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Etiology
Tuberculosis (TB) is one of the oldest diseases known to mankind: an ancestor of the 
tubercle bacillus is thought to have infected hominids in East Africa approximately 
3 million years ago [1, 2]. Much later, approximately 5000 years ago, the Egyptians 
documented deformities associated with the disease in their art and evidence of such 
abnormalities has been found in Egyptian mummies [2, 3]. In ‘modern’ times, the disease 
was first recognized in humans as a chronic wasting disease, termed ‘consumption’ [2]. 
The causative organism of TB, Mycobacterium tuberculosis (Mtb) (originally termed 
the ‘tubercle bacillus’), was discovered only in 1882 by Robert Koch [4]. In 1901, 
Koch [5] postulated that the bacillus causing disease in man was different from that in 
cattle and other animals. It wasn’t until 1970 however that this was recognized and the 
bacillus regarded as a separate species, named Mycobacterium bovis [4]. Many other 
species of mycobacteria have since been identified [6]. Mycobacteria are aerobic, acid-
fast, rod-shaped, gram-positive bacilli with a complex cell wall, non-spore forming 
and immotile. Differentiation between species can be done according to cultural 
characteristics, e.g. growth rate, pigmentation and optimal incubation temperature, 
biochemical tests, such as niacin accumulation, pyrazinamidase production and nitrate 
reduction, and several molecular techniques as discussed under ‘diagnostic tools’ [7, 
8]. Mycobacteria that cause tuberculosis belong to the Mycobacterium tuberculosis 
complex (MTBC) which is comprised of Mtb [9], M. africanum [10, 11], M. bovis 
(including the vaccine strain M. bovis BCG)[12, 13], M. canettii [14], M. caprae [15], 
M. microti [16, 17], M. mungi [18], M. orygis [19], M. pinnipedii [20], M. suricattae 
[21] and the ‘dassie bacillus’ [22]. The members of the MTBC are highly related 
genetically, varying as little as 0.01% at the nucleotide level [23]. While M. canetti and 
M. africanum are also associated with human infections, Mycobacterium tuberculosis 
is the main cause of tuberculosis in humans [7, 23-25]. Mycobacterium bovis on the 
other hand, is the most important causative agent of tuberculosis (BTB) in cattle. It is 
furthermore known to cause disease in a wide variety of mammalian species, including 
man [7, 23, 26]. Other major diseases caused by mycobacteria include leprosy and 
Buruli ulcer, which are human diseases caused by M. leprae and M. ulcerans respectively, 
and paratuberculosis or Johne’s disease in ruminants, caused by M. avium subsp. 
paratuberculosis (MAP) [8]. Other mycobacteria not belonging to the MTBC that 
comprise opportunistic pathogens and saprophytes are known as environmental or 
non-tuberculous mycobacteria (NTM), which may cause (opportunistic) infections 
in humans and occasionally animals and birds [27]. Some of the more important 
NTM in this regard include the remaining M. avium complex (MAC) species, M. 
kansasii, M. marinum, M. abscessus, M. fortuitum and others. Importantly, NTM are 
additionally known to interfere with (B)TB diagnosis and BCG vaccine efficacy, as 
discussed later in this thesis [6, 28, 29].
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Epidemiology
The epidemiological cycle of bovine tuberculosis is strikingly complex: convoluted 
pathways of transmission exist between humans, domestic animal species, wildlife 
and, to a lesser extent, the environment. The role of the environment was reviewed 
extensively by Morris et al. [30] and will not be discussed in this thesis.

Tuberculosis in cattle, buffaloes and other wildlife
Contrary to what the terminology suggests, M. bovis is not strictly a pathogen of 
bovids [31]. In fact, the exceedingly broad host range of the bacterium, which is 
among the widest of all pathogens [31], forms a crucial factor in the epidemiology 
of BTB. For an overview of domestic versus wild animal species susceptible to 
infection with M. bovis you are referred to Grange and Collins [31] and Cousins 
[32], and de Lisle et al. [33], respectively, and Mukundan et al. [34]. It is important 
to note that while the list of afflicted species is rather extensive, the susceptibility 
of each host and their role in transmission is variable [35]. Generally, a distinction 
is made between maintenance or reservoir hosts and spill-over or dead-end hosts 
[35]. Haydon et al. [36] defined reservoir hosts as “one or more epidemiologically 
connected populations or environments in which the pathogen can be permanently 
maintained and from which infection is transmitted to the defined target 
population”. In other words, BTB is able to persist in maintenance hosts through 
intra-species transmission [35, 37, 38]. Importantly, for sustainment of the infection 
in maintenance hosts, re-infection from an external source is not necessary [37]. 
Well-described examples of wild reservoir hosts of BTB are Eurasian badgers in 
the UK and Ireland [39], Australian brush-tailed possums in New Zealand [40], 
white-tailed deer, bison and elk in North America [41, 42], wild boar and red deer 
in Spain [43, 44], African buffaloes in South Africa [33], and Kafue lechwe in 
Zambia [33, 45]. These hosts are thought to play a key role in the epidemiology of 
BTB through so-called spillback or wildlife-to-cattle transmission [26, 46], severely 
undermining control efforts in domestic cattle. Although spill-over hosts are fully 
susceptible, the infection will not persist in these species without continuous re-
infection through exposure to an infected maintenance host [37]. Hence, their role 
in perpetuating BTB is likely negligible. Their importance, however, lies in the fact 
that several valuable, sometimes highly endangered, iconic species of wildlife are 
known spill-over hosts [37], for example lions [47], cheetahs [47], Iberian lynxes 
[48], black bears [37], leopards [49], gorillas [50], rhinoceroses [51] and wild dogs 
[34]. It is important to note that the definition of a species as either a maintenance 
or spill-over host is dynamic and may vary in different epidemiological settings or 
ecosystems [52]. This is exemplified by the status of deer in New Zealand (spill-
over) vs that in Michigan, USA (maintenance) [53]; as well as suids, particularly 
wild boar, in Spain (maintenance) vs that in other regions (spill-over) [43]. In 
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multi-host ecosystems, as can be found in southern Africa, the situation is even 
more complex and species which generally behave as spill-over hosts, may in some 
scenarios act as maintenance hosts (e.g. kudus and lions) [54]. As such, it may be 
more appropriate in some cases to use the term ‘maintenance community’, defined 
as the host community comprised of maintenance and/or spill-over hosts, in which 
BTB is able to persist [52].

While several routes of transmission of BTB have been documented, it mostly occurs 
by close contact between infected and susceptible animals through the inhalation 
of Mycobacterium bovis-laden aerosols [30, 45, 55]. As a consequence, transmission 
between cattle is especially efficient in the intensive, often over-crowded, livestock 
industry. In pastoral settings, however, with a lot of movement of cattle, shared 
pastures, kraaling of animals at night, and high throughput at live animal markets, 
transmission is also facilitated [55, 56]. In the African buffalo, BTB is effectively 
transmitted owing to their high susceptibility, large population size, herd structure 
and gregarious nature [57-59]. Less frequently, transmission may occur through 
alimentary or percutaneous routes [30]. Examples of these routes are the ingestion 
of infected milk by calves, and ingestion of M. bovis from contaminated pastures or 
water sources [30, 55, 60], and through inter- and intra-species aggression in predator-
prey interactions or abrasions from contaminated thorns (as has been documented in 
kudus) [45], respectively. Alimentary and percutaneous transmission appear to be 
more common in maintenance-host-to-spill-over-host transmission [46].

Zoonotic tuberculosis
Mycobacterium bovis has been reported to cause zoonotic TB in humans [61-63]. 
The clinical manifestation of zoonotic TB may vary depending on the route of 
transmission through which the individual contracted the infection [61]. The 
spectrum ranges from ‘classic’ pulmonary TB to extra-pulmonary TB, and another 
less common form is localized TB with lymphadenopathy [61]. Extra-pulmonary 
TB is most commonly associated with M. bovis infections in humans. It results 
from alimentary transmission through the ingestion of contaminated (raw) milk 
or undercooked meat and is associated with the development of scrofula (cervical 
lymphadenopathy) as well as lesions of the intestinal tract, kidneys, skeletal system 
or brain [61, 62]. Pulmonary TB and cutaneous TB, on the other hand, occur 
predominantly as a result of occupational hazards in farmers, veterinarians and 
abattoir workers, through inhalation or skin lesions, respectively [61, 62]. Apart 
from the risk factors arising from the above (pasteurization of milk, abattoir meat 
inspection and occupation), differences in culture, demography, socio-economic 
status and prevalence of HIV/AIDS prevalence play a role [35, 64]. In fact, the co-
infection of TB and HIV/AIDS has been associated with increased morbidity and 
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mortality rates, and a disproportionately large number of these cases is attributed 
to M. bovis rather than Mtb [35, 62, 64]. While, a recent review reported a low 
global incidence of zoonotic TB [64], the true occurrence is thought to be grossly 
underestimated, in part owing to the fact that the most commonly used diagnostic 
tools for tuberculosis in humans are unable to make the distinction between 
infection with Mtb versus that with M. bovis [56, 65]. This is especially problematic 
for the most at-risk countries: low-income countries where human TB and HIV are 
highly prevalent, BTB is endemic, a vast human-wildlife-livestock interface exists, 
and veterinary public health surveillance is limited [35, 61, 62, 65]. As a result, it is 
crucial that M. bovis infections are controlled.

