and Dieli, F. (2012) Are polyfunctional cells protective in M. tuberculosis infection? In Cardona,
P.-J.(ed.) Understanding Tuberculosis-Analyzing the Origin of Mycobacterium Tuberculosis Pathogenicity.
Available at: http://www.intechopen.com/books/understanding-tuberculosis-analyzing-the-origin-of-
mycobacterium-tuberculosis-pathogenicity/are-polyfunctional-cells-protective-in-m-tuberculosis-
infection (accessed 12 November 2013).

Caley, P., Hickling, G.J., Cowan, P.E. and Pfeiffer, D.U. (1999) Effects of sustained control of brushtail
possums on levels of Mycobacterium bovis infection in cattle and brushtail possum populations from
Hohotaka, New Zealand. New Zealand Veterinary Journal 47, 133-142.

Canaday, D.H., Wilkinson, R.J., Li, Q., Harding, C.V., Silver, R.F. and Boom, W.H. (2001) CD4(+) and CD8(+)
T cells kill intracellular Mycobacterium tuberculosis by a perforin and Fas/Fas ligand-independent
mechanism. Journal of Immunology 167(5), 2734-2742.

Capinos Scherer, C.F., Endsley, J.J., de Aguiar, J.B., Jacobs, W.R. Jr, Larsen, M.H., Palmer, M.V., Nonnecke, B.J.,
Waters, W.R. and Estes, D.M. (2009) Evaluation of granulysin and perforin as candidate biomarkers for
protection following vaccination with Mycobacterium bovis BCG or M. bovis ARD1. Transboundary and
Emerging Diseases 56, 228—-239.

Cassidy, J.P. (2006) The pathogenesis and pathology of bovine tuberculosis with insights from studies of
tuberculosis in humans and laboratory animal models. Veterinary Microbiology 112, 151-161.

Cassidy, J.P., Bryson, D.G., Pollock, J.M., Evans, R.T., Forster, F. and Neil, S.D. (1998) Early lesion formation in
cattle experimentally infected with Mycobacterium bovis. Journal of Comparative Pathology 119, 27—-44.

Cella, M., Fuchs, A., Vermi, W., Facchetti, F., Otero, K., Lennerz, J.K., Doherty, J.M., Mills, J.C. and Colonna, M.
(2009) A human natural killer cell subset provides an innate source of IL-22 for mucosal immunity.
Nature 457, 722-725.

Chaix, J., Tessmer, M.S., Hoebe, K., Fuseri, N., Ryffel, B., Dalod, M., Alexopoulou, L., Beutler, B., Brossay, L.,
Vivier, E. and Walzer, T. (2008) Cutting edge: priming of NK cells by IL-18. Journal of Immunology
181, 1627-1631.

Chambers, M.A., Waterhouse, S., Lyashchenko, K., Delahay, R., Sayers, R. and Hewinson, R.G. (2009) Per-
formance of TB immunodiagnostic tests in Eurasian badgers (Meles meles) of different ages and the in-
fluence of duration of infection on serological sensitivity. Biomedcentral (BMC) Veterinary Research 5, 42.

Champagne, P., Ogg, G.S., King, A.S., Knabenhans, C., Ellefsen, K., Nobile, M., Appay, V., Rizzardi, G.P.,
Fleury, S., Lipp, M., Férster, R., Rowland-Jones, S., Sékaly, R.P., McMichael, A.J. and Pantaleo, G.
(2001) Skewed maturation of memory HIV-specific CD8 T lymphocytes. Nature 410(6824), 106—111.

Chiossone, L., Chaix, J., Fuseri, N., Roth, C., Vivier, E. and Walzer, T. (2009) Maturation of mouse NK
cells is a 4-stage developmental program. Blood 113, 5488—-5496.

Claridge, J., Diggle, P., McCann, C.M., Mulcahy, G., Flynn, R., McNair, J., Strain, S., Welsh, M., Baylis, M.
and Williams, D.J. (2012) Fasciola hepatica is associated with the failure to detect bovine tubercu-
losis in dairy cattle. Nature Communications 3, 853.

Clevers, H., MacHugh, N.D., Bensaid, A., Dunlap, S., Baldwin, C.L., Kaushal, A., lams, K., Howard, C.J.
and Morrison, W.I. (1990) Identification of a bovine surface antigen uniquely expressed on CD4-CD8-
T cell receptor gamma/delta+ T lymphocytes. European Journal of Immunology 20, 809—-817.

Collins, D.M. (2011) Advances in molecular diagnosis for Mycobacterium bovis. Veterinary Microbiology
151, 2-7.

Cooper, A.M. (2009) T cells in mycobacterial infection and disease. Current Opinions in Immunology
21(4), 378-384.

Cooper, A.M. (2010) Editorial: be careful what you ask for: is the presence of IL-17 indicative of immunity?
Journal of Leukocyte Biology 88, 221-223.

Cooper, A.M. and Torrado, E. (2012) Protection versus pathology in tuberculosis: recent insights. Current
Opinions in Immunology 24(4), 431-437.

Cooper, M.A., Fehniger, T.A., Turner, S.C., Chen, K.S., Ghaheri, B.A., Ghayur, T., Carson, W.E. and Caligiuri, M.A.
(2001) Human natural killer cells: a unique innate immunoregulatory role for the CD56(bright) subset.
Blood 97, 3146-3151.

Corner, L.A., Murphy, D. and Gormley, E. (2011) Mycobacterium bovis infection in the Eurasian badger
(Meles meles): the disease, pathogenesis, epidemiology and control. Journal of Comparative Path-
ology 144(1), 1-24.


http://www.intechopen.com/books/understanding-tuberculosis-analyzing-the-origin-of-mycobacterium-tuberculosis-pathogenicity/are-polyfunctional-cells-protective-in-m-tuberculosis-infection
http://www.intechopen.com/books/understanding-tuberculosis-analyzing-the-origin-of-mycobacterium-tuberculosis-pathogenicity/are-polyfunctional-cells-protective-in-m-tuberculosis-infection
http://www.intechopen.com/books/understanding-tuberculosis-analyzing-the-origin-of-mycobacterium-tuberculosis-pathogenicity/are-polyfunctional-cells-protective-in-m-tuberculosis-infection

158 W.R. Waters et al.

Courtenay, O., Reilly, L.A., Sweeney, F.P., Hibberd, V., Bryan, S., Ul-Hassan, A., Newman, C., Macdonald, D.W.,
Delahay, R.J., Wilson, G.J. and Wellington, E.M.H. (2006) Is Mycobacterium bovis in the environment
important for the persistence of bovine tuberculosis? Biological Letters 2, 460—-462.

Cruz, A., Fraga, A.G., Fountain, J.J., Rangel-Moreno, J., Torrado, E., Saraiva, M., Pereira, D.R., Randall, T.D.,
Pedrosa, J., Cooper, A.M. and Castro, A.G. (2010) Pathological role of interleukin 17 in mice subjected
to repeated BCG vaccination after infection with Mycobacterium tuberculosis. Journal of Experimental
Medicine 207(8), 1609-1616.

D’Souza, C.D., Cooper, A.M., Frank, A.A., Mazzaccaro, R.J., Bloom, B.R. and Orme, .M. (1997) An
anti-inflammatory role for gamma delta T lymphocytes in acquired immunity to Mycobacterium tuber-
culosis. Journal of Inmunology 158, 1217-1221.

Daetwyler, H.D., Villanueva, B. and Woolliams, J.A. (2008) Accuracy of predicting the genetic risk of disease
using a genome-wide approach. PLoS One 3(10), e3395.

Dean, G., Whelan, A., Clifford, D., Salguero, F.J., Xing, Z., Gilbert, S., McShane, H., Hewinson, R.G.,
Vordermeier, M. and Villarreal-Ramos, B. (2014) Comparison of the immunogenicity and protection
against bovine tuberculosis following immunization by BCG-priming and boosting with adenovirus or
protein based vaccines. Vaccine 158(3-4), 208—213.

