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Abstract
For the development of vaccines and treatments against tuberculosis, animal models are needed. In this review, the pathogenesis and immune
responses during human and bovine tuberculosis will be compared. Special attention will be paid to latency, because this feature has recently
become the basis of specialized vaccines against latency antigens.
� 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Tuberculosis causes enormous morbidity and mortality in
humans world wide, despite the use of existing therapeutic
drugs, due to the low efficacy of the currently available vac-
cine, BCG. Mice, guinea pigs, and rabbits experimentally in-
fected with Mycobacterium tuberculosis are used as models
for human tuberculosis. A wealth of knowledge from these
models and from human tuberculosis itself is available and
has led to the development of novel, experimental vaccines
and drugs against human tuberculosis. It has been estimated
that approximately 250 novel vaccine candidates against
tuberculosis have been developed recently [1].

Bovine tuberculosis caused by Mycobacterium bovis is a dis-
ease of economical, veterinary public health, and zoonotic con-
cern and therefore understanding the immune response during
bovine tuberculosis and the development of a proper vaccine is
a major aim in itself. The close relationship between M. tuber-
culosis and M. bovis, and the fact that primates and glires (to
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which mice, guinea pigs and rabbits belong) are as related to
each other as to artiodactyls (to which cattle belong), justifies
the application of knowledge from small animal models and
human tuberculosis to bovine tuberculosis and vice versa.
However, research addressing bovine tuberculosis is regularly
performed directly in the target species by veterinary scientists,
and research addressing human tuberculosis is performed using
mice, guinea pigs, rabbits, and monkeys as models. Unfortu-
nately, bovine tuberculosis is not generally regarded as a model
for human tuberculosis [2]. Some apparent disadvantages of
bovine tuberculosis as a model for human tuberculosis as com-
pared to the small animal models are of non-scientific nature,
like the higher costs, the time consuming nature of working
with a slowly progressing disease, the difficulty of housing
large animals under high containment conditions. However,
compared to the Rhesus monkey model, the costs, ethical
disadvantages, and health risks for animal caretakers are lower.
The fact that research groups in the veterinary sciences and the
medical science are generally neither integrated, nor closely
collaborating makes the bovine model less accessible to med-
ical scientists than the small animal models, although recently
integrated human/bovine diagnostic and vaccine studies using
ESAT-6 and CFP10 have been published [3].
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It is not clear whether a vaccine against tuberculosis should
target gd T cells and/or T cells restricted by MHC class I, class
II, and/or CD1, and whether it should include latency antigens,
and/or antigens associated with actively growing bacteria.
The answers to these questions may be quite different when
addressed in different species, an idea that has been put
forward already by Koch in 1884 [4] by stating ‘‘In studying
the appearances presented by tuberculosis in the different
kinds of animals, the remarkable fact comes to light that the
disease appears under a different aspect in each species’’.
This implies that picking the right model species for studying
a certain aspect of tuberculosis may be crucial. In this review,
aspects of bovine tuberculosis that may provide unique oppor-
tunities as a model for human tuberculosis will be addressed.
The advantages of rabbits and guinea pigs over mice are
known to be their sensitivity to tuberculous bacteria, and the
resemblance of their lung pathology to human lung pathology.
Here we argue that cattle may even be a better model. Utiliz-
ing selected clinical and immunological aspects that show
high similarities to human tuberculosis will provide invaluable
opportunities for assisting basic and clinical research. The
characteristics of the bovine model that will be discussed
are the parallels in clinical aspects such as route of exposure,
infectious dose, course of the disease, latency, pathology, and
immunological aspects such as the development of CD1-
restricted T cell responses and gd T cell responses.

2. Exposure and infectious dose

Like in humans, aerosolized bacteria are the most common
source of natural infection in cattle, and the primary site of nat-
ural infection is the respiratory tract [5]. One to three bacteria
can be sufficient to cause infection in cattle [6,7], a number
comparable to what has been suggested to be the minimal infec-
tious dose for humans. Initially, the minimal infectious dose
gives rise to a single infectious focus in the lung, which is dif-
ficult to detect. Natural aerogenic infections are in the early
stages mostly detected in the lymph nodes of the head and tho-
racic cavity by visual inspection or bacterial culture [8]. Later in
the course of natural infection, a single primary focus may be-
come visible in the lung [9, pp. 18e19]. Experimental infec-
tions have been performed in cattle with different infectious
doses and routes of exposure. Routes of experimental exposure
that result in lesions that are comparable to what is seen in nat-
ural aerogenic infections are the intratracheal, intratonsillar,
and intranasal route. In general, all animals will progress into
severe disease when large infectious doses are administered.
At lower infectious doses, the proportion of diseased animals
drops, as well as the severity of the disease. A dose of 103 given
intratracheally induces normal pathology when assessed 4e5
months after infection [7,10,11]. Intratonsillar exposure is com-
monly used because of its technical convenience in combina-
tion with the fact that it still induces lesions that are
comparable to what is seen in natural infections [12]. An exper-
imental infectious dose of 103e104 given intranasally gives
a slightly atypical pathology with more lesions than natural in-
fections, and with a higher occurrence of infection of the nasal
turbinates [13]. Two routes of exposure that do not mimic nat-
ural aerogenic infection are subcutaneous exposure, which
gives rise to a necrotic tumor at the site of inoculation and sub-
sequent infection of multiple tissues, and intravenous exposure,
which also spreads to multiple tissues, though the lungs become
most heavily infected [9, p. 13].