Tackling bovine TB
Historically, control and eradication programs for BTB in cattle were hugely successful 
in the developed world: eradication was achieved in Australia and numerous European 
nations, while a drastic reduction in prevalence was brought about in many other 
industrialized countries [32, 66, 67]. These successes were mostly accomplished 
through large-scale BTB eradication campaigns consisting of extensive test-and-
cull operations employing the tuberculin skin test (TST) and implementation of 
meat inspections in abattoirs [68]. Despite these intense control efforts and due to 
a number of constraints, BTB currently still has a worldwide distribution, leaving 
very few countries unaffected (Figure 1) [68, 69]. The prevalence is in fact on the rise 
in some parts of the world, which is largely attributed to re-infection through trade 
and wildlife reservoirs [68]. Today, BTB is an OIE-listed disease with an estimated 
prevalence of 9% on a global scale, accounting for approximately US$3 billion in costs 
on a yearly basis [70, 71]. The situation in the United Kingdom and Ireland, where 
the prevalence in cattle has increased as a consequence of the endemic infection in 
badgers, is exemplary of the difficulty in BTB control experienced in some countries 
[68, 72, 73]. Similarly, in South Africa, where a National Tuberculosis Scheme was 
implemented in 1969 which drastically reduced the cattle herd prevalence to ≤0.4%, 
eradication was never achieved and the disease has since spread into new areas and 
species [74]. Perhaps most important is the endemic infection in the African buffalo, 
one of the famous ‘Big Five’, in well-known reserves such as the Kruger National 
Park (KNP) and the Hluhluwe-iMfolozi Park (HiP) [57, 75]. Not only are buffaloes 
of high ecological value as bulk grazers, they are of immense economical value in the 
game farming and hunting industry and for general ecotourism [75], as evidenced by 
the revenue from game auctions [76]. Lastly, as they are a reservoir host species and 
spillback from buffaloes to cattle was demonstrated by Musoke et al. [77], they play a 
key role in the epidemiology of BTB in South Africa. Hence, while the control efforts 
in the country are focused on domestic cattle [78], strict regulations are also in place 
for African buffaloes [79].
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The intricate nature of (B)TB in terms of epidemiology, involving humans, livestock, 
wildlife and the environment, has hindered effective control and places this complex 
disease at the center of the One Health paradigm [80]. As a result, the tripartite of 
the World Health Organization (WHO), the World Organization for Animal 
Health (OIE) and the Food and Agricultural Organization of the United Nations 
(FAO) have recently called for a comprehensive, multidisciplinary approach towards 
effective control of bovine and zoonotic tuberculosis [81]. Standard control methods 
may, however, no longer be acceptable in various parts of the world, due to practical, 
ethical, cultural and financial considerations [35, 66, 67, 82]. As a result, new 
approaches are urgently sought for. There are two pillars of BTB prevention and 
control that must be taken into consideration for innovative management plans to 
be devised: diagnostics and vaccination.

Figure 1: Geographical distribution of bovine tuberculosis in January – June 2017. (Map generated on the 
WAHIS Interface of the OIE, February 2019).

Immunopathogenesis of bovine TB
In general, to develop an efficacious vaccine and to improve (existing) diagnostic 
tools, it is pivotal to have a thorough understanding of the immunological responses 
to infection and vaccination [83]. Even though most species are able to mount 
detectable immune responses after infection with M. bovis, bacterial clearance is 
seldom achieved [84].

Bovine tuberculosis is defined as a chronic inflammatory disease of the respiratory 
system of cattle [85]. The pathogenesis of BTB in African buffaloes is highly 
comparable to that in cattle and they will be discussed together [86]. Typically, 



General introduction

Ch
ap

te
r 1

17

infection is established after inhalation of the organism and ensuing pathology 
is predominantly situated in the upper and lower respiratory tract and associated 
lymph nodes [55]. As a consequence of the chronic nature of BTB, infections 
are often sub-clinical for extended periods of time [66]. Clinical disease presents 
with symptoms which partly arise from the localization of the lesions, but are 
largely not pathognomonic (dyspnea, coughing, intermittent fever, decreased 
production, weight-loss, lymphadenopathy) [66, 72]. The classic tuberculous lesion 
is the ‘tubercle’: a granulomatous nodular, usually well-circumscribed, sometimes 
encapsulated, lesion, which is cream to yellow in color, can vary in size (ranging from 
microscopic lesions to complete destruction of healthy tissue) and, depending on 
maturity, may be firm and white or exhibit central caseous necrosis and calcification 
or liquefaction [55, 85-87]. The various stages of the development of granulomas in 
the course of infection can be graded microscopically, as detailed by Wangoo et al. 
[88]. It is an inflammatory process formed by a range of immune cells, including but 
not limited to, neutrophils, epithelioid macrophages, Langhans-type multinucleated 
giant cells, lymphocytes, plasma cells and monocytes [55, 85], surrounding bacteria 
embedded in cellular debris. Hematogenous or lymphatic spread of bacilli may 
occur in chronic cases, leading to generalized disease [55, 85]. The outcome of 
initial infection and progression after formation of the primary tubercle is highly 
dependent on the induction of an adequate response by the immune system of the 
host [89].

The majority of knowledge of the immunological responses to tuberculosis stems 
from studies of Mtb infections in laboratory animals and humans [55]. While 
differences do exist (e.g. regarding latency and clearance of infection), it is thought 
that largely the same principles apply [85, 90]. Although both humoral and cellular 
immune responses appear to play a role in (B)TB, the general consensus is that 
immunity in tuberculosis is mainly characterized by the induction of protective 
cell-mediated immunity (CMI) and inflammatory reactions [38, 55, 83, 89, 91].

Cell-mediated immunity
Prerequisite for a response to infection with an MTBC member is their recognition 
by the immune system of the host, through a plethora of receptors and pathways 
[92]. Those involved in innate immune pathways are toll-like receptors (TLRs), 
specifically TLR-2, TLR-4 and TLR-9, Fc receptors, complement receptors, 
macrophage mannose receptors and several others [84, 91, 93]. Mycobacteria 
have become adept at modulation of the resulting host immune responses to their 
benefit [84, 91]. As a result, while receptor activation of phagocytic cells certainly 
leads to induction of local and systemic innate and adaptive immune responses, 
mycobacteria have developed various evasion mechanisms [84, 91].
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Irrespective of the receptors involved, the initial interaction between the 
mycobacteria and the host’s cell-mediated immune system occurs at the level of the 
lower respiratory tract and results in phagocytosis by alveolar macrophages [38, 55, 
84, 94]. Macrophages are considered both the main host cell of the tubercle bacilli, 
as well as the most important effector cell against them [29, 55, 84]. On the one 
hand, mycobacteria are able to replicate relatively freely in macrophages and to 
evade killing through several mechanisms, including inhibition of phagolysosome 
formation [7, 29, 38, 84]. On the other hand, macrophages are crucial in immunity 
against M. bovis through a cascade of immune-regulatory pathways and effector 
functions as detailed below [29]. Studies exploring the role of the complement 
system in TB related immune reactivity have suggested that mycobacteria might 
manipulate the innate immune system of the host [95] by activation of the classical 
pathway for uptake into macrophages, whereas down-regulation of the complement 
membrane attack system facilitates the intracellular survival of mycobacteria [95].

There is a fine equilibrium between containment, possible resolution of infection, 
and progression to disease [29, 84]. Macrophages, as antigen-presenting cells, 
express class II major histocompatibility complexes (MHC) to present antigens of 
intracellular bacteria, such as M. bovis, to CD4+ T cells [29, 96]. Recognition of 
these antigens leads to activation of a T helper (Th) type 1-biased immune response 
through cytokine release, and clonal expansion and differentiation into specific 
(memory) T cell populations [29, 38, 55, 83]. The cellular immune response 
commences early in infection (Figure 2) [29]. Beside the CD4+ T cell, natural killer 
(NK) cells, neutrophils, cytotoxic CD8+ T cells and γδ+ T cells are actively recruited 
in bovine tuberculosis to form the characteristic granuloma structures [29, 38, 55, 
97]. The roles of the different subsets have been well-described for infections with 
Mtb in humans and mice [98], and the dynamics between these subsets in cattle 
were studied by Pollock et al. [99]. Natural killer cells appear to be able to produce 
interleukin 4 (IL-4) and interferon-gamma (IFN-γ) or lyse M. bovis infected cells 
directly [96, 100]. Neutrophils are amongst the first cells to infiltrate the site of 
infection, but their precise role in mycobacterial infection remains unclear [29]. The 
γδ+ T cells are believed to be important for control of infection early on, as they are 
the first T cell population to undergo expansion [98, 99]. They demonstrate cytotoxic 
activity [101] and may further the immune response from innate to acquired [98]. 
Next, the ratio of αβ CD4+ to CD8+ T cells increases, and these activated CD4+ cells 
recruit and activate more macrophages through IFN-γ  production [98, 99, 102]. 
With advancement of infection, the CD4+ to CD8+ ratio drops significantly, and 
the CD8+ T cells exert their cytotoxic and immune-regulatory functions [98, 101, 
102] through Fas-FasL interaction and the release of cytotoxic granules [103, 104] 
releasing the proteins perforin and granulysin, which are able to kill mycobacteria 
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directly in their host cell [105-107]. Activation of both CD4+ (MHC class II 
restricted) and CD8+ (MHC class I restricted) subsets of T cells may eventually aid 
in mycobacterial killing [96, 99, 108].

Figure 2: The spectrum of immune responses to bovine tuberculosis (Pollock and Neill, 2002).

A vital player in BTB is IFN-γ: it is thought to be crucial for protective immunity and 
is furthermore widely used as a marker for diagnostic purposes and vaccine efficacy 
[38, 83, 109], as will be discussed below. In the murine model and in humans, the 
importance of IFN-γ is rather well-described and supported by the high susceptibility 
to mycobacterial disease exhibited in IFN-γ-pathway deficient hosts [110, 111]. The 
significance of IFN-γ in tuberculosis in cattle hasn’t been precisely elucidated and 
there appears to be some conflict. While there are numerous studies demonstrating a 
protective effect of IFN-γ [112-116], there is a similar amount of evidence which argues 
that IFN-γ alone is not enough [104, 117, 118]. The sources of IFN-γ are primarily 
CD4+ and CD8+ T cells, but NK cells are also known to produce the cytokine [119]. 
It is responsible for macrophage activation, induction of nitric oxide (NO) synthesis 
and reactive nitrogen intermediates, and bacterial killing [104, 119]. Importantly, in 
vaccination trials, induction of a strong IFN-γ response is associated with protection, 
while it appears to be correlated to severity of disease post-challenge [120]. The precise 
kinetics remain to be elucidated. Several other cytokines that have been associated 
with the response to mycobacteria include IL-4, IL-12, IL-18, tumor necrosis 
factor alpha (TNF-α) and transforming growth factor beta (TGF-β) [38, 55, 102]. 
Interleukin-12, mainly produced by DCs, is also believed to be crucial in immunity to 
TB as it supports bias towards a Th1 driven immune response characterized by IFN-γ 
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production [104, 119]. It has been proposed that IL-18, produced in phagocytic cells 
activates NK cells and stimulates the production of IFN-γ [104]. Another potent 
pro-inflammatory cytokine in TB immunity is TNF-α which is produced by various 
immune cells and besides having a synergistic effect to IFN-γ, is also involved in 
granuloma formation [104, 119] characteristic for infection with mycobacteria.