Dean, G.S., Rhodes, S.G., Coad, M., Whelan, A.O., Cockle, P.J., Clifford, D.J., Hewinson, R.G. and Vorder-
meier, H.M. (2005) Minimum infective dose of Mycobacterium bovis in cattle. Infection and Immunity
73(10), 6467-6471.

de Garine-Wichatitsky, M., Caron, A., Kock, R., Tschopp, R., Munyeme, M., Hofmeyr, M., and Michel, A.
(2013) A review of bovine tuberculosis at the wildlife-livestock-human interface in sub-Saharan Africa.
Epidemiology and Infection 141, 1342—1356.

de Lisle, G.W., Bengis, R.G., Schmitt, S.M. and O’Brien, D.J. (2002) Tuberculosis in free-ranging wildlife:
detection, diagnosis and management. Revue Scientifique et Technique Office International des
Epizooties 21, 317-334.

Denis, M. and Buddle, B.M. (2008) Bovine dendritic cells are more permissive for Mycobacterium bovis
replication than macrophages, but release more IL-12 and induce better immune T-cell proliferation.
Immunology and Cell Biology 86, 185—191.

Denis, M., Keen, D.L., Parlane, N.A., Storset, A.K. and Buddle, B.M. (2007) Bovine natural killer cells restrict
the replication of Mycobacterium bovis in bovine macrophages and enhance IL-12 release by infected
macrophages. Tuberculosis (Edinburgh) 87, 53-62.

Dhiman, R., Indramohan, M., Barnes, P.F., Nayak, R.C., Paidipally, P., Rao, L.V. and Vankayalapati, R.
(2009) IL-22 produced by human NK cells inhibits growth of Mycobacterium tuberculosis by enhan-
cing phagolysosomal fusion. Journal of Immunology 183, 6639-6645.

Dieli, F., lvanyi, J., Marsh, P., Williams, A., Naylor, 1., Sireci, G., Caccamo, N., Di Sano, C. and Salerno, A.
(2003) Characterization of lung gamma delta T cells following intranasal infection with Mycobacterium
bovis bacillus Calmette-Guerin. Journal of Immunology 170, 463—469.

Dietrich, J., Aagaard, C., Leah, R., Olsen, A.W., Stryhn, A., Doherty, T.M. and Andersen, P. (2005) Exchanging
ESAT6 with TB10.4 in an Ag85B fusion molecule-based tuberculosis subunit vaccine: efficient protection
and ESAT6-based sensitive monitoring of vaccine efficacy. Journal of Immunology 174, 6332—6339.

Doherty, M.L., Monaghan, M.L., Bassett, H.F., Quinn, P.J. and Davis, W.C. (1996) Effect of dietary restriction
on cell-mediated immune responses in cattle infected with Mycobacterium bovis. Veterinary Immun-
ology and Immunopathology 49, 307-320.

Drewe, J.A., O’Connor, H.M., Weber, N., McDonald, R.A. and Delahay, R.J. (2013) Patterns of direct and
indirect contact between cattle and badgers naturally infected with tuberculosis. Epidemiology and
Infection 141, 1467—-1475.

Ehlers, S. (2010) DC-SIGN and mannosylated surface structures of Mycobacterium tuberculosis: a deceptive
liaison. European Journal of Cell Biology 89, 95—101.

Einarsdottir, T., Lockhart, E. and Flynn, J.L. (2009) Cytotoxicity and secretion of gamma interferon are carried
out by distinct CD8 T cells during Mycobacterium tuberculosis infection. Infection and Immunity 77(10),
4621-4630.

Endsley, J.J., Furrer, J.L., Endsley, M.A., McIntosh, M.A., Maue, A.C., Waters, W.R., Lee, D.R. and Estes, D.M.
(2004) Characterization of bovine homologues of granulysin and NK-lysin. Journal of Immunology
173(4), 2607-2614.

Endsley, J.J., Endsley, M.A. and Estes, D.M. (2006) Bovine natural killer cells acquire cytotoxic/effector ac-
tivity following activation with IL-12/15 and reduce Mycobacterium bovis BCG in infected macrophages.
Journal of Leukocyte Biology 79, 71-79.



Immunopathogenesis of Mycobacterium bovis Infection of Cattle 159

Endsley, J.J., Hogg, A., Shell, L.J., McAulay, M., Coffey, T., Howard, C., Capinos Scherer, C.F., Waters, W.R.,
Nonnecke, B., Estes, D.M. and Villarreal-Ramos, B. (2007) Mycobacterium bovis BCG vaccination
induces memory cD4* T cells characterized by effector biomarker expression and anti-mycobacterial
activity. Vaccine 25(50), 8384—-8394.

Endsley, J.J., Waters, W.R., Palmer, M.V., Nonnecke, B.J., Thacker, T.C., Jacobs, W.R. Jr, Larsen, M.H.,
Hogg, A., Shell, E., McAlauy, M., Scherer, C.F., Coffey, T., Howard, C.J., Villareal-Ramos, B. and
Estes, D.M. (2009) The calf model of immunity for development of a vaccine against tuberculosis.
Veterinary Immunology and Immunopathology 128, 199-204.

Ernst, J.D. (1998) Macrophage receptors for Mycobacterium tuberculosis. Infection and Immunity 66(4),
1277-1281.

Ernst, J.D. (2012) The immunological life cycle of tuberculosis. Nature Reviews Immunology 12(8), 581-591.

Esin, S., Batoni, G., Counoupas, C., Stringaro, A., Brancatisano, F.L., Colone, M., Maisetta, G., Florio, W.,
Arancia, G. and Campa, M. (2008) Direct binding of human NK cell natural cytotoxicity receptor
NKp44 to the surfaces of mycobacteria and other bacteria. Infection and Immunity 76, 1719-1727.

Fehniger, T.A., Carson, W.E. and Caliguiri, M.A. (1999) Costimulation of human natural killer cells is required
for interferon gamma production. Transplant Proceedings 31, 1476—1478.

Ferlazzo, G., Pack, M., Thomas, D., Paludun, C., Schmid, D., Strowig, T., Bougras, G., Muller, W.A,,
Moretta, L. and Munz, C. (2004) Distinct roles of IL-12 and IL-15 in human natural killer cell activation
by dendritic cells from secondary lymphoid organs. Proceedings of the National Academy of Sciences
USA 101, 16606—-16611.

Finlay, E.K., Berry, D.P., Wickham, B., Gormley, E.P. and Bradley, D.G. (2012) A genome wide association
scan of bovine tuberculosis susceptibility in Holstein-Friesian dairy cattle. PLoS One 7(2), e30545.

Flynn, J.L. and Chan, J. (2001) Immunology of tuberculosis. Annual Review of Inmunology 19, 93—129.

Flynn, J.L. and Chan, J. (2003) Immune evasion by Mycobacterium tuberculosis: living with the enemy.
Current Opinions in Immunology 15(4), 450-455.

Flynn, R.J., Mulcahy, G., Welsh, M., Cassidy, J.P., Corbett, D., Milligan, C., Andersen, P., Strain, S. and
McNair, J. (2009) Co-Infection of cattle with Fasciola hepatica and Mycobacterium bovis-immunological
consequences. Transboundary and Emerging Diseases 56, 269-274.

Fournie, J.J. and Bonneville, M. (1996) Stimulation of gamma delta T cells by phosphoantigens. Research
in Immunology 147, 338-347.

Francis, J. (1946) The tuberculin test and the control of bovine tuberculosis. Journal of the Royal Sanitary
Institute 66, 355-365.

Fu, X., Liu, Y., Li, L., Li, Q., Qiao, D., Wand, H., Lao, S., Fan, Y. and Wu, C. (2011) Human natural killer cells
expressing the memory-associated marker CD45RO from tuberculous pleurisy respond more strongly
and rapidly than CD45RO- natural killer cells following stimulation with interleukin-12. Immunology 134,
41-49.

Fu, X., Yang, B., Lao, S., Fan, Y. and Wu, C. (2013) Human memory-like NK cells migrating to tuberculous
pleural fluid via IP-10/CXCR3 and SDF-1/CXCR4 axis produce IFN-gamma in response to Bacille
Calmette Guerin. Clinical Immunology 148, 113—-123.

Gannon, B.W., Hayes, C.M. and Roe, J.M. (2007) Survival rate of airborne Mycobacterium bovis. Research
in Veterinary Science 82(2), 169—-172.