3. Sensitivity and progression to tuberculosis

Ten to thirty percentage of the humans who are naturally ex-
posed to M. tuberculosis get infected [14]. Of the 70e90% of
humans who do not get infected upon exposure, it is thought
that their innate immune systems effectively prevented infec-
tion. Unless BCG vaccinated, these people remain skin test neg-
ative because skin testing is dependent on adaptive immunity.
Of all immunocompetent infected people, 10e40% is sensitive
to the development of active, progressive tuberculosis [14].
Half of the tuberculosis cases develop within a year after infec-
tion, and the other half later in life. In the other 60e90% of im-
munocompetent, infected people, the diseases will remain
latent and does not progress. In guinea pigs and in sensitive
and resistant mouse models, there is less inter-
individual variation and all animals succumb from infection
with M. tuberculosis. The same holds for sensitive and resistant
rabbits experimentally infected with M. bovis [15]. In cattle, the
outcome of exposure to M. bovis shows inter-
individual differences, resembling the situation in humans
exposed to M. tuberculosis. Like humans, cattle can fail to be-
come infected, which is most likely due to an effective innate
immune response. In an infected herd, where it can be assumed
that all animals are exposed, a maximum of 30% of the animals
becomes infected, depending on the housing conditions and the
level of sanitary intervention in the herd [16]. Alternatively,
they can become infected and clear the infection. In this case,
animals turn skin test positive and/or their blood cells release
IFNg upon stimulation with PPD, but they show no clinical
signs of disease, no visible lesions are present when slaugh-
tered, and M. bovis cultures are negative [17]. The question to
which extent animals that are effectively infected can remain
clinically latent for years, will be discussed below. Another pos-
sible outcome in exposed cattle is the development of clinical
tuberculosis upon infection. The disease can follow a slowly
progressive/remitting course, progress fairly rapidly, meaning
that visible lesions develop within two years, or become acute
and fatal within months [18, p. 96, 9, p. 19]. The relative propor-
tion of the different courses of bovine tuberculosis is difficult to
estimate, but it is clear that housing conditions and sanitizing
interventions play an important role.

4. Pathology
4.1. Tissue distribution
Tuberculous lesions in humans are mainly found in the lung
and the associated lymph nodes. In 85% of the immunocom-
petent, but tuberculosis-sensitive humans, infection is limited
to the lungs [2]. Tuberculosis in immunocompromised
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individuals like AIDS patients usually spreads to multiple or-
gans. In mice, during the initial acute phase with bacterial rep-
lication, the infection disseminates to the spleen and liver.
Even when infected by inhalation, tuberculosis in rabbits
and guinea pigs is also evident in spleen and liver [2,4]. All
mice, rabbits, and guinea pigs show progressive lung pathol-
ogy, independent from whether bacterial loads are stationary
or increasing [19]. After 4 weeks, the fairly high bacterial
numbers will stabilize in guinea pigs, rabbits, and resistant
mice, but there is slowly progressing lung pathology that
will eventually result in death [2,15,19]. However, in cattle,
like in humans, tuberculosis is in 90% of the cases a disease
of the lung and the associated lymph nodes. During the very
early stages, bovine tuberculosis can be detected in the lymph
nodes of the head and thoracic cavity, with the retropharyngeal
lymph nodes, draining the tonsils, and mediastinal lymph no-
des accounting for the majority of the lesions [8]. During in-
termediate stages of bovine tuberculosis, one or more visible
lesions become apparent in the lungs. Other locations of tuber-
culous lesions are rare in cattle, but there are reports of udder
infections and visceral infections, and a rare miliary form in
advanced tuberculosis in old animals [5,18, pp. 99e103].
4.2. Granulomas
Human granulomas are highly organized structures and can
become fibrotic, calcify, or evolve into cavities, all of which
are present during active tuberculosis. The mouse produces
a less organized, homogeneous type of lesion that barely
shows necrosis, while caseous necrosis and cavitations have
not been observed. Guinea pigs and rabbits form granulomas
that resemble early human granulomas. Small cavities form
in guinea pigs that are infected by inhalation, but the animals
usually die before the cavities become larger or liquefy [9,
p. 132]. Caseation also takes place in rabbits [9, p. 139].
Like in humans, heterogeneity in granuloma type is commonly
found during bovine tuberculosis, and is thought to reflect dif-
ferences in age of the granulomas, implying that primary foci
have been developing for quite some time before infecting
other parts of the lung. Liquefaction and cavitation have
been described in advanced cases of bovine tuberculosis [5].
Nowadays, these features are seen less often because diseased
animals are detected and culled in relatively early stages of
disease, which also holds for experimentally infected animals.