Overall, IFN-γ producing CD4+ T cells are thought to be the most important subset 
in protective cell-mediated immunity [29]. While previously difficult to measure 
[96], the differentiation of these cells into effector or memory cells has been achieved 
through assessment of several surface markers [121]: CD45RO [122-125], CD62L 
[124] and CCR7 [126]. These markers each have distinct functions [96]: CD45RO 
regulates signaling of T cell receptors; CD62L or L-selectin is a lymph node homing 
adhesion molecule; and CCR7 is a chemokine receptor for lymph node homing of T 
cells. The following distinction in subtypes of T cells can be made: central memory 
T cells (Tcm) are CD45RO+, CD62Lhi and CCR7+; effector memory T cells (Tem) 
are CD45RO+, CD62Llow/int and CCR7-; while effector T cells (Te) are CD45RO-, 
CD62L-/low and CCR7- [127-129]. The tools commonly used to identify these cell 
types are discussed in relation to vaccine efficacy studies below, as they are commonly 
employed for that purpose. After MHC class II restricted antigen presentation to 
naïve T cells differentiation into specific Te cells occurs and these cells rapidly produce 
cytokines and express cytokine receptors [96]. While these Te cells are relatively short-
lived, a proportion may become quiescent memory cells [96]. As mentioned, there are 
two types of memory T cells: Tem and Tcm. Effector memory cells can promptly mature 
and once again become activated Te cells, producing cytokines within hours after re-
stimulation with antigen and expression of molecules required for homing to the site 
of infection [96, 121]. Like Te cells, Tem cell populations have short lifespans [127], 
whereas that of Tcm cells is much longer. Typically, Tcm cells are found in lymphoid 
tissues where they may undergo proliferation and differentiation into effector subtypes 
[96, 121], and it is these cells that are considered crucial for long-term protection 
against BTB [128].

While Th1 responses may be predominant, Th2 responses do occur in BTB immunity 
[38], and it has been postulated that the balance between these types of immune 
responses may be influenced by dendritic cells [130]. Cytokines produced by Th2 
cells involved in TB immunity are IL-4 and TGF-β, and while their functions are not 
well understood, a shift towards a Th2-type immune response has been associated 
with progression of disease, advancement of pathology, B-cell activation and antibody 
production [29, 94, 119, 131, 132]. Furthermore, it has been suggested that TGF-β 
and IL-10 might be responsible for suppression of the CMI response and subsequent 
induction of anergy, respectively [29, 133].
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Humoral immunity
The role of humoral immunity (HI) in (bovine) tuberculosis is much less understood 
than that of the CMI. As can be seen in Figure 2, the antibody (Ab) response to 
infection with M. bovis is thought to arise at later stages of disease and appears to 
increase with progression of pathology and expanding bacillary load or antigenic 
burden [29, 90]. The importance of a humoral response has often been considered 
insignificant for protective immunity [29]. In a review by Glatman-Freedman 
and Casadevall [134], it was proposed that the function of antibodies in TB and 
their influence on the outcome of infection may differ depending on the clonality 
and proportions of Ab. It was concluded that antibodies may be protective, non-
protective or even disease-enhancing [134]. The latter may occur as a result of the 
activation of the complement system and associated tissue damage, or inhibition of 
phagocytic uptake of mycobacteria as a consequence of antigen (Ag)-Ab complexes 
[55]. As demonstrated by de Valliere et al. [135], protective effects of antibodies may 
be brought about by enhancement of innate and cell-mediate immune responses. 
Anti-mycobacterial antibodies may act as opsonins, stimulating the uptake of 
mycobacteria by neutrophils and macrophages through interactions with Fcγ 
receptors, and they may activate DCs leading to expansion of CD4+ and CD8+ T 
cell subsets and associated IFN-γ release and cytotoxicity [56, 135]. Similarly, B cells 
may function as APCs, activating effector and memory T cells [56]. Nonetheless, 
as reviewed by Maglione and Chan [136], experiments in B-cell knockout mice 
have shown conflicting results, varying from no effect whatsoever, to a catastrophic 
decrease of immunity or a delayed advancement of disease. As such, the exact role 
of the HI response remains elusive. However, it’s important to note that in anergic 
animals, that no longer show evidence of a CMI response, there may be high levels 
of Ab [29] and this may be of importance from a diagnostic perspective, meaning 
that serological assays may be able to identify chronically infected animals, otherwise 
missed by CMI-based tests [137](Figure 2).

Diagnostic tools
Although a wide variety of diagnostic assays is available, the diagnosis of M. bovis 
infections remains rather challenging due to limitations in terms of sensitivity (Se) 
and specificity (Sp) [138]. Bovine tuberculosis can either be diagnosed indirectly 
(through measurement of the host immune responses) or directly (by detection of 
the causative organism, usually M. bovis) [72, 139]. Indirect techniques include the 
tuberculin skin test and IFN-γ release assays (IGRAs), which provide a measure of 
the CMI response, and serological assays which measure HI responses [72, 138, 139]. 
Direct techniques include abattoir detection by general post-mortem examination 
(macroscopic), Ziehl-Neelsen staining (microscopic), histopathology, culture, and 
molecular techniques such as the polymerase chain reaction (PCR) and sequencing 
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[72, 139, 140]. The tuberculin skin test is still the most widely used test for BTB 
diagnosis [141]. Although the test has clear limitations, it aided in the successful 
eradication of the disease from several countries and remains a key approach in the 
diagnosis and control of BTB today [82]. However, currently, still no single test can 
be used as a stand-alone assay to accurately diagnose BTB [66]. As such, application 
of one or several assays for the diagnosis of BTB in different epidemiological settings 
and for different purposes requires careful consideration. Furthermore, given that 
the majority of diagnostics for BTB are developed for cattle, validation of such tools 
and determination of analytical and diagnostic sensitivity and specificity is required 
before they can be applied in other species.

Indirect techniques
Tuberculin skin tests
Tuberculin skin tests (TST) have been widely used in cattle for more than a century 
[82, 138]. It may be conducted in several ways, i.e. as the single intradermal test 
(SIT), in which bovine tuberculin is administered either in the cervical region (CIT) 
or in the caudal fold (CFT), or as the single intradermal comparative tuberculin test 
(SICTT) [66, 82] that entails injection of bovine and avian tuberculin. Tuberculin 
is also known as the purified protein derivative (PPD) of mycobacteria. The PPD of 
M. bovis (PPD-B) is derived from the AN5 or Vallee strains, while that of M. avium 
is derived from D4ER or TB 56 strain [138]. The general principle of the TST is 
based on measurement of a skin swelling, the delayed-type hypersensitivity (DTH) 
reaction to specific antigens present in tuberculin, up to 72 hrs after PPD injection 
[82]. In South Africa, the SIT and SICTT are both accepted methods, provided they 
are applied in the cervical region [78]. The test procedure of the SICTT is as follows: 
two areas on the same side of the neck (approximately 4 cm x 4 cm in size, 15 cm 
apart and free of any lumps or scars) are shaved and cleaned, after which the skin fold 
thickness (SFT) is measured using calipers [78]. A 0.1 ml dose of bovine and avian 
tuberculin containing 3000IU and 2500IU, respectively) is injected intradermally 
using a specialized multi-dose McLintock syringe into the center of the shaved area 
[72, 78, 82]. As a standard, bovine tuberculin is injected caudally, whereas avian 
tuberculin is injected cranially [78]. Correct injection is confirmed by the presence of a 
small pea-like swelling [138]. Seventy-two hours later, the injection sites are inspected 
and palpated for signs of a DTH reaction (swelling/edema, heat, pain/tenderness, 
redness, exudation, necrosis etc.) due to CMI responses (lymphocyte recruitment and 
activation) [67, 72, 82]. The SFT is measured once again and the difference between 
the pre- and post-injection thickness is determined as well as the difference in the 
increase in SFT between the bovine and avian injection sites. The SIT follows the 
same principle, using only bovine tuberculin.
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The bovine tuberculosis manual issued by the Department of Agriculture, Forestry 
and Fisheries (DAFF) of the government of South Africa describes that different 
interpretation criteria are to be used for the TST in negative or suspect herds vs positive 
herds, with more stringent interpretation used in known infected herds [78]. The 
guidelines for interpretation of the SIT are as follows: in negative herds, the reaction 
is considered ‘negative’ when there are no clinical signs and the increase in SFT is 
≤6mm; ‘inconclusive’ when there are clinical signs and the increase in SFT is ≥6mm, 
but ≤20mm; and ‘positive’ when there are clinical signs and the increase in SFT is 
≥20mm [78]. In positive herds, any reaction with an increase in SFT of ≥4mm with 
or without clinical signs is considered ‘positive’. In the interpretation of the SICTT 
both the increase in SFT at the bovine injection site and the difference between the 
increase in SFT at bovine and avian injection sites are considered, and the guidelines 
are as follows: in negative herds, the reaction is considered ‘negative’ when the increase 
in SFT in reaction to bovine tuberculin is either ≤4mm and less than or equal to that 
to avian tuberculin, or ≥4mm and the difference between bovine and avian reactions 
is 1-2mm; ‘inconclusive’ when the reaction to bovine tuberculin is ≥4mm and the 
difference between bovine and avian reactions is 3-4mm; and ‘positive’ when the 
reaction to bovine tuberculin is ≥4mm and the difference between bovine and avian 
reactions is ≥5mm and/or clinical signs are present [78]. In positive herds, a reaction 
is considered ‘negative’ when the increase in SFT in reaction to bovine tuberculin 
is less than or equal to that to avian tuberculin, independent of the increase in SFT 
at the bovine injection site; ‘inconclusive’ when the reaction to bovine tuberculin is 
≥4mm and the difference between bovine and avian reactions is 1-2mm; and ‘positive’ 
when the reaction to bovine tuberculin is ≥4mm and the difference between bovine 
and avian reactions is ≥3mm [78]. According to the ‘veterinary procedural notice 
(VPN) for buffalo diseases’ as issued by DAFF, buffaloes are tested using the SICTT 
in South Africa and the following interpretation guidelines are used [79]: a reaction 
is considered ‘negative’ when the the difference in SFT increase between bovine and 
avian reactions are <2mm; ‘inconclusive’ when the difference between bovine and avian 
reactions is 2-3mm; and ‘positive’ when the difference the bovine and avian reactions 
is >3mm, or if clinical signs indicative of M. bovis infection are present together with 
a 2-3mm difference in SFT.

The test performance, in terms of Se and Sp, of traditional tuberculin skin tests is 
highly variable [72, 82]. In cattle, the Se can fluctuate between 52% and 100%, 
whereas Sp may be between 75.5% and 100% [66], while in buffaloes, the Se and 
Sp are estimated to be 78.5%-80.9% and 90.2%-99.5%, respectively ([142] and 
unpublished data). Factors that might influence the Se include the concentration 
or potency and dose of the tuberculin, correct injection and measuring technique, 
operator competence, proper maintenance of equipment, variety in observer, stage 
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of infection, and immunosuppression [72, 82, 143]. On the other hand, the Sp can 
be influenced by prior sensitization to the tuberculin due to exposure and cross-
reactive immune responses to environmental or non-tuberculous mycobacteria 
[72, 82]. The advantage of using both bovine and avian tuberculin is an increased 
specificity of the test [72, 82, 141]. Animals truly infected with M. bovis are more 
readily differentiated from animals exposed to environmental mycobacteria using 
the SICTT [72, 82, 141]. A further limitation of the skin test is that it requires 
two farm visits, as results can only be recorded 72 hours after injection of the 
tuberculin(s), making it time-consuming, costly, and reliant on farmer compliance 
[72, 82]. In wildlife, this fact has the added disadvantage that free-ranging  animals 
will have to be immobilized twice and kept in confinement for 72 hours, adversely 
effecting animal welfare and increasing costs [139].