Geluk, A., van den Eeden, S.J., van Meijgaarden, K.E., Dijkman, K., Franken, K.L. and Ottenhoff, T.H.
(2012) A multistage-polyepitope vaccine protects against Mycobacterium tuberculosis infection in
HLA-DRS3 transgenic mice. Vaccine 30(52), 7513-7521.

Gerosa, F., Baldani-Guerra, B., Nisii, C., Marchesini, V., Carra, G. and Trinchieri, G. (2002) Reciprocal acti-
vating interaction between natural killer cells and dendritic cells. Journal of Experimental Medicine
195, 327-333.

Gideon, H.P., Wilkinson, K.A., Rustad, T.R., Oni, T., Guio, H., Kozak, R.A., Sherman, D.R., Meintjes, G.,
Behr, M.A., Vordermeier, H.M., Young, D.B. and Wilkinson, R.J. (2010) Hypoxia Induces an Immunodom-
inant Target of Tuberculosis Specific T Cells Absent from Common BCG Vaccines. PLoS Pathogens 6,
e1001237.

Gilbert, M., Mitchell, A., Bourn, D., Mawdsley, J., Clifton-Hadley, R. and Wint, W. (2005) Cattle movements
and bovine tuberculosis in Great Britain. Nature 435(7041), 491-496.

Godfray, H.C., Donnelly, C.A., Kao, R.R., Macdonald, D.W., McDonald, R.A., Petrokofsky, G., Wood, J.L.,
Woodroffe, R., Young, D.B. and McLean A.R. (2013) A restatement of the natural science evidence
base relevant to the control of bovine tuberculosis in Great Britain. Proceedings of the Royal Society
B: Biological Sciences 280(1768), 20131634.



160 W.R. Waters et al.

Goodchild, A.V. and Clifton-Hadley, R.S. (2001) Cattle-to-cattle transmission of Mycobacterium bovis.
Tuberculosis (Edinburgh) 81, 23—41.

Gopal, R., Goodchild, A., Hewinson, G., de la Rua Domenech, R. and Clifton-Hadley, R. (2006) Introduction
of bovine tuberculosis to north-east England by bought-in cattle. Veterinary Record 159(9), 265-271.

Graham, E.M., Thom, M.L., Howard, C.J., Boysen, P., Storset, A.K., Sopp, P. and Hope, J.C. (2009) Natural
killer cell number and phenotype in bovine peripheral blood is influenced by age. Veterinary Immunology
and Immunopathology 132, 101-108.

Green, A.M., Difazio, R. and Flynn, J.L. (2013) IFN-y from CD4 T cells is essential for host survival and
enhances CD8 T cell function during Mycobacterium tuberculosis infection. Journal of Immunology
190(1), 270-277.

Griffin, J.M., Williams, D.H., Kelly, G.E., Clegg, T.A., O’'Boyle, |., Collins, J.D. and More, S.J. (2005) The im-
pact of badger removal on the control of tuberculosis in cattle herds in Ireland. Preventive Veterinary
Medicine 67, 237-266.

Gutierrez, M.G., Master, S.S., Singh, S.B., Taylor, G.A., Colombo, M.I. and Deretic, V. (2004) Autophagy is a
defense mechanism inhibiting BCG and Mycobacterium tuberculosis survival in infected macrophages.
Cell 119, 753-766.

Guzman, E, Price, S., Poulsom, H. and Hope, J. (2012) Bovine y5 T cells: cells with multiple functions and
important roles in immunity. Veterinary Immunology Immunopathology 148(1-2), 161-167.

Haregewoin, A., Soman, G., Hom, R.C. and Finberg, R.W. (1989) Human gamma delta+ T cells respond to
mycobacterial heat-shock protein. Nature 340, 309-312.

Harrington, N.P., Surujballi, O.P., Prescott, J.F., Duncan, J.R., Waters, W.R., Lyashchenko, K. and Greenwald, R.
(2008) Antibody responses of cervids (Cervus elaphus) following experimental Mycobacterium bovis
infection and the implications for immunodiagnosis. Clinical and Vaccine Immunology 15(11), 1650—
1658.

Hein, W.R. and Mackay, C.R. (1991) Prominence of gamma delta T cells in the ruminant immune system.
Immunology Today 12, 30-34.

Hinks, T.S., Dosanjh, D.P., Innes, J.A., Pasvol, G., Hackforth S., Varia, H., Millington, K.A., Liu, X.Q.,
Bakir, M., Soysal, A., Davidson, R.N., Gunatheesan, R. and Lalvani, A. (2009) Frequencies of region
of difference 1 antigen-specific but not purified protein derivative-specific gamma interferon-secreting
T cells correlate with the presence of tuberculosis disease but do not distinguish recent from remote
latent infections. Infection and Immunity 77, 5486—-5495.

Hope, J.C., Kwong, L.S., Sopp, P., Collins, R.A. and Howard, C.J. (2000) Dendritic cells induce CD4+ and
CD8+ T-cell responses to Mycobacterium bovis and M. avium antigens in Bacille Calmette Guérin
vaccinated and nonvaccinated cattle. Scandanavian Journal of Immunology 52, 285-291.

Hope, J.C., Sopp, P. and Howard, C.J. (2002) NK-like CD8(+) cells inimmunologically naive neonatal calves
that respond to dendritic cells infected with Mycobacterium bovis BCG. Journal of Leukocyte Biology
71, 184-194.

Hope, J.C., Thom, M.L., McCormick, P.A. and Howard, C.J. (2004) Interaction of antigen presenting cells
with mycobacteria. Veterinary Immunology and Immunopathology 100(3—-4), 187—195.

Hope, J.C., Guzman, E., Cubillos-Zapata, C., Stephens, S.A., Gilbert, S.C., Prentice, H., Sopp, P., Howard, C.J.
and Charleston, B. (2012) Migratory sub-populations of afferent lymphatic dendritic cells differ in their
interactions with Mycobacterium bovis Bacille Calmette Guerin. Vaccine 30, 2357-2367.

Hou, S., Hyland, L., Ryan, K.W., Portner, A. and Doherty, P.C. (1994) Virus-specific CD8+ T-cell memory
determined by clonal burst size. Nature 369(6482), 652—654.

Howard, C.J. and Hope, J.C. (2000) Dendritic cells, implications on function from studies of the afferent
lymph veiled cell. Veterinary Immunology and Immunopathology 77, 1—13.

Howard, C.J., Sopp, P., Brownlie, J., Kwong, L.S., Parsons, K.R. and Taylor, G. (1997) Identification of two
distinct populations of dendritic cells in afferent lymph that vary in their ability to stimulate T cells. Jour-
nal of Immunology 159, 5372-5382.

Hunter, R.L. (2011) Pathology of post primary tuberculosis of the lung: an illustrated critical review. Tuberculosis
(Edinburgh) 91(6), 497-509.

Jenkins, H.E., Woodroffe, R. and Donnelly, C.A. 2008. The effects of annual widespread badger culls on cattle
tuberculosis following the cessation of culling. International Journal of Infectious Diseases 12, 457—-465.

Johnson, L., Gough, J., Spencer, Y., Hewinson, G., Vordermeier, M. and Wangoo, A. (2006) Immunohisto-
chemical markers augment evaluation of vaccine efficacy and disease severity in bacillus Calmette-
Guerin (BCG) vaccinated cattle challenged with Mycobacterium bovis. Veterinary Immunology and
Immunopathology 111, 219-229.



Immunopathogenesis of Mycobacterium bovis Infection of Cattle 161

Johnson, L., Dean, G., Rhodes, S., Hewinson, G., Vordermeier, M. and Wangoo, A. (2007) Low-dose Myco-
bacterium bovis infection in cattle results in pathology indistinguishable from that of high-dose infec-
tion. Tuberculosis (Edinburgh) 87, 71-76.

Jones, G.J., Pirson, C., Gideon, H.P., Wilkinson, K.A., Sherman, D.R., Wilkinson, R.J., Hewinson, R.G.
and Vordermeier, H.M. (2011) Immune responses to the enduring hypoxic response antigen Rv0188
are preferentially detected in Mycobacterium bovis infected cattle with low pathology. PLoS One 6(6),
e21371.

Junqueira-Kipnis, A.P., Kipnis, A., Jamieson, A., Juarrero, M.G., Diefenbach, A., Raulet, D.H., Turner, J.
and Orme, I.M. (2003) NK cells respond to pulmonary infection with Mycobacterium tuberculosis, but
play a minimal role in protection. Journal of Immunology 171(11), 6039-6045.