5. Latency

Since latency is an important aspect in the pathogenesis of
human tuberculosis, with implications for diagnostic proce-
dures and novel vaccination strategies, it is a highly relevant
feature in animal models as well. Clinically, latency is defined
as the persistence of a tuberculous lesion with viable myco-
bacteria in a host without symptoms [20]. Unfortunately,
proper methods for diagnosis of latent tuberculosis that also
allow to distinguish it from chronic tuberculosis do not exist
for humans and animals. Latency is the product of interaction
between host and mycobacterium. Even though a stable or
slowly progressing bacterial load can be maintained for
some time in mice, rabbits, and guinea pigs, it is important
to know to which extent this situation resembles human latent
infection. Currently, post exposure vaccines against M. tuber-
culosis antigens that are up regulated during latency in vivo are
being developed [21]. Both the clinical aspects of latency in an
animal model of tuberculosis and the antigenic status of the
mycobacterium during latency have to be taken into consider-
ation when considering an animal mode for testing such
vaccines.

In vitro, tuberculoid mycobacteria can go into a dormant
state [22], while a non-tuberculous mycobacterium like
Mycobacterium smegmatis cannot [23]. The dormant state of
M. tuberculosis closely resembles the M. bovis BCG dormant
state, and both are biochemically and morphologically distinct
from their respective growing states [23], and it is thought
that that holds for M. bovis wild type as well. Genes that are
expressed during the dormant state of both M. tuberculosis
and M. bovis BCG are: hspX (encoding a-crystallin) [23,24],
NarGHIJ (encoding nitrate reductase) [25], gcvB (encoding
glycine dehydrogenase) and [24], sigF (encoding a stresse
response transcription factor) [26]. From the above it becomes
clear that in vitro, M. bovis and M. tuberculosis can go into
a similar dormant state. The key question for testing vaccines
against latency antigens is whether they do in vivo. In humans,
both M. tuberculosis and M. bovis [27] can give rise to a clin-
ically latent form that can be reactivated decades after the
initial exposure. It is not clear whether mycobacteria in the
Cornell model, an antibiotics-induced model for latency in
mice, go into a true dormant state [28,29]. After treatment,
bacteria cannot be detected in these mice, but reappear after
a certain amount of time.

In vivo, cavitation is the condition that is thought to cause
bacteria to go into the metabolically and morphologically dis-
tinct dormant state. Caseous tubercles that lead to cavitation
do form in cattle. It has not been formally proven that in cattle
bacteria go into a true dormant state, but, contrary to other an-
imal models, this important pathological requirement is met.
Rabbits and guinea pigs form cavitations, but they show pro-
gressive disease in multiple tissues, and do not go through a pe-
riod of clinical latency. There are suggestions from
epidemiological studies that clinical latency does occur in cat-
tle in natural and experimental situations. Clinical latency has
been suspected in animals that, upon natural or experimental
exposure, turn positive in an IFNg release assay, may or
may not turn positive in a skin test, but are without clinical
signs of disease and visible lesions when slaughtered, and
with negative M. bovis cultures [17] or positive cultures
from lymph nodes only [30]. A single, primary focus is known
to be able to remain latent for years, or progress only slightly
[18, pp. 95e96] . This type of single, primary lung lesion in
cattle, even if not progressing for many years, has long been
thought to be ‘‘open’’ in most cases, and infectious for other
animals [18, pp. 95e96, 9, p. 19]. However, the original
observations leading to this conclusion may have been made
in the presence of other infectious sources, and may not
hold. A more recent observation that suggests the existence
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of latency is the following: typically, 10 years of skin testing
and culling is needed to get rid of tuberculosis in an infected
herd, even in the absence of external sources of infection, like
in Australia [8,31]. Under these circumstances it appears that
previously undetected infected animals can be identified many
years after a testing and culling procedure, suggestive of the
presence of latently infected animals that have been negative
in skin tests. In three well documented Australian herds the in-
terval between the last tuberculin reactor removed from the
herd and the detection of a new reactor was over 12 years
[31]. However, methods for experimental induction of latent
tuberculosis in cattle do not yet exist. So, even though cattle
may be the species in which latency resembles human latency
optimally, there is a long road to go before a bovine model of
latent tuberculosis is available, for example for testing post ex-
posure vaccines against latency antigens. Research aiming at
the development of a bovine model of latent tuberculosis
may include the use of mycobacteria that are attenuated in cat-
tle, like M. tuberculosis [32,33], or experimental treatment of
M. bovis-infected animals with antibiotics in a way that is
comparable to the Cornell model in mice [28,29].
6. Immune responses to mycobacteria in different species