Interferon-gamma release assays
Due to the disadvantages and variability of the test performance of the tuberculin 
skin tests, there was a need for development of assays with a higher accuracy for TB 
diagnosis [67]. The first IFN-γ release assay was developed in the 1980s in Australia, 
for this purpose [144, 145]. In 1996, a commercial IGRA kit, the BOVIGAM® 
assay developed by CSL Animal Health Australia, was accepted as a new diagnostic 
approach for BTB by the OIE. The test procedure of IGRAs comprises of two stages; 
first whole blood is stimulated with antigens overnight and subsequently, levels of 
IFN-γ are measured by means of a sandwich ELISA [67, 72, 146]. Whole blood is 
collected in heparin tubes and processed as soon as practically possible to ensure 
viability of the cells; within a maximum of 4-6 hours in the South African setting 
[67, 72, 78]. The standard protocol includes stimulation with PPDs of M. bovis and 
M. avium (PPD-B and PPD-A, respectively) as well as positive and negative controls. 
[72]. Stimulation is carried out in an incubator at 37°C, for ±24 hours, after which 
the supernatant is collected [67]. In South Africa the PPD of M. fortuitum (PPD-F; 
derived from the ATCC 6841 strain) is also included in the standard protocol, 
to serve as an additional control for NTM for increased specificity of the assay 
[78]. The supernatant may be stored at -20°C until further analysis or used directly. 
In infected animals, memory T-cells will be stimulated by previously encountered 
antigens present in the PPDs and will rapidly respond with the excretion of IFN-γ 
[67, 146]. The level of IFN-γ in the supernatant can subsequently be measured 
through use of a sandwich ELISA [67, 146]. Interpretation of the results is dependent 
on cut-off values, which may vary according to the epidemiological setting where 
the test is applied [67, 139].

While the advent of IGRAs brought about advancement in the immunodiagnosis 
of BTB [146], the test performance of these assays remains variable. The Se of the 
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BOVIGAM® in cattle is estimated to be 73%-100%, whereas the Sp has been found 
to be between 85%-99.6% [66, 67]. Similarly, after validation and optimization 
for use in buffaloes, the Se and Sp of the BOVIGAM® was also found to be variable 
and estimated to be 83.3%-95.3% and 79.1%-95.1%, respectively [147]. Although 
test performance of IGRAs is slightly improved compared to tuberculin skin tests, 
they too have several drawbacks [67]. Non-specific IFN-γ responses in young 
animals (<15 weeks) may lead to misdiagnosis, correct sample collection and timely 
transport to laboratory facilities are crucial, and the costs are considerably higher 
[67]. The latter two factors may be of particular concern in sub-Saharan Africa, 
where a large proportion of cattle can be found in rural areas far removed from 
veterinary laboratories, and financial constraints may play a role. In fact, due to the 
high costs associated with IGRAs and the lack of evidence that it performs equal to 
or better than the TST, they are currently not applied as the primary test for BTB, 
but rather as an ancillary test to the TST in most countries [67, 78]. Nonetheless, 
there is definite merit in the use of IGRAs, as these assays can detect BTB at an 
earlier stage of infection, only a single farm visit is required, there is a significantly 
reduced risk of operator bias and the test performance can be adjusted through the 
use of additional mycobacterial antigens [67, 148]. Furthermore, a combination 
of both the TST and an IGRA assay ‘in parallel’ or ‘in series’ may improve overall 
testing accuracy as required [67, 149]. A more elaborate form of IGRA is the 
ELISpot assay, in which isolated cells rather than whole blood are stimulated and a 
quantitative measure of T cells responding is obtained [150], as will be discussed in 
relation to the presented vaccination studies.

Tuberculin versus purified or recombinant proteins/peptides antigens
While stringent production guidelines are in place for standardization of tuberculin, 
it is a rather crude preparation consisting of all the proteins, lipids and carbohydrates 
present in the bacterium [72, 151]. As certain proteins are shared between different 
species of mycobacteria, the proteins present in PPD-B are not only those specific 
to M. bovis, but also those that are shared between MTBC species and NTM [141, 
152, 153]. Animals sensitized by NTM may thus test false-positive as a result of 
cross-recognition of such proteins [141, 154]. As such, attempts have been made 
towards improvement of the existing antigen preparations through development of 
more specific stimulatory antigens [67]. The focus has not only been on improving 
diagnostic specificity whilst retaining sensitivity, but also very much on the 
development of reagents that will allow differentiation of infected from vaccinated 
animals (DIVA). Strategies that have been employed in the pursuit of better reagents 
include approaches using proteomic analyses of tuberculin [155, 156], comparative 
genomic and transcriptomic analyses [157, 158], as well as ‘simply’ testing a wide range 
of known highly immunogenic mycobacterial antigens [67]. Obvious targets for these 
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new reagents are antigens which are present in M. bovis but absent from NTM and 
M. bovis BCG. The two perhaps most widely researched proteins in this regard are the 
6 kDa early secreted antigenic target (ESAT-6) and the 10 kDa culture filtrate protein 
10 (CFP-10). The genes for these proteins are located on the region of difference 1 
(RD1) of the M. bovis genome, a region deleted from all strains of M. bovis BCG 
[159]. Examples of additional antigens under investigation are various other proteins 
of the RD1, RD2 and RD14 regions deleted from different strains of M. bovis BCG 
[141, 160], as well as any antigens disparately expressed between virulent M. bovis, 
and NTM or BCG either on the basis of genomics, transcriptomics or cell biology 
[158]. The performance of these potential novel reagents has been assessed thoroughly 
in laboratory animals, cattle, and humans, both in-vivo in a skin testing platform as 
well as in-vitro in IGRAs [151, 158, 161-165]. Especially ESAT-6 and CFP-10 have 
shown potential merit, as these antigens were able to differentiate between Mtb and 
BCG [166, 167], and M. bovis and BCG [168, 169]. The TST specificity when using 
these antigens was found to be high in BCG vaccinated and uninfected animals, and 
while the sensitivity could be increased by combining the antigens into a cocktail, 
it remained lower than that of tuberculin [170]. Further studies have investigated 
the use of many other antigens, some of which may be promising, such as Esx-1 
substrate protein C or espC (Rv3615c) [163, 171, 172], both putative ESAT-6 like 
protein esxO (Rv2346c) and ESAT-6 like protein esxS (Rv3020c) [173, 174], and 
to a limited extent, major secreted immunogenic protein MPB70 and cell surface 
lipoprotein MPB83 [163, 175]. Due to the successes gained, particularly through the 
use of peptide cocktails containing ESAT-6, CFP-10 and Rv3615c, and additionally 
Rv3020c [158, 165], they have since been incorporated into the second generation 
of commercial BOVIGAM® testing kits [176]. It is, however, important to note that 
homologues of ESAT-6 and CFP-10, and others, have recently been discovered in 
the genomes of some of the most widely distributed species of NTM [153]. The 
exact ramifications of this finding still need to be determined, but it is expected to 
negatively affect test specificity of assays employing these antigens.

Serological assays
As mentioned previously, although the role of the humoral immune response in 
protection against M. bovis infections is not well understood, it may be a valuable 
asset in the diagnosis of BTB [137], possibly especially so in chronically infected herds 
and CMI-anergic animals [29]. The combination of assays measuring cell-mediated 
immunity and serological methods may prove particularly effective [68].

A multitude of serological tests for the diagnosis of bovine TB has been developed [67, 
72]. The most widely used assay for serology is the enzyme-linked immunosorbent assay 
(ELISA), which is a relatively simple to use method that can easily be standardized 
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between laboratories [138, 177]. Ritacco et al. [178] initially reported promising test 
performance values for an ELISA measuring Ab to PPD-B, but they were unable to 
repeat these results in a large-scale study [179]. Subsequently, ELISAs for bovine TB 
which made use of standard crude PPD preparations, were deemed unsuitable for 
diagnosis of BTB in cattle due to their limited test performance, particularly the Se 
[179-182]. This reduced diagnostic sensitivity was most likely not a result of poor 
analytical sensitivity, but rather due to the kinetics of the humoral response in BTB 
(Figure 2) [180], supported by the finding that Ab were detected in culture-confirmed 
positive animals but not in subclinical cases [179]. Furthermore, poor specificity was 
attributed to NTM exposure [180]. As a result of these disappointing results, much 
effort was dedicated to the development of novel serological assays using various 
platforms: lateral-flow immunochromatographic tests [183] and a dual path platform 
(DPP) assay [184], a multi-antigen print immunoassay (MAPIA) [185], multiplex 
chemiluminescense immunoassays [186], fluorescence polarization assays (FPAs) [187] 
and Luminex technology [188, 189]. The majority of these assays replaced the use of 
PPDs with either a single-antigen or a multi-antigen format, targeting Abs directed at 
specific antigens such as ESAT-6, CFP-10, MPB70 and MPB83, among various others 
[190]. Exhaustive overviews of serological assays developed for use in cattle and wildlife 
are provided by Bezos et al. [138] and Maas et al. [139], respectively. The antigens 
MPB70 and MPB83 have been recognized as ‘sero-dominant’ antigens [66] and they 
have repeatedly proven useful in sero-diagnosis of BTB [183, 191-198]. As mentioned 
the test performance has been variable: the Se of different serological assays in cattle 
ranges between 40.6% and 98.6%, and the Sp lies between 52.5% and 100% [138], 
while in buffaloes even lower estimates have been found with Se and Sp varying between 
23%-33% and 90%-94%, respectively [199], and further improvement is required. It 
has been shown that the Se can be ‘boostered’ in experimentally infected cattle when the 
test is applied shortly after PPD injection (i.e. after skin testing) [195, 200, 201]. Casal 
et al. [202] demonstrated a similar effect in naturally infected cattle, and sensitivities of 
66.7%-85.2% were achieved when two different Ab-based tests (the IDEXX M. bovis 
Ab test and Enferplex TB assay) were evaluated 15 days post-skin test. More recent 
successes in the further advancement of serological assays include the development of a 
Luminex-based serological assay [189], and the identification of novel antigens which 
form major serological targets [203]. Nevertheless, the only serological assay which is 
presently officially approved for use in cattle is the IDEXX M. bovis Ab test [204]. It 
is, however, not recommended for use as a stand-alone test, but only as an ancillary 
test to the tuberculin skin test and/or IFN-γ assays since antibodies are not commonly 
produced by animals in the early stages of M. bovis infection [72].
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Direct techniques
Given the complexity and imperfection of the in-direct methods described, the gold 
standard for the diagnosis of bovine tuberculosis remains the direct detection of M. 
bovis from either clinical or post-mortem samples [140, 205].