Jurado, J.O., Pasquinelli, V., Alvarez, |.B., Pefa, D., Rovetta, A.l., Tateosian, N.L., Romeo, H.E., Musella,
R.M., Palmero, D., Chuluyan, H.E. and Garcia, V.E. (2012) IL-17 and IFN-y expression in lymphocytes
from patients with active tuberculosis correlates with the severity of the disease. Journal of Leukocyte
Biology 91(6), 991-1002.

Jutila, M.A., Holderness, J., Graff, J.C. and Hedges, J.F. (2008) Antigen-independent priming: a transitional
response of bovine gammadelta T-cells to infection. Animal Health Research Reviews 9, 47-57.
Kabelitz, D. (2011) gammadelta T-cells: cross-talk between innate and adaptive immunity. Cellular and

Molecular Life Sciences 68, 2331-2333.

Kaneene, J.B., Bruning-Fann, C.S., Granger, L.M., Miller, R.A. and Porter-Spalding, B.A. (2002) Environmen-
tal factors and farm management factors associated with tuberculosis on cattle farms in northeastern
Michigan. Journal of American Veterinary Medical Association 221, 837-842.

Kao, R.R., Gravenor, M.B., Charleston, B., Hope, J.C., Martin, M. and Howard, C.J. (2007) Mycobacter-
ium bovis shedding patterns from experimentally infected calves and the effect of concurrent infection
with bovine viral diarrhoea virus. Journal of the Royal Society Interface 4, 545-551.

Kennedy, H.E., Welsh, M.D., Bryson, D.G., Cassidy, J.P., Forster, F.I., Howard, C.J., Collins, R.A. and
Pollock, J.M. (2002) Modulation of immune responses to Mycobacterium bovis in cattle depleted of
WC1(+) gamma delta T cells. Infection and Immunity 70, 1488-1500.

Khader, S.A. and Cooper, A.M. (2008) IL-23 and IL-17 in tuberculosis. Cytokine 41(2), 79-83.

Khader, S.A., Pearl, J.E., Sakamoto, K., Gilmartin, L., Bell, G.K., Jelley-Gibbs, D.M., Ghilardi, N., deSau-
vage, F. and Cooper, A.M. (2005) IL-23 compensates for the absence of IL-12p70 and is essential for
the IL-17 response during tuberculosis but is dispensable for protection and antigen-specific IFN-
gamma responses if IL-12p70 is available. Journal of Immunology 175, 788-795.

Khader, S.A., Bell, G.K., Pearl, J.E., Fountain, J.J., Rangel-Moreno, J., Cilley, G.E., Shen, F., Eaton, S.M.,
Gaffen, S.L., Swain, S.L., Locksley, R.M., Haynes, L., Randall, T.D. and Cooper, A.M. (2007) IL-23
and IL-17 in the establishment of protective pulmonary CD4+ T cell responses after vaccination and
during Mycobacterium tuberculosis challenge. Nature Immunology 8(4), 369-377.

Khader, S.A., Guglani, L., Rangel-Moreno, J., Gopal, R., Junecko, B.A., Fountain, J.J., Martino, C., Pearl, J.E.,
Tighe, M., Lin, Y.Y., Slight, S., Kolls, J.K., Reinhart, T.A., Randall, T.D. and Cooper, A.M. (2011) IL-23 is
required for long-term control of Mycobacterium tuberculosis and B cell follicle formation in the infected
lung. Journal of Immunology 187(10), 5402—-5547.

Khatri, B.L., Coad, M., Clifford, D.J., Hewinson, R.G., Whelan, A.O. and Vordermeier, H.M. (2012) A natural-
transmission model of bovine tuberculosis provides novel disease insights. Veterinary Record
171(18), 448.

Kremer, L. and Besra, G. (2005) A waxy Tale, by Mycobacterium tuberculosis. In: Cole, S.T., Eisenach, K.D.,
McMurrey, D.N. and Jacobs, W.R. (eds) Tuberculosis and the Tubercle bacilli. ASM Press, Washington, DC,
pp. 287-305.

Kukielka, E., Barasona, J.A., Cowie, C.E., Drewe, J.A., Gortazar, C., Cotarelo, |. and Vicente, J. (2013)
Spatial and temporal interactions between livestock and wildlife in South Central Spain assessed by
camera traps. Preventive Veterinary Medicine 112, 213-221.

Kulberg, S., Boysen, P. and Storset, A.K. (2004) Reference values for relative numbers of natural killer
cells in cattle blood. Developmental and Comparative Immunology 28, 941-948.

Ladel, C.H., Hess, J., Daugelat, S., Mombaerts, P., Tonegawa, S. and Kaufmann, S.H. (1995) Contribution of
alpha/beta and gamma/delta T lymphocytes to immunity against Mycobacterium bovis bacillus Calmette
Guerin: studies with T cell receptor-deficient mutant mice. European Journal of Immunology 25, 838—-846.

Laénnec, R.T.H. (1837) Treaty Mediate Auscultation and Diseases of the Lungs and Heart. Adolphe
Whalen & Co Brussels. Available at: https://archive.org/details/traitedelascultaO2un (accessed 12
November 2013).


https://archive.org/details/traitedelasculta02un

162 W.R. Waters et al.

Larkin, D.M. (2011) Status of the cattle genome map. Cytogenetic Genome Research 134(1), 1-8.

Larsen, M.V., Sorensen, I.J., Thomsen, V.O. and Ravn, P. (2008) Re-activation of bovine tuberculosis in a
patient treated with infliximab. European Respiratory Journal 32, 229-231.

Liebana, E., Aranaz, A., Aldwell, F.E., McNair, J., Neill, S.D., Smyth, A.J. and Pollock, J.M. (2000) Cellular
interactions in bovine tuberculosis: release of active mycobacteria from infected macrophages by
antigen-stimulated T cells. Immunology 99(1), 23—-29.

Liebana, E., Marsh, S., Gough, J., Nunez, A., Vordermeier, H.M., Whelan, A., Spencer, Y., Clifton-Hardley, R.,
Hewinson, G. and Johnson, L. (2007) Distribution and activation of T-lymphocyte subsets in tubercu-
lous bovine lymph-node granulomas. Veterinary Pathology 44(3), 366—372.

Lin, M.Y. and Ottenhoff, T.H. (2008) Not to wake a sleeping giant: new insights into host-pathogen inter-
actions identify new targets for vaccination against latent Mycobacterium tuberculosis infection. Bio-
logical Chemistry 389(5), 497-511.

Lin, P.L. and Flynn, J.L. (2010) Understanding latent tuberculosis: a moving target. Journal of Inmunology
185(1), 15-22.

Lockhart, E., Green, A.M. and Flynn, J.L. (2006) IL-17 production is dominated by gammadelta T cells rather
than CD4 T cells during Mycobacterium tuberculosis infection. Journal of Immunology 177(7), 4662—4669.

Long, E.O., Kim, H.S., Liu, D., Peterson, M.E. and Rajagopalan, S. (2013) Controlling natural killer cell re-
sponses: integration of signals for activation and inhibition. Annual Review in Immunology 31, 227-258.

Lucas, M., Schachterle, W., Oberle, K., Aichele, P. and Diefenbach A. (2007) Dendritic cells prime natural
killer cells by trans-presenting interleukin 15. Immunity 26, 503-517.

Lund, H., Boysen, P., Hope J.C., Sjurseth, S.K. and Storset, A.K. (2013) Natural killer cells in afferent lymph
express an activated phenotype and readily produce IFN-gamma. Frontiers in Immunology 4, 395.
Lyashchenko, K., Whelan, A.O., Greenwald, R., Pollock, J.M., Andersen, P., Hewinson, R.G. and Vordermeier, H.M.
(2004) Association of tuberculin-boosted antibody responses with pathology and cell-mediated immunity
in cattle vaccinated with Mycobacterium bovis BCG and infected with M. bovis. Infection and Immunity

72(5), 2462-2467.

Machugh, N.D., Mburu, J.K., Carol, M.J., Wyatt, C.R., Orden, J.A. and Davis, W.C. (1997) Identification of
two distinct subsets of bovine gamma delta T cells with unique cell surface phenotype and tissue distri-
bution. Immunology 92, 340-345.