The range of reagents available for immunological research
in cattle is smaller than for humans and mice, but there is a rea-
sonable choice of lineage markers and anti cytokine anti-
bodies, especially when compared to rabbit and guinea pig.
Conventional T cells restricted by MHC class II and class I
are thought to perform functions that are broadly conserved
across the animal kingdom. CD4þ T cells restricted by
MHC class II are known to play an important role during tu-
berculosis. Interestingly, some of the MHC class II-presented
antigens that are currently under investigation for use in vac-
cines and diagnostics in human tuberculosis are also relevant
during bovine tuberculosis. ESAT-6 and CFP10 are recognized
by T cells from tuberculous humans as well as cattle [3], and
not, or to a lesser extent, by BCG vaccinated individuals.

However, MHC class II-restricted T cells are not the only
ones that should be considered in the immune response against
tuberculous mycobacteria. CD1-restricted T cells and gd T
cells are also known to be able to recognize mycobacterial an-
tigens and are known to become activated during human tuber-
culosis. Even though CD1 and the gd TCR are usually
considered to belong to an ‘‘innate-like’’ part of the immune
system, and very old at an evolutionary time scale, they are
less conserved across species than usually assumed. The total
number of CD1 genes and the isoforms present in different
species varies highly, as well as the numbers and the level
of homology of the segments in the g and d loci that encode
the gd TCR. Mice differ fundamentally from humans with re-
gard to gd T cells and CD1, which makes them less suitable
for tuberculosis research with respect to these fields.

CD1 molecules present lipid antigens to T cells. Most my-
cobacterial antigens that are known to be presented by CD1
are presented by group 1 CD1 (CD1a, CD1b, and CD1c),
which are absent in mice. The known CD1-presented myco-
bacterial antigens are diverse and include mycobacterial my-
colates, diacylglycerols (LAM and PIM), polyisoprenoid
lipids, sulfotrehalose-containing lipids and lipopeptides [34].
Cattle express CD1a and three CD1b isoforms, but lacks
CD1c [35]. T cells from cattle infected with mycobacteria,
but not from uninfected cattle, react to stimulation with myco-
bacterial lipids (Van Rhijn, unpublished), a situation that is
comparable to human tuberculosis [36]. This makes bovine tu-
berculosis a suitable model to study the function of group 1
CD1-restricted T cells during tuberculosis.

Also with respect to gd T cells, there are considerable dif-
ferences between species. Cattle, especially young animals,
have much higher percentages of circulating gd T cells than
humans, mice, rabbits, and guinea pig. It is clear that gd T
cells become activated during human tuberculosis [37] and bo-
vine tuberculosis [38,39], but it is unknown whether this hap-
pens directly via the T cell receptor, or by indirect
mechanisms. It is unknown whether gd T cells contribute to
effective immunity to mycobacteria. In terms of antigen spec-
ificity, cattle have an important advantage over other animal
models. A significant fraction of the gd T cell population in
humans and non-human primates recognizes (myco)bacterial
phosphoantigens. Recognition of these antigens is gd T cell
receptor mediated. Phosphoantigen specific T cells are absent
in mice, but have been reported in cattle [40]. In cattle, the
question whether gd T cells contribute to immunity against tu-
berculosis has been addressed by depleting all gd T cells from
an M. bovis-infected animal, which resulted in no obvious dif-
ferences in the course of the disease [41]. However, others
have shown that in vitro, gd T cells contribute to responses
against antigens present in M. bovis [40]. It is unknown
whether there is a gd T cell subset in guinea pigs and rabbits
that recognizes phosphoantigens. Recently, it was found that
these gd T cells form T cell memory in primates, and may
thus be good targets for vaccine development [42].
7. Conclusions

The use of animal models has been crucial in the character-
ization of host and bacterial factors that determine the immune
response against tuberculous bacteria, and is expected to be-
come even more important in the testing of novel vaccines
against tuberculosis, including subunit vaccines and vaccines
against latency antigens. Bovine tuberculosis may prove to
be an excellent model for human tuberculosis when aspects
like pathogenesis, pathology, the development of a latent state
of the infection, and immune responses to tuberculosis like in-
nate immunity, group 1 CD1-restricted T cell responses, and
phosphoantigen-reactive gd T cells are considered.
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