Macroscopic and microscopic detection of M. bovis
During standard ‘passive’ abattoir surveillance and post-mortem (PM) examination 
of carcasses gross lesions typical of tuberculosis may be found and a macroscopic 
presumptive diagnosis can be made [139, 140, 206]. As mentioned, a classical 
lesion or tubercle is white-yellow in color, nodular in shape and can be caseous or 
calcified [55, 85, 86]. The distribution of lesions depends on the route of infection, 
but typically involves the lymph nodes (LNN) of the head and thorax, notably 
the retropharyngeal and bronchial LNN, and the lungs [207]. The sensitivity of 
macroscopic examination is poor due to the possibility of positive animals presenting 
either with microscopic or no visible lesions (NVL) and/or lack of experience of 
the operator [206, 208], and it is crucial that a thorough inspection is carried out 
to prevent false negative results [140, 209, 210]. Routine sample collection for 
mycobacterial culture includes suspect lesions as well as pooled head and thorax 
LNN, but the inclusion of tissues beyond these standard specimens to include 
samples with no visible lesions (NVL) may increase sensitivity [140]. Protocols for 
precise PM examination, including a grading system for macroscopic lesions, for 
cattle and buffalo are written by Vordermeier [211] and de Klerk et al. [212].

Direct impression smears for microscopic examination can be prepared from fresh 
tissue samples and stained with Ziehl-Neelsen (ZN) stain [213], which enables 
detection of acid-fast bacilli such as mycobacteria [72, 140]. However, as lesions 
often contain low numbers of bacilli and the lowest detectable range of organisms 
is 5000-10000/ml suspension [34], the sensitivity of microscopic smears is low 
and samples cannot be declared negative on this basis alone [72]. Propagation of 
the bacterium through bacterial culture may be necessary in these cases and when 
visible growth is obtained smears can be prepared once more [72].

Isolation of M. bovis
To ensure adequate recovery of the bacterium, factors that might influence the 
performance of culture must be carefully eliminated [140, 210]. Important steps 
include sample collection, transport and storage, homogenization, decontamination 
and the appropriate choice of culture medium [140]. Samples must be collected 
aseptically into clean, sterile, specimen containers that are clearly labeled. If immediate 
processing is not possible, samples should either be frozen and stored or chilled and 
processed within 24-48 hours [140, 210]. Samples should be homogenized using a 
mortar and pestle, stomacher or equivalent and subsequently decontaminated with 
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either detergent, an acid or an alkali for approximately 10 minutes [72]. Appropriate 
decontaminants include cetylpyridinium chloride (CPC), oxalic acid, sulphuric acid, 
sodium hydroxide, and others [72, 140, 210]. The suspension is then centrifuged and 
neutralized, and the sediment is used for inoculation on the culture medium [72]. 
Appropriate culture media include egg-based media such as Stonebrink or Löwenstein-
Jensen supplemented with pyruvate, agar-based media such as Middlebrook 7H11 and 
blood-agar B83, or liquid media such as Middlebrook 7H9 and BACTEC MGIT 
tubes [72, 140, 210]. The supplementation of media with sodium-pyruvate is crucial 
for M. bovis culture, as it essential for their metabolism and growth will be stunted in 
the absence of pyruvate [214]. The disadvantage of solid media is the long incubation 
period required for culture of M. bovis, which was effectively halved by the development 
of liquid media [215-217]. A drawback of liquid media, however, is that they may 
be overgrown by rapid-growing NTM more easily, and growth cannot be examined 
morphologically [215-217]. Both systems are commonly used in reference laboratories, 
sometimes in parallel for optimum recovery of M. bovis. Cultures are incubated at 
37°C for approximately 10-12 weeks and should be monitored for growth at weekly 
intervals for the entire incubation period [72]. After approximately 3-6 weeks M. bovis 
growth can be expected, depending on the media used [72]. The morphology and 
the growth patterns of the colonies are characteristic and can lead to a presumptive 
diagnosis. Typical M. bovis colony morphology on egg-based media is described as 
“small, rounded, pale yellow to buff with irregular edges and a granular surface” [210]. 
While several biochemical assays exist to distinguish between mycobacterial species, 
they are rather laborious [210]. Thus for definitive confirmation and differentiation, 
isolates are further analyzed through the use of molecular techniques [72].

Molecular detection of MTBC
Techniques for the molecular detection of MTBC have been on the rise since the 
1980s and a wide variety of assays is now available [218]. Gormley et al. [140] recently 
updated an overview of the existing methods first summarized by Durr et al. [218]. 
Perhaps the most user-friendly and straightforward approach is through conventional 
polymerase chain reaction (PCR), for which numerous protocols and gene targets 
have been described [219-223]. Examples of simplex and multiplex conventional 
PCR assays for DNA of mycobacteria are listed in Table 1. The TB11/12, and the 
TB1 and IS6110 primer sets can be employed when simple confirmation of the 
presence of mycobacteria in general or MTBC species in particular, respectively, is 
sufficient [219-221]. The IS6110 primer set is especially useful when performing PCR 
on DNA extracted from formalin-fixed paraffin-embedded (FFPE) samples [224]. 
Alternatively, one can make use of a multiplex PCR assay allowing differentiation of 
mycobacteria to the species level [222, 223]. Warren et al. [222] used such a multiplex 
assay employing primers targeting the regions of difference RD1, RD1mic, RD2, RD4, 
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RD9 and RD12. Comparative genomics identified the presence of several deletions 
in the genomes of several MTBC species relative to that of Mtb and revealed that 
the distribution of these so-called regions of difference was disparate between species 
[225, 226]. Parsons et al. [227] showed that these RDs were useful for differentiation 
of these species using PCR, and their method was greatly improved and simplified 
by Warren et al. [222], allowing for differentiation between M. canetti, Mtb, M. 
africanum, M. microti, M. pinnipedii, M. caprae, M. bovis and M. bovis BCG, in a 
single experiment. As an example, in Mtb all RDs are present, whereas in M. bovis 
only RD1 is present; and in M. bovis BCG all RDs are absent [222]. This assay is 
different from standard PCR protocols in that both present and absent regions will be 
amplified, and differentiation is achieved through analysis of the product sizes [222]. 
Similarly, the multiplex designed by Kim et al. [223], can be used to detect both 
NTM and MTBC species and further differentiate the latter group.

Table 1. Existing conventional PCR protocols for the detection of mycobacteria.
Name Target(s) Specificity Level of 

differentiation
Protocol Reference

IS6110 Insertion sequence 6110 MTBC Complex Simplex Eisenach et al., 1990

TB1 MPB70 MTBC Complex Simplex Cousins et al., 1991

TB11/12 65 kDa heat shock protein Mycobacteria Genus Simplex Telenti et al., 1993

Regions of 
difference

RD1/ RD4/ RD9/ RD12 MTBC Species Multiplex Warren et al., 2006

Mycobacterium 
multiplex

rpoB/ RD1/ RD8/ RD8 
deleted

Mycobacteria Species Multiplex Kim et al., 2013

Vaccination
The origin of vaccination is attributed to Edward Jenner who, as early as 1796, 
discovered that inoculation with cowpox (vaccinia) could protect humans from 
the clinical manifestation of smallpox [96, 228]. Since the advent of vaccination, 
arguably the greatest contribution to global human and veterinary health, eradication 
was achieved of smallpox in humans in 1979, rinderpest in cattle in 2011, and 
many other devastating diseases have become preventable [96, 228]. As a result, 
vaccination is considered a key approach in the prevention and control of many 
different infections, including tuberculosis [96, 228].
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Vaccination of humans
There is only one vaccine available for tuberculosis in the world: Bacille Calmette-
Guérin (BCG) [229-231]. Bacille Calmette-Guérin or BCG is a live attenuated strain 
of M. bovis which was “discovered” in the early 1900s by Albert Calmette and Camille 
Guérin in Lille [229-231]. The so-called Nocard strain, isolated from the infected 
udder of a cow in 1908 by Edmond Nocard, was cultured and passaged numerous 
times on potato medium supplemented with ox bile and glycerin [229-231]. The strain 
had lost virulence as it was unable to cause disease in various animal species, including 
guinea pigs, rabbits, non-human primates, horses and cattle, and a protective effect 
against experimental and natural challenge was demonstrated [229-231]. Finally, 
in 1921 it was first administered to humans [229-231]. Given its reported success, 
the original BCG Pasteur strain was distributed all over the world and various (sub)
strains have since become commercially available [229, 232]. Today, live M. bovis 
BCG remains the only licensed vaccine against tuberculosis in humans [24, 70, 233]. 
Although BCG provides effective protection against disseminated and meningeal 
TB after administration to neonates, immunity quickly wanes and vaccine efficacy 
is highly variable and inconsistent in adolescents and adults [24]. Furthermore, even 
though BCG is regarded as one of the safest vaccines available, it has been known to 
be able to cause disseminated TB or BCG-osis when administered to HIV infected 
infants [24, 81, 234]. As a consequence, the lack of a vaccine that prevents pulmonary 
disease still hinders adequate TB control in humans [24, 235]. Over the last decades, 
enormous scientific effort has been directed at the development of novel, safe and 
efficacious vaccine candidates for TB in humans [24, 235]. All possible elements are 
being considered in the search for a new vaccine: type of vaccine (whole cell vs sub-
unit), formulation (adjuvants), attenuation (live vs killed), administration schedule 
(pre- or post-exposure; age of recipient) and purpose (prevention of infection/disease/
recurrence or therapeutic) [24, 235]. Beside research into vaccine candidates, a lot 
of work is conducted towards refinement of animal models for vaccine efficacy trials, 
discovery of biomarkers and correlates of protection as well as pre-clinical and clinical 
testing stages of promising candidates [235]. The number of potential candidates in 
the vaccine pipeline of the Tuberculosis Vaccine Initiative (TBVI) in the Netherlands 
reported by Kaufmann et al. [235] is testament of the successes currently being made, 
but there is still a long way to go.