Mackay, C.R., Beya, M.F. and Matzinger, P. (1989) Gamma/delta T cells express a unique surface molecule
appearing late during thymic development. European Journal of Immunology 19, 1477-1483.

Mackay, C.R., Marston, W.L. and Dudler, L. (1990) Naive and memory T cells show distinct pathways of
lymphocyte recirculation. Journal of Experimental Medicine 171(3), 801-817.

Maggioli, M., Palmer, M.V., Vordermeier, H.M., Estes, D.M. and Waters, W.R. (2012) Effector and memory T
cell subsets in the response to bovine tuberculosis. In: Ellis, R.P. (ed.) Proceedings of the Conference of
Research Workers in Animal Disease, Chicago, lllinois (Abstract #119). CRWAD, Chicago, IL, p. 119.

Maglione, P.J. and Chan, J. (2009) How B cells shape the immune response against Mycobacterium
tuberculosis. European Journal of Immunology 39(3), 676-686.

Mailliard R.B., Son, Y.I., Redlinger, R., Coates, P.T., Giermasz, A., Morel, P.A., Storkus, W.J. and Kalinski, P.
(2003) Dendritic cells mediate NK cell help for Th1 and CTL responses: two-signal requirement for the
induction of NK cell helper function. Journal of Immunology 171, 2366—2373.

Marcenaro, E., Ferranti, B., Falco, M., Moretta, L. and Moretta, A. (2008) Human NK cells directly recognize
Mycobacterium bovis via TLR2 and acquire the ability to kill monocyte-derived DC. International Im-
munology 20, 1155—-1167.

Martin-Fontecha, A., Thomsen, L.L., Brett, S., Gerard, C., Lipp, M., Lanzavecchia, A. and Sallusto, F.
(2004) Induced recruitment of NK cells to lymph nodes provides IFN-gamma for T(H)1 priming. Nature
Immunology 5, 1260—1265.

Maue, A.C., Waters, W.R., Davis, W.C., Palmer, M.V., Minion, F.C. and Estes, D.M. (2005) Analysis of inmune
responses directed toward a recombinant early secretory antigenic target six-kilodalton protein-culture
filtrate protein 10 fusion protein in Mycobacterium bovis-infected cattle. Infection and Immunity 73(10),
6659-6667.

McCorry, T., Whelan, A.O., Welsh, M.D., McNair, J., Walton, E.R., Bryson, D.B., Hewinson, R.G., Vordermeier, H.M.
and Pollock, J.M. (2005) Shedding of Mycobacterium bovis in the nasal mucus of cattle infected with
tuberculosis by the intranasal and intratracheal routes. Veterinary Record 157, 163-619.

McGill, J.L., Sacco, R.E., Baldwin, C.L., Telfer, J.C., Palmer, M.V. and Waters, W.R. (2014) Specific recog-
nition of mycobacterial protein and peptide antigens by y5 T cell subsets following infection with virulent
Mycobacterium bovis. Journal of Inmunology 192(6), 2756—-2769.



Immunopathogenesis of Mycobacterium bovis Infection of Cattle 163

McKeever, D.J., Machugh, N.D., Goddeeris, B.M., Awino, E. and Morrison, W.I. (1991) Bovine afferent lymph
veiled cells differ from blood monocytes in phenotype and accessory function. Journal of Immunology
147, 3703-3709.

Means, T.K., Wang, S., Lien, E., Yoshimura, A., Golenbock, D.T. and Fenton, M.J. (1999) Human toll-like
receptors mediate cellular activation by Mycobacterium tuberculosis. Journal of Immunology 163,
3920-3927.

Menzies, F.D. and Neill, S.D. (2000) Cattle-to-cattle transmission of bovine tuberculosis. Veterinary Journal
160(2), 92—-106.

Meuwissen, T.H., Hayes, B.J. and Goddard, M.E. (2001) Prediction of total genetic value using genome-wide
dense marker maps. Genetics 157(4), 1819-1829.

Miller, R.S. and Sweeney, S.J. (2013) Mycobacterium bovis (bovine tuberculosis) infection in North America
wildlife: current status and opportunities for mitigation of risks of further infection in wildlife populations.
Epidemiology and Infection 141, 1357—1370.

Mittriicker, H.W., Steinhoff, U., Kdhler, A., Krause, M., Lazar, D., Mex, P., Miekley, D. and Kaufmann, S.H.
(2007) Poor correlation between BCG vaccination-induced T cell responses and protection against
tuberculosis. Proceedings of the National Academy of Sciences USA 104, 12434—12439.

Miyazawa, K., Aso, H., Honda, M., Kido, T., Minashima, T., Kanaya, T., Watanabe, K., Ohwada S.,
Rose, M.T. and Yamguchi, T. (2006) Identification of bovine dendritic cell phenotype from bovine per-
ipheral blood. Research in Veterinary Science 81, 40-45.

Moretta, L., Bottino, C., Pende, D., Vitale, M., Mingari, M.C. and Moretta, A. (2005) Human natural killer cells:
molecular mechanisms controlling NK cell activation and tumor cell lysis. Immunology Letters 100, 7—13.

Morita, C.T., Beckman, E.M., Bukowski, J.F., Tanaka, Y., Band, H., Bloom, B.R., Golan, D.E. and Brenner, M.B.
(1995) Direct presentation of nonpeptide prenyl pyrophosphate antigens to human gamma delta T cells.
Immunity 3, 495-507.

Morrison, W.I. and Davis, W.C. (1991) Individual antigens of cattle. Differentiation antigens expressed predom-
inantly on CD4-CD8- T lymphocytes (WC1, WC2). Veterinary Immunology and Immunopathology 27,
71-76.

Murali-Krishna, K., Altman, J.D., Suresh, M., Sourdive, D.J., Zajac, A.J., Miller, J.D., Slansky, J. and
Ahmed, R. (1998) Counting antigen-specific CD8 T cells: a reevaluation of bystander activation dur-
ing viral infection. Immunity 8(2), 177-187.

Naranjo, V., Gortazar, C., Vicente, J. and de la Fuente, J. (2008) Evidence of the role of European wild
boar as a reservoir of Mycobacterium tuberculosis complex. Veterinary Microbiology 127, 1-9.
Nguyen, L. and Pieters, J. (2005) The Trojan horse: survival tactics of pathogenic mycobacteria in macro-

phages. Trends in Cellular Biology 15, 269-276.

O’Leary, J.G., Goodarzi, M., Drayton, D.L. and Von Andrian, U.H. (2006) T cell- and B cell-independent
adaptive immunity mediated by natural killer cells. Nature Immunology 7, 507-516.

Ottenhoff, T.H. (2012) The knowns and unknowns of the immunopathogenesis of tuberculosis. International
Journal of Tuberculosis and Lung Disease 16(11), 1424—1432.

Palmer, M.V. and Waters, W.R. (2006) Advances in bovine tuberculosis diagnosis and pathogenesis: what
policy makers need to know. Veterinary Microbiology 112, 181-190.

Palmer, M.V., Whipple, D.L., Rhyan, J.C., Bolin, C.A. and Saari, D.A. (1999) Granuloma development in cattle after
intratonsilar inoculation with Mycobacterium bovis. American Journal of Veterinary Research 60, 310-315.

Palmer, M.V., Waters, W.R. and Whipple, D.L. (2002) Aerosol delivery of virulent Mycobacterium bovis to
cattle. Tuberculosis (Edinburgh) 82, 275-282.

Palmer, M.V., Waters, W.R. and Whipple, D.L. (2004) Investigation of the transmission of Mycobacter-
ium bovis from deer to cattle through indirect contact. American Journal of Veterinary Research 65,
1483-14809.

Palmer, M.V., Waters, W.R., Thacker, T.C., Greenwald, R., Esfandiari, J. and Lyashchenko, K.P. (2006)
Effects of different tuberculin skin-testing regimens on gamma interferon and antibody responses in cattle
experimentally infected with Mycobacterium bovis. Clinical and Vaccine Immunology 13(3), 387-394.

Palmer, M.V., Waters, W.R. and Thacker, T.C. (2007) Lesion development and immunohistochemical
changes in granulomas from cattle experimentally infected with Mycobacterium bovis. Veterinary
Pathology 44(6), 863-874.