Vaccination of cattle
Before administration to humans, live M. bovis BCG was in fact first used in cattle 
in 1911 and it was found to be protective against natural and experimental infection 
[230]. Subsequently, various studies were conducted in cattle and other species to assess 
the level of protection conferred by this vaccine [73]. At the time, due to inconsistent 
results, it was decided that BTB control and eradication would be more effectively 
achieved through test-and-cull operations using the TST which subsequently became 
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the priority [73]. As a result, still today there is no licensed vaccine for use in cattle, 
and it is, in fact, illegal in the EU to vaccinate cattle against BTB [236]. The most 
important consideration in this respect has been the fact that animals vaccinated with 
BCG become positive reactors in the TST [237], the mainstay of eradication and 
control programs [70, 72, 233]. To overcome this issue, the development of DIVA 
principles for BTB vaccination and diagnosis has made great strides during the last 
decades, as discussed above. Furthermore, there has been a tremendous effort in the 
evaluation of BCG as well as novel vaccine candidates for the vaccination of cattle (and 
various other species) against BTB, as reviewed by Waters et al. [70], Buddle et al. 
[233] and Vordermeier et al. [71]. The level of success of experimental studies and field 
trials using BCG has been highly variable. As outlined by Waters et al. [70], the overall 
major findings included: i) the M. bovis BCG vaccine elicits non-sterile immunity 
to experimental infection with pathogenic M. bovis approximately 2-4 months post- 
vaccination, ii) the efficacy of vaccination is highly variable (0-80%) in field trials 
iii) only live bacilli induce a protective immunity, and iv) revaccination or boostering 
does not improve overall efficacy. Possible factors that may negatively influence efficacy 
of BCG and explain the disparate results gained, may be attributed to characteristics 
of the vaccine (formulation, dose, strain, and route of administration), the challenge 
inoculant (dose, strain, and route of administration), or the host (species, genetics, age, 
previous exposure to (environmental) mycobacteria; waning of immunity over time) 
[70, 72, 233]. Further studies seem to have led to a general consensus that relatively 
low doses of BCG infer better protection than higher doses and that vaccination of 
neonates is more efficacious than older animals [71, 233]. An important consideration 
in the latter aspect, is that with increased age the exposure to NTM is likely higher, 
and BCG vaccine efficacy has been shown to be influenced by pre-sensitization to 
environmental mycobacteria [238]. As the diversity and prevalence of NTM has been 
shown to be high in South Africa [28, 239], exposure to these mycobacteria prior to 
vaccination is likely and the possible effect of this on the outcome of vaccination must 
be taken into account. The preferred challenge model in cattle is that of endobronchial 
or aerosolized challenge with a low-dose (103-104 CFU) of virulent M. bovis [71, 
233], as resulting pathology closely resembles that found in natural infection [73]. 
Standardization of vaccine efficacy experiments employing BCG or other candidates 
has allowed for improved comparability between studies [73].

The difficulties experienced with BCG efficacy in cattle have resulted in the pursuit 
of novel vaccination strategies [233], following essentially the same approaches as 
those in humans [24, 73]. In fact, due to various similarities between human and 
bovine TB, the cattle model lends itself rather well for secondary screening of TB 
vaccines [240]. A joined “One Health” effort from the medical and veterinary field 
may help speed up the process of vaccine development and trials [241]. Some groups 
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have focused on improving the existing BCG vaccine through the use of heterologous 
prime-boost strategies using BCG and sub-unit vaccines (comprised of DNA [242-
245], mycobacterial protein [246, 247] or DNA in viral vectors [248-251]). Others 
explored replacing BCG altogether with a live recombinant BCG formulation [252] or 
attenuated M. bovis vaccines [253, 254]; whilst another approach is exploring the use 
of vaccine preparations comprised of killed whole cell mycobacteria [255-260]. While 
the order of administration of heterologous prime-boost combinations BCG and sub-
unit vaccines appears to be unimportant [244, 248], the choice of antigen is very clearly 
crucial for protection as disparate results, ranging from no protection whatsoever [243] 
or similar protection as that afforded by BCG [251, 253], to enhanced protection as 
compared to BCG alone [242, 245-247], have been obtained using different antigens. 
A number of viral vector vaccines, using modified vaccinia virus or adenovirus 
formulations, in combination with BCG have also shown promise [248-250]. It is 
important to note, that despite the potential of some of these candidates, whole cell 
vaccines are often believed to confer a broader immunity [261]. Killed vaccines received 
little attention in the past as they were believed to induce insufficient immunity against 
tuberculosis [255, 262], but given the added safety aspects, there is a renewed interest 
in exploring such candidates. The use of inactivated vaccine candidates may be of 
particular significance in the African setting. The application of a live formulation in 
wildlife or domestic cattle, might pose the risk of transmission of the vaccine through 
spillover and/or spillback [77], which might interfere with diagnostic tools and may 
additionally form a hazard to public health, especially in the immunocompromised 
[72, 81]. In fact, in South Africa, DAFF has expressed reluctance in considering 
live M. bovis BCG for vaccination strategies in the country for this reason (personal 
communication, November 2014). As a result, the vaccination studies in this thesis 
focus on evaluation of inactivated vaccine candidates.

While considerable progress has been made towards a reliable vaccine against BTB, 
a lot remains to be done in this field. Firstly, the majority of vaccine candidates have 
not yet been evaluated under field circumstances [71]. Secondly, many vaccination 
strategies rely on BCG or other M. bovis strains, meaning that if proven efficacious 
in the field, implementation will only be feasible in future if adequate DIVA tools 
are developed [71]. Finally, as the adoption of vaccines in eradication and control 
programs might require radical changes in legislation, it is crucial that the lack of 
interference with diagnostics and enhanced protective immunity as compared to BCG 
can be irrefutably proven.

Vaccination of wildlife
The control of BTB in wildlife is complicated by several factors: species-specific 
diagnostic tests are not always available [139], culling of infected animals may not 
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be acceptable either from an ethical or conservation point of view and interventions 
in natural ecosystems are sometimes considered undesirable [73, 212]. As such, 
vaccination of wildlife is increasingly being considered with a dual purpose in 
mind: controlling TB in sometimes highly valuable or protected species, whilst 
simultaneously reducing the risk of spillback from wildlife reservoirs to livestock 
[73]. Currently, the only registered vaccine for use in wildlife is ‘BadgerBCG’ in the 
UK (licensed in 2010), intended for intramuscular administration [263], but the 
efficacy of BCG has been evaluated in a number of species (i.e. brushtail possums 
[264], white-tailed deer [265], wild boar [257], ferrets [266] and African buffaloes 
[212]), with varying results [73]. Vaccination of wildlife may be most cost-effectively 
accomplished using vaccine baits, but additional requirements in terms of safety (in 
target and non-target species), potency and longevity of the vaccine, factors relating 
to uptake (acceptance and palatability) and environmental impact must be assessed 
[73, 267]. The vaccine candidates evaluated in cattle in this thesis may have future 
merit for application in African buffaloes.

Evaluation of vaccine efficacy
By far the most commonly assessed parameter in vaccine efficacy studies is the 
induction of a specific IFN-γ response to vaccination and challenge. While this 
provides a practical readout and failure of a vaccine to elicit IFN-γ responsiveness 
is generally associated with vaccine failure, it is not a definitive correlate of 
protection [268, 269]. For that reason, true protective efficacy of vaccines against 
BTB is generally demonstrated by the comparison of various pathological and 
microbiological parameters in protected versus unprotected animals, after challenge 
with virulent M. bovis [212, 270]. Given the chronic nature of the disease, the 
zoonotic potential and associated requirement for stringent biosecurity measures, 
and the scarcity of suitable facilities, vaccination studies in the target species 
are hugely time-consuming and costly [271]. As illustrated by Vordermeier et 
al. [71], the advancement of vaccine development could greatly be accelerated 
by the definition of criteria for prioritization of vaccine candidates based on 
immunological biomarkers of vaccine efficacy. Such biomarkers may be classified 
as ‘predictors of vaccine efficacy’ and ‘correlates of protection’ [71]. The former 
are defined as markers which correlate to vaccine efficacy after vaccination but 
prior to M. bovis challenge, while the latter can only be determined after virulent 
challenge [71, 271]. Biomarkers of disease progression may also be determined and 
may be considered inverse correlates of protection [71]. An overview of biomarkers 
which are thought to be of importance in vaccine efficacy or disease progression 
is given by Vordermeier et al. [71]. The diagnostic tools discussed previously may 
also be employed to characterize the host immune response profile to vaccination 
and subsequent challenge. Furthermore, various innovative technologies such as 
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ELISpot assays, flow cytometry and proteomic analyses, are commonly used to 
assess vaccine efficacy more accurately. They may enable much more sensitive and 
detailed evaluation of the intricate network of protective immune responsiveness 
involved in BTB control by BCG and future (experimental) vaccines.

Enzyme-linked immunospot (ELISpot) assays provide a highly sensitive solution 
to obtain a quantitative measure of T cell responses [150]. Given that a Th1 bias 
is generally believed to be essential in protective immunity in (bovine) TB [38, 
55, 83], ELISpot assays used in TB vaccine efficacy studies are used to measure 
(bovine) IFN-γ producing cells in response to specific antigenic stimulation [150]. 
A distinction is made between ‘ex vivo’ and ‘cultured’ ELISpot assays, which differ 
in the duration and frequency of in-vitro stimulation; once-off stimulation for 24 
hours versus stimulation for 12-14 days followed by a second stimulation for 24 
hours in the presence of APCs [150]. It is important to note that standard ‘ex 
vivo’ assays provide a measure of effector T cells, while so-called ‘cultured’ ELISpots 
detect memory T cell responses [127, 150], which appear to be directly correlated 
with vaccine efficacy [253, 272, 273] and duration of protection [274]. Protocols 
for both methods were provided by Vordermeier and Whelan [150] and Maggioli et 
al. [275]. The subsets of effector and memory T cells can furthermore be addressed 
using flow cytometry [128]. This powerful tool allows for the differentiation and 
phenotypic characterization of various T cell lineages through the staining of intra- 
and extracellular markers with fluorochromes [276, 277]. Technical principles of 
this technique are provided by Adan et al. [277]. Recently, proteomics analyses, 
which evaluate the diversity and representation of proteins present in a certain 
sample through mass spectrometry techniques, have been applied and may prove 
useful in biomarker discovery for the benefit of diagnostic reagents [155, 156]. 
Similarly, analysis of the proteome of vaccinated versus unvaccinated animals 
may elucidate proteins and pathways which play a role in protective immunity 
[278, 279]. ‘Immunoproteomics’ can be exploited to identify novel immunogenic 
targets and protective antigens on the one hand and to further understanding of 
immunological pathways in the host immune response to vaccination on the other 
hand [278, 279]. A general overview of the various tools available is given by Fulton 
and Twine [280]. Implementation of proteomic approaches in TB research may lead 
to the definition of novel vaccine candidates, potential DIVA reagents and correlates 
of efficacy/protection.
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Scope of this thesis
Tuberculosis in humans and animals remains an enormous global health challenge 
despite intensive efforts in control and eradication schemes all over the world. 
Existing control strategies for BTB in cattle based on the tuberculin skin test 
are increasingly challenging, in part due to the high demand for government 
commitment and financing, and test-and-cull strategies may no longer be 
considered feasible in some parts of the world. Difficulties in the control of BTB 
are aggravated due to a number of factors: the presence of reservoirs of the disease 
in various species of wildlife; the endemic presence of BTB at the human-wildlife-
livestock interface; the concomitant HIV burden in these often marginalized 
communities; poor access to veterinary public health surveillance; and various 
other socio-economic, cultural and practical challenges. In South Africa, the 
two most important maintenance hosts of BTB are domestic cattle and African 
buffaloes and the studies conducted for this thesis focused exclusively on these 
species. The two key facets of bovine tuberculosis control are explored: diagnostic 
tools and vaccination. The main objectives of the studies were to gain insights into 
the usefulness of available diagnostic tools for BTB detection in African buffaloes, 
and to investigate the potential use of novel, safe vaccine candidates in domestic 
cattle.

The first two research chapters focus on the application of diagnostic tools for 
BTB in African buffaloes. In Chapter 2, the usefulness of various immunoassays, 
developed for cattle, for the detection of BTB in buffaloes is explored. The test 
performance of assays measuring cell-mediated and humoral immunity is evaluated 
in the field and recommendations for testing strategies are provided. In Chapter 
3 the BTB prevalence in two geographically remote and epidemiologically distinct 
buffalo populations is evaluated. The influence of differential BTB prevalence and 
exposure to NTM on the test performance of a commercial serological assay was 
evaluated once-off and longitudinally. Next, the focus is re-directed towards the 
investigation of novel vaccine candidates for BTB in domestic cattle. Chapter 
4 describes the immunological response of calves to vaccination with novel 
killed vaccine formulations and subsequent mycobacterial challenge as compared 
to the ‘benchmark’ live M. bovis BCG vaccine using standard immunological 
tools. Chapters 5 and 6 explore the host immune response to vaccination and 
subsequent mycobacterial challenge more broadly using innovative laboratory 
tools for in-depth characterization of relevant aspects of immune responsiveness. 
Chapter 5 describes analysis and comparison of the full white blood cell proteome 
of vaccinated animals versus controls. Representation of immune response proteins 
and pathways was compared between vaccinates and controls, and their role in 
TB immunity and protection is discussed. In Chapter 6 the effector and central 
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memory T cells responses are described through functional and phenotypic 
characterization. Finally, the general findings of the studies are discussed in 
Chapter 7 and suggestions are made for future endeavors towards BTB control.
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Abstract

The African buffalo (Syncerus caffer) is considered the most important 
maintenance host of bovine tuberculosis (BTB) in wildlife in Southern Africa. 
The diagnosis of Mycobacterium bovis infection in this species mostly relies on 
the single intradermal comparative tuberculin test (SICTT). As an alternative, 
the BOVIGAM® 1G, an interferon-gamma (IFN-γ) release assay, is frequently 
used. The test performance of cell-mediated immunity (CMI-) and humoral 
immunity (HI-) based assays for the detection of M. bovis infections in 
buffaloes was compared to identify the test or test combination that provided 
the highest sensitivity in the study. Buffaloes were sampled during the annual 
BTB SICTT testing in the Hluhluwe-iMfolozi Park (KwaZulu-Natal, South 
Africa) during June 2013. A total of 35 animals were subjected to the SICTT, 
13 of these tested positive and one showed an inconclusive reaction. CMI-
based assays (BOVIGAM® 1G (B1G) and BOVIGAM® 2G (B2G)) as well as 
a serological assay (IDEXX TB ELISA) were used to further investigate and 
compare immune responsiveness. Thirteen SICTT positive buffaloes and one 
inconclusive reactor were slaughtered and a post-mortem (PM) examination 
was conducted to confirm BTB. Lesions characteristic of BTB were found in 
8/14 animals (57.1%). Test results of individual assays were compared with 
serial and parallel test interpretation and the sensitivity was calculated as a 
percentage of test positives out of the number of SICTT positive animals 
with granulomatous lesions (relative sensitivity). The B1G assay showed the 
highest individual sensitivity (100%; 8/8) followed by the B2G assay (75%; 
6/8) and the IDEXX TB ELISA (37.5%; 3/8). Therefore, using in parallel 
interpretation, any combination with the B1G showed a sensitivity of 100% 
(8/8), whereas combinations with the B2G showed a 75% sensitivity (6/8). 
Out of the 21 SICTT negative animals, 7 animals showed responsiveness in 
the B2G or IDEXX TB ELISA. In conclusion, this study has shown that the 
BOVIGAM® IFN-γ assay had the highest test performance.

Keywords: Mycobacterium bovis, Bovine tuberculosis, African buffalo 
(Syncerus caffer), Immunodiagnosis, Diagnostic test performance.
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List of abbreviations

B1G  BOVIGAM® 1G
B2G  BOVIGAM® 2G
BTB  bovine tuberculosis
CMI  cell-mediated immunity
HI  humoral immunity
HiP  Hluhluwe-iMfolozi Park
IFN-γ  interferon-gamma
KNP  Kruger National Park
MTBC  Mycobacterium tuberculosis complex
NVL  no visible lesions
OD  optical density
PPD  purified protein derivative
PPD-A  purified protein derivative of Mycobacterium avium
PPD-B  purified protein derivative of Mycobacterium bovis
PPD-F  purified protein derivative of Mycobacterium fortuitum
PWM  pokeweed mitogen
SICTT  single intradermal comparative tuberculin test
S/P  sample/positive
TB  tuberculosis
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Introduction

Tuberculosis is a debilitating, chronic, infectious disease that may be caused by 
any of several closely related bacilli of the Mycobacterium tuberculosis complex 
(MTBC) [1] and remains a major global health issue today [2]. Mycobacterium bovis  
(M. bovis), the MTBC species with the broadest host range and a zoonotic agent 
is the main causative agent of bovine tuberculosis (BTB) in cattle [1]. The African 
buffalo (Syncerus caffer) is considered the most important maintenance host of  
M. bovis in Southern Africa and as most mammals are susceptible, the list of 
spillover hosts is rather extensive and includes several valuable species of wildlife 
[3,4,5]. The endemic occurrence of M. bovis infections in the Hluhluwe-iMfolozi 
Park (HiP) and the Kruger National Park (KNP) in South Africa together with the 
fact that the prevalence of BTB has been rising has grave implications as it is likely 
to compromise (i) conservation efforts, especially so in vulnerable or endangered 
species [6], (ii) BTB control efforts in cattle due to spillback from buffaloes [7], 
(iii) public health due to the risk of zoonotic tuberculosis (TB) [8] and (iv) (inter-) 
national trade due to stringent restrictions on trade in wildlife from BTB infected 
parks [4].

The diagnosis of Mycobacterium bovis infection in buffaloes mostly relies on the 
single intradermal comparative tuberculin test (SICTT) [9,10]. The SICTT, 
however, comes with several drawbacks as sensitivity and specificity are known to be 
highly variable  [11,12] and the animals need to be held in captivity for a minimum 
of 72 hours and chemically manipulated twice [13]. The interferon-gamma (IFN-γ) 
release assay (BOVIGAM® 1G (B1G)) is increasingly used for diagnosis of M. bovis 
infections in cattle and has been optimized for application in African buffaloes 
by Michel et al. (2011) [9]. This improved protocol has offered the opportunity 
to achieve higher test specificity (93.9%) by the introduction of PPD-F (purified 
protein derivative of M. fortuitum) as a locally representative antigen preparation 
of non-tuberculous mycobacteria (NTM) [9]. The BOVIGAM® 2G (B2G) assay 
was designed to increase specificity by inclusion of peptide cocktails comprised 
of antigens encoded in the RD1 (region of difference) gene region considered 
to be unique for MTBC species; PC-EC contains ESAT-6- and CFP-10-derived 
peptides [14] and PC-HP additionally contains 4 mycobacterial genes (including 
Rv3615 [15]) [16]. In order to effectively monitor and control BTB it is of utmost 
importance that diagnostic assays are available which are accurate and fit for the test 
purpose. Furthermore, these assays should allow for adaptive test interpretation when 
different epidemiological settings require either optimum sensitivity or specificity. 
In the HiP, the purpose of the BTB monitoring programme is to reduce overall and 
herd prevalence of BTB in the park [4], requiring highly sensitive diagnostics.
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The objective of the current study was to assess the array of diagnostic options 
currently available commercially for the detection of M. bovis infection in buffaloes, 
in order to identify the test or test combination that could achieve the highest 
sensitivity, relative to the SICTT. 

Materials and methods

Location
The Hluhluwe-iMfolozi Park is situated in the KwaZulu-Natal province of South 
Africa and covers approximately 96000 ha [17]. There are approximately 5600 free-
roaming African buffaloes in the park. The buffalo holding bomas were set up at 
the Nselweni site next to the permanent bomas in the iMfolozi section of the park 
(28°18’05.7”S 31°53’29.3”E).

Capture and immobilisation procedure
Animals were mass captured using a plastic boma set-up [18] on day 0. Prior to 
handling, all animals were immobilized using a mixture of the opioid derivative 
etorphine hydrochloride (M99, Novartis Animal Health, Isando, South Africa) 
and the butyrophenone tranquilizer azaperone (Stresnil, Janssen Pharmaceutica, 
Woodmead, South Africa). Animals were then given ear tags and brands (X; V) for 
the purpose of identification. After application of the skin test and sampling, the 
animals were reversed using diprenorphine hydrochloride (M5050, Novartis Animal 
Health, Isando, South Africa). The same procedure was used for immobilisation and 
reversal of the animals during reading of the skin test.

SICTT
The SICTT was performed according to the OIE standards [19]. Briefly, an area 
of skin (3x5cm) was shaved on both sides of the neck, skin fold thickness at both 
injection sites was measured with callipers and 3000IU of PPD-B (purified protein 
derivative of M. bovis) (Prionics AG, Lelystad, the Netherlands) and 2500IU 
of PPD-A (purified protein derivative of M. avium) (Prionics AG, Lelystad, the 
Netherlands) were injected intradermally in the left and right side of the neck, 
respectively. Thirty-five animals were skin tested and injected on day 1. Reading 
of the SICTT took place 72 hours (day 4) after injection of the tuberculin PPDs. 
Interpretation of the SICTT was done according to the guidelines for interpretation 
of infected herds as validated locally by the State Veterinary Office of Hluhluwe 
(McCall, unpublished data). Briefly, an animal is considered positive when the skin 
thickness increase at the bovine injection site is >4mm and the difference between 
the skin thickness at bovine and avian sites is ≥ 2mm; the reaction is considered 
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inconclusive when the bovine site shows an increase of >4mm and the difference 
between the bovine and avian sites is between one and two millimetres; the reaction 
is considered negative if the difference between the bovine and avian sites is ≤0-1 
mm, even if the bovine site shows an increase of >4 mm. 