Phillips, C.J., Foster, C.R., Morris, P.A. and Teverson, R. (2003) The transmission of Mycobacterium bovis
infection to cattle. Research in Veterinary Science 74(1), 1-15.

Piccioli, D., Sbrana, S., Melandri, E. and Valiante, N.M. (2002) Contact-dependent stimulation and inhibition
of dendritic cells by natural killer cells. Journal of Experimental Medicine 195, 335-341.



164 W.R. Waters et al.

Piercy, J., Werling, D. and Coffey, T.J. (2007) Differential responses of bovine macrophages to infection with
bovine-specific and non-bovine specific mycobacteria. Tuberculosis (Edinburgh) 87(5), 415—420.

Pirson, C., Jones, G.J., Steinbach, S., Besra, G.S. and Vordermeier, H.M. (2012) Differential effects of Myco-
bacterium bovis derived polar and apolar lipid fractions on bovine innate cells. Veterinary Research
43, 54-64.

Pollock, J.M., Pollock, D.A., Campbell, D.G., Girvin, R.M., Crockard, A.D., Neill, S.D. and Mackie, D.P. (1996)
Dynamic changes in circulating and antigen-responsive T-cell subpopulations post-Mycobacterium
bovis infection in cattle. Immunology 87, 236-241.

Pollock, J.M., McNair, J., Welsh, M.D., Girvin, R.M., Kennedy, H.E., Mackie, D.P. and Neill, S.D. (2001)
Immune responses in bovine tuberculosis. Tuberculosis (Edinburgh) 81, 103-107.

Pollock, J.M., Rodgers, J.D., Welsh, M.D. and McNair, J. (2006) Pathogenesis of bovine tuberculosis: the
role of experimental models of infection. Veterinary Microbiology 112(2—4), 141-150.

Portevin, D., Via, L.E., Eum, S. and Young, D. (2012) Natural killer cells are recruited during pulmonary tuber-
culosis and their ex vivo responses to mycobacteria vary between healthy human donors in association
with KIR haplotype. Cellular Microbiology 14, 1734-1744.

Price, S.J. and Hope, J.C. (2009) Enhanced secretion of interferon-gamma by bovine gammadelta T cells
induced by coculture with Mycobacterium bovis-infected dendritic cells: evidence for reciprocal activat-
ing signals. Immunology 126, 201-208.

Price, S., Davies, M., Villarreal-Ramos, B. and Hope, J. (2010) Differential distribution of WC1(+) gammadelta
TCR(+) T lymphocyte subsets within lymphoid tissues of the head and respiratory tract and effects of
intranasal M. bovis BCG vaccination. Veterinary Immunology and Immunopathology 136, 133—137.

Probst, C., Freuling, C., Moser, |., Geue, L., Kéhler, H., Conraths, F.J., Hotzel, H., Liebler-Tenorio, E.M.
and Kramer, M. (2010) Bovine tuberculosis: making a case for effective surveillance. Epidemiology
and Infection 139(1), 105—-112.

Puleston, D.J. and Simon, A.K. (2014) Autophagy in the immune system. Immunology 114, 1-8.

Ramakrishnan, L. (2012) Revisiting the role of the granuloma in tuberculosis. Nature Reviews Immunology
12, 352-366.

Reece, S.T. and Kaufmann, S.H. (2012) Floating between the poles of pathology and protection: can we
pin down the granuloma in tuberculosis? Current Opinion in Microbiology 15(1), 63—70.

Reed, M.B., Domenech, P., Manca, C., Su, H., Barczak, A.K., Kreiswirth, B.N., Kaplan, G. and Barry 3rd, C.E.
(2004) A glycolipid of hypervirulent tuberculosis strains that inhibits the innate immune response. Na-
ture 431, 84-87.

Reefman, E., Kay, J.G., Wood, S.M., Offenhauser, C., Brown, D.L., Roy, S., Stanley, A.C., Low, P.C., Man-
derson, A.P. and Stow, J.L. (2010) Cytokine secretion is distinct from secretion of cytotoxic granules in
NK cells. Journal of Immunology 184, 4852—4862.

Reid, E., Juleff, N., Gubbins, S., Prentice, H., Seago, J. and Charleston, B. (2011) Bovine plasmacytoid
dendritic cells are the major source of type | interferon in response to foot-and-mouth disease virus in
vitro and in vivo. Journal of Virology 85, 4297—4308.

Rhodes, S.G., Hewinson, R.G. and Vordermeier, H.M. (2001) Antigen recognition and immunomodulation
by gamma delta T cells in bovine tuberculosis. Journal of Immunology 166, 5604-5610.

Rhodes, S.G., McKinna, L.C., Steinbach, S., Dean, G.S., Villarreal-Ramos, B., Whelan, A.O., Pirson, C.,
Jones, G.J., Clifford, D. and Vordermeier, H.M. (2014) Use of antigen-specific interleukin-2 to differ-
entiate between cattle vaccinated with M. bovis-BCG and cattle infected with Mycobacterium bovis.
Clinical and Vaccine Immunology 21(1), 39-45.

Rizzi, C., Bianco, M.V., Blanco, F.C., Soria, M., Gravisaco, M.J., Montenegro, V., Vagnoni, L., Buddle, B.,
Garbaccio, S., Delgado, F., Leal, K.S., Cataldi, A.A., Dellagostin, O.A. and Bigi, F. (2012) Vaccination
with a BCG strain overexpressing Ag85B protects cattle against Mycobacterium bovis challenge.
PLoS One 7(12), €51396.

Rohde, K., Yates, R.M., Purdy, G.E. and Russell, D.G. (2007) Mycobacterium tuberculosis and the envir-
onment within the phagosome. Immunological Reviews 219, 37-54.

Romero Tejeda, A., Arriaga Diaz, C., Guevara Vivero, J., Garcia Salazar, J.A., Torres Leon, R.A. and
Estrada-Chavez, C. (2006) Confirmation of Mycobacterium bovis excretion in nasal exudates using
nested PCR in a dairy cattle herd. Veterinaria Mexico 37, 137-143.

Ryan, T.J,, Livingstone, P.G., Ramsey, D.S.L., de Lisle, G.W., Nugent, G., Collins, D.M. and Buddle, B.M.
(2006) Advances in understanding disease epidemiology and implications for control and eradica-
tion of tuberculosis in livestock: the experience from New Zealand. Veterinary Microbiology 112,
211-219.



Immunopathogenesis of Mycobacterium bovis Infection of Cattle 165

Sallusto, F., Lenig, D., Forster, R., Lipp, M. and Lanzavecchia, A. (1999) Two subsets of memory T lymphocytes
with distinct homing potentials and effector functions. Nature 401(6754), 708—-712.

Sallusto, F., Geginat, J. and Lanzavecchia, A. (2004) Central memory and effector memory T cell subsets:
function, generation, and maintenance. Annual Review of Immunology 22, 745-763.

Sallusto, F., Lanzavecchia, A., Araki, K. and Ahmed, R. (2010) From vaccines to memory and back. Immun-
ity 33(4), 451-463.

Sarrias, M.R., Gronlund, J., Padilla, O., Madsen, J., Holmskov, U. and Lozano, F. (2004) The Scavenger
Receptor Cysteine-Rich (SRCR) domain: an ancient and highly conserved protein module of the innate
immune system. Critical Reviews in Immunology 24, 1-37.

Sauter, C.M. and Morris, R.S. (1995) Behavioural studies on the potential for direct transmission of tuber-
culosis from feral ferrets (Mustela furo) and possums (Trichosurus vulpecula) to farmed livestock.
New Zealand Veterinary Journal 43, 294-300.

Schiller, 1., Oesch, B., Vordermeier, H.M., Palmer, M.V., Harris, B.N., Orloski, K.A., Buddle, B.M., Thacker, T.C.,
Lyashchenko, K.P. and Waters, W.R. (2010) Bovine tuberculosis: a review of current and emerging diag-
nostic techniques in view of their relevance for disease control and eradication. Transboundary and Emer-
ging Diseases 57(4), 205—220.

Schuck, S.D., Mueller, H., Kunitz, F., Neher, A., Hoffmann, H., Franken, K.L., Repsilber, D., Ottenhoff, T.H.,
Kaufmann, S.H. and Jacobsen, M. (2009) Identification of T-cell antigens specific for latent Mycobac-
terium tuberculosis infection. PLoS One 4, e5590.

Segal-Maurer, S. and Kalkut, G.E. (1994) Environmental control of tuberculosis: continuing controversy.
Clinical and Infectious Disease 19(2), 299-308.

Siddiqui, N. and Hope, J. (2013) Differential recruitment and activation of natural killer cell sub-populations
by Mycobacterium bovis-infected dendritic cells. European Journal of Immunology 43(1), 159-169.

Skinner, M.A., Parlane, N., McCarthy, A. and Buddle, B.M. (2003) Cytotoxic T-cell responses to Mycobacter-
ium bovis during experimental infection of cattle with bovine tuberculosis. Immunology 110, 234-241.

Smith, R.A., Kreeger, J.M., Alvarez, A.J., Goin, J.C., Davis, W.C., Whipple, D.L. and Estes, D.M. (1999)
Role of CD8+ and WC-1+ gamma/delta T cells in resistance to Mycobacterium bovis infection in the
SCID-bo mouse. Journal of Leukocyte Biology 65, 28—34.

Smyth, A.J., Welsh, M.D., Girvin, R.M. and Pollock, J.M. (2001) In vitro responsiveness of gammadelta T
cells from Mycobacterium bovis-infected cattle to mycobacterial antigens: predominant involvement
of WC1(+) cells. Infection and Immunity 69, 89-96.

Steinman, R.M., Hawiger, D. and Nussenzweig, M.C. (2003) Tolerogenic dendritic cells. Annual Review of
Immunology 21, 685-711.

Stenger, S., Hanson, D.A., Teitelbaum, R., Dewan, P., Niazi, K.R., Froelich, C.J., Ganz, T., Thoma-Uszynski,
S., Melian, A., Bogdan, C., Porcelli, S.A., Bloom, B.R., Krensky, A.M. and Modlin, R.L. (1998) An anti-
microbial activity of cytolytic T cells mediated by granulysin. Science 282(5386), 121—-125.

Storset, A.K,, Kulberg, S., Berg, |., Boysen, P., Hope, J.C. and Dissen, E. (2004) NKp46 defines a subset of
bovine leukocytes with natural killer cell characteristics. European Journal of Immunology 34, 669—-676.

Sun, J.C., Beilke, J.N. and Lanier, L.L. (2009) Adaptive immune features of natural killer cells. Nature 457,
557-561.

Sutherland, J.S., Adetifa, I.M., Hill, P.C., Adegbola, R.A. and Ota, M.O. (2009) Pattern and diversity of
cytokine production differentiates between Mycobacterium tuberculosis infection and disease. Euro-
pean Journal of Immunology 39(3), 723-729.

Thom, M.L., McAulay, M., Vordermeier, H.M., Clifford, D., Hewinson, R.G., Villarreal-Ramos, B. and Hope, J.C.
(2012) Duration of immunity against Mycobacterium bovis following neonatal vaccination with bacillus
Calmette-Guérin Danish: significant protection against infection at 12, but not 24, months. Clinical and
Vaccine Immunology 19(8), 1254-1260.

Todryk, S.M., Pathan, A.A., Keating, S., Porter, D.W., Berthoud, T., Thompson, F., Klenerman, P. and Hill, A.V.
(2009) The relationship between human effector and memory T cells measured by ex vivo and cul-
tured ELISPOT following recent and distal priming. Immunology 128(1), 83-91.

Totté, P., Duperray, C. and Dedieu, L. (2010) CD62L defines a subset of pathogen-specific bovine CD4 with
central memory cell characteristics. Developmental and Comparative Immunology 34(2), 177-182.

Tsuiji, S., Matsumoto, M., Takeuchi, O., Akira, S., Azuma, |., Hayashi, A., Toyoshima, K. and Seya, T. (2000)
Maturation of human dendritic cells by cell wall skeleton of Mycobacterium bovis bacillus Calmette-Guerin:
involvement of toll-like receptors. Infection and Immunity 68, 6883—6890.

Tweedle, N.E. and Livingstone, P.G. (1994) Bovine tuberculosis control and eradication programmes in
Australia and New Zealand. Veterinary Microbiology 40, 23—-39.



166 W.R. Waters et al.

Ulrichs, T., Kosmiadi, G.A., Trusov, V., Jorg, S., Pradl, L., Titukhina, M., Mishenko, V., Gushina, N. and
Kaufmann, S.H. (2004) Human tuberculous granulomas induce peripheral lymphoid follicle-like struc-
tures to orchestrate local host defense in the lung. Journal of Pathology 204, 217-228.

Umemura, M., Yahagi, A., Hamada, S., Begum, M.D., Watanabe, H., Kawakami, K., Suda, T., Sudo, K.,
Nakae, S., Iwakura, Y. and Matsuzaki, G. (2007) IL-17-mediated regulation of innate and acquired
immune response against pulmonary Mycobacterium bovis bacille Calmette-Guerin infection. Journal
of Immunology 178, 3786-3796.

Underhill, D.M., Ozinsky, A., Smith, K.D. and Aderem, A. (1999) Toll-like receptor-2 mediates mycobacteria-
induced proinflammatory signaling in macrophages. Proceedings of the National Academy of Sci-
ences USA 96, 14459-14463.

Van Elssen, C.H., Vanderlocht, J., Frings, P.W., Senden-Gijsbers, B.L., Schnijderberg, M.C., van Gelder, M.,
Meek, B., Libon, C., Ferlazzo, G., Germeraad, W.T. and Bos, G.M. (2010) Klebsiella pneumoniae-
triggered DC recruit human NK cells in a CCR5-dependent manner leading to increased CCL19-
responsiveness and activation of NK cells. European Journal of Immunology 40(11), 3138-3149.

Verschoor, C.P., Puchta, A. and Bowdish, D.M. (2012) The macrophage. Methods Molecular Biology 844,
139-156.

Vesosky, B., Turner, O.C., Turner, J. and Orme, .M. (2004) Gamma interferon production by bovine
gamma delta T cells following stimulation with mycobacterial mycolylarabinogalactan peptidoglycan.
Infection and Immunity 72, 4612—-4618.

Von Meyenn, F., Schaefer, M., Weighardt, H., Bauer, S., Kirschning, C.J., Wagner, H. and Sparwasser, T.
(2006) Toll-like receptor 9 contributes to recognition of Mycobacterium bovis Bacillus Calmette-Guerin
by Flt3-ligand generated dendritic cells. Immunobiology 211, 557-565.

Vordermeier, H.M. (2010) Development of cattle tuberculosis vaccines. In: Nor, N.M., Acosta, A. and
Sarmiento, M.E. (eds) The Art and Science of Tuberculosis Vaccine Development. Oxford University
Press, Shah Alam, Malaysia, pp. 401-424.

Vordermeier, H.M., Chambers, M.A., Cockle, P.J., Whelan, A.O., Simmons, J. and Hewinson, R.G. (2002)
Correlation of ESAT-6-specific gamma interferon production with pathology in cattle following Myco-
bacterium bovis BCG vaccination against experimental bovine tuberculosis. Infection and Immunity
70, 3026-3032.

Vordermeier, H.M., Huygen, K., Singh, M., Hewinson, R.G. and Xing, Z. (2006) Immune responses induced
in cattle by vaccination with a recombinant adenovirus expressing Mycobacterial antigen 85A and
Mycobacterium bovis BCG. Infection and Immunity 74, 1416-1418.

Vordermeier, H.M., Dean, G.S., Rosenkrands, I., Agger, E.M., Andersen, P., Kaveh, D.A., Hewinson, R.G.
and Hogarth, P.J. (2009a) Adjuvants induce distinct immunological phenotypes in a bovine tubercu-
losis vaccine model. Clinical and Vaccine Immunology 16(10), 1443—1448.

Vordermeier, H.M., Villarreal-Ramos, B., Cockle, P.J., McAulay, M., Rhodes, S.G., Thacker, T., Gilbert, S.C.,
McShane, H., Hill, A.V., Xing, Z. and Hewinson, R.G. (2009b) Viral booster vaccines improve Myco-
bacterium bovis BCG-induced protection against bovine tuberculosis. Infection and Immunity 77(8),
3364-3373.

Vrieling, M., Santema, W., Van Rhijn, |., Rutten, V. and Koets, A. (2012) yd T-cell homing to skin and migra-
tion to skin-draining lymph nodes is CCR7 independent. Journal of Immunology 188(2), 578-584.

Walravens, K., Wellemans, V., Weynants, V., Boelaert, F., deBergeyck, V., Letesson, J.J., Huygen, K. and
Godfroid, J. (2002) Analysis of the antigen-specific IFN-gamma producing T-cell subsets in cattle ex-
perimentally infected with Mycobacterium bovis. Veterinary Immunology and Immunopathology
84(1-2), 29-41.

Walzer, T., Blery, M., Chaix, J., Fuseri, N., Chasson, L., Robbins, S.H., Jaeger, S., Andre, P., Gauthier, L.,
Daniel, L., Chemin, K., Morel, Y., Dalod, M., Imbert, J., Pierres, M., Moretta, A., Romagne, F. and
Vivier, E. (2007a) Identification, activation, and selective in vivo ablation of mouse NK cells via NKp46.
Proceedings of the National Academy of Sciences USA 104, 3384-3389.

Walzer, T., Jaeger, S., Chaix, J. and Vivier, E. (2007b) Natural killer cells: from CD3(-)NKp46(+) to
post-genomics meta-analyses. Current Opinions in Immunology 19, 365-372.

Wangoo, A., Johnson, L., Gough, J., Ackbar, R., Inglut, S., Hicks, D., Spencer, Y., Hewinson, G. and
Vordermeier, M. (2005) Advanced granulomatous lesions in Mycobacterium bovis-infected cattle
are associated with increased expression of type | procollagen, gammadelta (WC1+) T cells and CD
68+ cells. Journal of Comparative Pathology 133(4), 223-234.

Waters, W.R., Rahner, T.E., Palmer, M.V., Cheng, D., Nonnecke, B.J. and Whipple, D.L. (2003) Ex-
pression of L-selectin (CD62L), CD44, and CD25 on activated bovine T cells. Infection and Immunity
71(1), 317-326.



Immunopathogenesis of Mycobacterium bovis Infection of Cattle 167

Waters, W.R., Palmer, M.V., Nonnecke, B.J., Thacker, T.C., Scherer, C.F., Estes, D.M., Hewinson, R.G.,
Vordermeier, H.M., Barnes, S.W., Federe, G.C., Walker, J.R., Glynne, R.J., Hsu, T., Weinrick, B.,
Biermann, K., Larsen, M.H. and Jacobs, W.R. Jr (2009) Efficacy and immunogenicity of Mycobacter-
ium bovis DeltaRD1 against aerosol M. bovis infection in neonatal calves. Vaccine 27, 1201-1209.

Waters, W.R., Whelan, A.O., Lyashchenko, K.P., Greenwald, R., Palmer, M.V., Harris, B.N., Hewinson, R.G. and
Vordermeier, H.M. (2010) Immune responses in cattle inoculated with Mycobacterium bovis, Mycobac-
terium tuberculosis, or Mycobacterium kansasii. Clinical and Vaccine Immunology 17, 247-252.

Waters, W.R., Palmer, M.V., Thacker, T.C., Davis, W.C., Sreevatsan, S., Coussens, P., Meade, K.G.,
Hope, J.C. and Estes, D.M. (2011) Tuberculosis immunity: opportunities from studies with cattle. Clinical
& Developmental Immunology 2011, 768542.

Waters, W.R., Palmer, M.V., Buddle, B.M. and Vordermeier, H.M. (2012) Bovine tuberculosis vaccine research:
historical perspectives and recent advances. Vaccine 30(16), 2611-2622.

Wedlock, D.N., Aldwell, F.E., Collins, D.M., de Lisle, G.W., Wilson, T. and Buddle, B.M. (1999) Immune responses
induced in cattle by virulent and attenuated Mycobacterium bovis strains: correlation of the delayed-type
hypersensitivity with ability of strains to grow in macrophages. Infection and Immunity 67(5), 2172-2177.

Welby, S., Govaerts, M., Vanholme, L., Hooyberghs, J., Mennens, K., Maes, L. and van der Stede, Y.
(2012) Bovine tuberculosis surveillance alternatives in Belgium. Special Issue: SVEPM 2011 - Current
Advances in Understanding the Spread and Control of Animal Diseases 2011 Society of Veterinary
Epidemiology and Preventive Medicine conference. Preventive Veterinary Medicine 106(2), 152—161.

Welsh, M.D., Kennedy, H.E., Smyth, A.J., Girvin, R.M., Andersen, P. and Pollock, J.M. (2002) Responses of
bovine WC1(+) gammadelta T cells to protein and nonprotein antigens of Mycobacterium bovis. Infec-
tion and Immunity 70, 6114-6120.

Whelan, A.O., Wright, D.C., Chambers, M.A., Singh, M., Hewinson, R.G. and Vordermeier, H.M. (2008)
Evidence for enhanced central memory priming by live Mycobacterium bovis BCG vaccine in com-
parison with killed BCG formulations. Vaccine 26(2), 166—173.

Whelan, A.O., Coad, M., Cockle, P.J., Hewinson, G., Vordermeier, M. and Gordon, S.V. (2010) Revisiting
host preference in the Mycobacterium tuberculosis complex: experimental infection shows M. tuber-
culosis H37Rv to be avirulent in cattle. PLoS One 5(1), e8527.

Whelan, A.O., Coad, M., Upadhyay, B.L., Clifford, D.J., Hewinson, R.G. and Vordermeier H.M. (2011a) Lack
of correlation between BCG-induced tuberculin skin test sensitisation and protective immunity in cat-
tle. Vaccine 29(33), 5453-5458.

Whelan, A.O., Villarreal-Ramos, B., Vordermeier, H.M. and Hogarth, P.J. (2011b) Development of an anti-
body to bovine IL-2 reveals multifunctional CD4 TEM cells in cattle naturally infected with bovine tu-
berculosis. PLoS One 6(12), e29194.

Whitmire, J.K., Asano, M.S., Murali-Krishna, K., Suresh, M. and Ahmed, R. (1998) Long-term CD4 Th1 and Th2
memory following acute lymphocytic choriomeningitis virus infection. Journal of Virology 72(10), 8281-8288.

Widdison, S., Watson, M. and Coffey, T.J. (2011) Early response of bovine alveolar macrophages to
infection with live and heat-killed Mycobacterium bovis. Developmental and Comparative Immun-
ology 35(5), 580-591.

Wilkinson, K.A. and Wilkinson, R.J. (2010) Polyfunctional T cells in human tuberculosis. European Journal
of Immunology 40(8), 2139-2142.

Wilkinson, K.A., Seldon, R., Meintjes, G., Rangaka, M.X., Hanekom, W.A., Maartens, G. and Wilkinson, R.J.
(2009) Dissection of regenerating T-cell responses against tuberculosis in HIV-infected adults sensi-
tized by Mycobacterium tuberculosis. American Journal of Respiratory and Critical Care Medicine
180(7), 674-683.

Wilson, G.J., Carter, S.P. and Delahay, R.J. (2011) Advances and prospects for management of TB transmission
between badgers and cattle. Veterinary Microbiology 151, 43-50.

Woodland, D.L. and Kohlmeier, J.E. (2009) Migration, maintenance and recall of memory T cells in peripheral
tissues. Nature Reviews Immunology 9(3), 153—161.

Young, D.B., Gideon, H.P. and Wilkinson, R.J. (2009) Eliminating latent tuberculosis. Trends in Microbiology
17(5), 183-188.

Zufferey, C., Germano, S., Dutta, B., Ritz, N. and Curtis, N. (2013) The contribution of non-conventional
T cells and NK cells in the mycobacterial-specific IFNgamma response in bacille Calmette-Guerin
(BCG)-immunized infants. PLoS One 8, e77334.



	Cover
	Tuberculosis, Leprosy and Mycobacterial Diseases of Man and Animals: The Many Hosts of Mycobacteria
	Copyright
	Introduction – The Many Hosts of Mycobacteria: An Interdisciplinary Approach to Understanding Mycobacterial Diseases
	8: Immunopathogenesis of Mycobacterium bovis Infection of Cattle