Sample collection
Whole blood was collected from the jugular vein using a vacutainer system. On 
day 1, prior to tuberculin injection, whole blood was collected into serum tubes for 
serological assays. Serum samples were left to clot at ambient temperature for 24 
hours and sera were harvested and frozen at -20°C until further analysis. On day 
4, whole blood was collected into heparin tubes for IFN-γ assays. Heparin samples 
were processed within 4-6 hours after collection.

Bovine IFN-γ release assays
The stimulations for the B1G assay were carried out in 24-well cell culture plates 
(Cellstar® Greiner Bio One). Undiluted heparinised blood was aliquoted into 1.5ml 
per well and stimulated with 50μl pokeweed mitogen (PWM) (5μg/ml) (internal 
positive control), 60μl PPD-A (1000 IU/ml), 30μl PPD-B (600 IU/ml) (Prionics 
AG, Lelystad, the Netherlands) and 25μl PPD-F (0.5mg/ml) (ARC-Onderstepoort 
Veterinary Institute). An unstimulated aliquot of whole blood served as an internal 
negative control; according to Michel et al. (2011) [9]. The samples were incubated 
at 37°C for 24 hours. The supernatants were harvested and stored at -20°C until 
further analysis. The detection of IFN-γ and the interpretation of results were 
conducted according to the manufacturer’s protocol (Prionics AG, Schlieren-Zurich, 
Switzerland). Samples were considered valid for analysis if OD-PWM was ≥0.45 
and if OD-neg control was ≤0.35.

The stimulations for the B2G assay were carried out in triplicate in 96-well cell culture 
plates (Cellstar® Greiner Bio One). Undiluted heparinised blood was aliquoted into 
250μl per well and stimulated with the peptide cocktails PC-EC (0.1mg/ml) and 
PC-HP (0.1mg/ml) (Prionics AG, Schlieren-Zurich, Switzerland) as well as PPD-A 
(1000IU/ml), PPD-B (600IU/ml) (Prionics AG, Schlieren-Zurich, Switzerland) 
and PWM (5μg/ml) (internal positive control) in volumes of 25μl per antigen. An 
unstimulated aliquot of whole blood served as an internal negative control. The 
samples were incubated at 37°C for 24 hours. The supernatants were harvested and 
stored at -20°C until further analysis. The detection of IFN-γ and the interpretation 
of results were conducted according to the manufacturer’s protocol (Prionics AG, 
Schlieren-Zurich, Switzerland). Criteria for valid samples controls were as described 
for the B1G assay.
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Serological assay
In the IDEXX TB ELISA, sera were tested in three dilutions; undiluted, 1:2 dilution 
and 1:10 dilution, using the sample diluent of the test kit. For the remainder of the assay 
the protocol was followed as supplied by the manufacturer. Criteria for the test validity 
were an OD-value of ≥0.3 for the positive control and ≤0.2 for the negative control. The 
interpretation was done according to the manufacturer’s protocol, using S/P (sample/
positive control) ratios.

Post-mortem examination
All animals testing positive or inconclusive on the SICTT were culled and a post-mortem 
examination was carried out. During post-mortem (PM) examination the carcasses were 
examined for lesions characteristic of BTB as described previously by de Klerk et al. 
(2010) [20]. Lymph nodes of the head and lungs were excised from the carcasses and 
subsequently sliced into 1-2mm sections using a scalpel blade for thorough inspection 
and palpation [20]. The lungs were removed from the carcasses and inspected and 
palpated as a whole as well as after incision in all lobes [20]. The scoring of macroscopic 
lesions was slightly adapted (Table 1) from de Klerk et al. (2010) [20].

Table 1. Scoring of macroscopic lesions for BTB. Lymph nodes and lung tissue were carefully examined and 
scored according to the scoring system adapted from de Klerk et al. (2010) [20].
Score Description
0 No visible lesions
0.5 Reactive lymph node but no visible lesions found
1 One to five lesions of 1-2mm
2 One to five lesions of >2mm or >5 lesions of 1-2mm
3 TB-like lesions in the majority of tissue slices but some healthy tissue observed
4 Majority of sectioned tissue presented with TB-like lesions

 
Data analysis
As only SICTT positive animals were culled, further analysis of test performances was 
relative to that of the SICTT. Animals presenting with tuberculous lesions at post-
mortem examination were considered true BTB positives and only these were used for 
further analysis of relative test sensitivity. Relative test sensitivity was calculated as the 
proportion of true positives correctly classified by the test. Relative sensitivity for the 
B2G assay was calculated for three test formats, considering that it can be performed 
using either the PPD (purified protein derivative) antigens or the peptide cocktails 
in isolation as stimulatory antigens, or they can all be applied in parallel. The assay 
results of all tests for combined application were interpreted either in parallel or in series 
to determine whether these selected combinations could improve overall sensitivity 
[21]. Test agreement was determined by Cohen’s kappa coefficient or κ, which allows 
comparison of two different methods of measurement [22]. 
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Results

SICTT
Thirteen out of thirty-five animals were test-positive in the SICTT (Table 2A), using 
the criteria set out. One animal’s result was inconclusive. The remaining twenty-one 
animals tested negative with differences in the increase in skin thickness between 
bovine and avian of ≤0-1mm. (Data not shown.) Positive responder frequency of the 
SICTT was 100% (Table 3) as culling was biased towards SICTT positive animals 
and thus no PM data for SICTT negative animals could be collected.

Post-mortem examination
Post-mortem examination was carried out on the 14 animals that tested positive 
or inconclusive on the SICTT. Lesions characteristic of BTB were found in 8 out 
of these 14 animals (57.1%). The animal that had an inconclusive test result on 
the SICTT did not have lesions. Lesions were mainly found in the bronchial and 
mediastinal lymph nodes, but also lung tissue was frequently affected (Figure 1). 
Most of the affected carcasses had lesion scores of 1-2, one carcass presented with a 
lesion score of 4 (Table 2A).

IFN-γ assays
Twelve out of thirty-five animals (34.3%) tested positive in the B1G (Table 2A), 
resulting in a relative sensitivity of the B1G assay of 100% (8/8) (Table 3). Four 
animals tested positive in the B1G but did not show lesions on PM.

Thirteen out of thirty-five animals (37.1%) tested positive in the B2G (Table 2A). 
The classic antigen preparations PPD-A and PPD-B detected M. bovis reactivity in 
13 animals. There was reactivity to the peptide cocktail PC-EC in 4 animals, whereas 
5 animals showed reactivity to the peptide cocktail PC-HP. Relative sensitivity of 
the B2G assay, taking reactivity to both the PPDs and the peptide cocktails into 
account, was 75% (6/8) (Table 3). Whereas the relative sensitivity when taking into 
account the PPDs alone was also 75% (6/8), for both cocktails it was 50% (4/8) and 
when taking into account either PC-EC or PC-HP reactivity the sensitivities were 
37.5% (3/8) and 50% (4/8), respectively (Table 3). Three animals tested positive in 
the B2G using the PPDs, but were negative on all other assays including SICTT (no 
PM data available) (Table 2B).
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Table 2A. Results of all assays for all culled animals. All results in bold reflect positive results or values above 
cut-off levels. C = circumscribed; D = diffuse; N = necrosis; O = oedematous, ∞ = immeasurable.

Ear tag #
SICTT B1G 

(ODbov-
ODav)

B2G A&B 
(ODbov-
ODav)

B2G HP 
(ODhp- 
nil)

B2G EC 
(ODec- 
nil)

IDEXX 
(S/P 
ratio)

PM 
(lesion 
score)

Δ bovine 
(mm)

Δ avian  
(mm)

Remarks 

B4 10.2 0 D, O. 0.358 0.237 0.107 0.106 -0.036 1

B10 ∞ 0 D, N, O. 1.211 1.176 0.758 0.814 0.036 0

B11 ∞ 0 D, N, O. 0.852 1.169 1.239 0.986 0.609 4

B15 ∞ 0 D, N, O. 0.455 0.420 0.039 0.034 0.418 0

B25 ∞ 0 D, O. 0.045 0.034 0.015 0.029 0.155 0

B32 ∞ 0 D, O. 0.267 0.308 0.083 0.087 0.135 0

B37 6.1 0 D, O. 0.008 0.066 0.026 0.016 1.310 0.5

B41 11.1 0 D, N, O. 0.165 0.143 0.106 0.093 0.662 1

B48 13 0 D, O. 0.150 0.211 0.077 0.092 0.570 1

B53 12.2 0 D, O. 0.266 0.015 0.043 0.026 -0.043 1

B57 ∞ 0 D, N, O. 0.588 0.042 0.009 0.048 -0.090 2

B75 14.5 0 D, N, O. 0.754 1.172 0.884 1.278 0.108 2

B77 4 0 C. 0.672 0.302 -0.033 -0.028 -0.052 0

B84 10.1 0 D, O. 0.147 0.253 -0.123 -0.128 -0.096 1

Table 2B. Results of all assays for several SICTT negative animals, with disparate results. SICTT results 
are omitted from this table as they were all negative. Results in bold reflect positive results or values above 
cut-off levels.

Ear tag #
B1G 
(ODbov-ODav)

B2G A&B 
(ODbov-ODav)

B2G HP  
(ODhp-nil)

B2G EC 
(ODec-nil)

IDEXX 
(S/P ratio)

B40 0.062 0.019 -0.080 -0.047 0.738

B54 0.020 -0.001 -0.002 0.000 0.470

B65 -0.045 0.002 -0.008 -0.001 0.365

B79 0.025 -0.006 0.002 -0.001 0.307

B83 0.049 0.253 -0.044 -0.044 -0.103

B85 0.012 0.203 -0.065 -0.064 -0.074

B86 0.054 0.309 0.019 0.013 -0.091
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Table 3. Positive responder frequency of the SICTT and relative sensitivity of single and combined 
application of assays and test agreement between assays. Sensitivity (%) was calculated as the proportion of 
true positives identified by the test as positive.

Sensitivity (%) SICTT B1G
B2G

TB ELISA
PPD-A/PPD-B PC-ECa PC-HPa

Single 100 100 75 37.5 50 37.5
SICTT & 
B1G

SICTT & 
B2G

SICTT & TB 
ELISA

B1G & 
B2G

B1G & TB 
ELISA

B2G & TB 
ELISA

In parallel n/a n/a n/a 100 100 75
In series 100 75 37.5 75 37.5 37.5
κ 0.878 0.578 0.177 0690 0.123 0.087

a When both peptide cocktails were used in parallel for stimulation the sensitivity was 50%.
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Figure 1 Post-mortem examination results. The distribution of lesions characteristic of BTB in the 
lymph nodes and lungs (in percentages).

Serology
The S/P ratios for all diluted samples (both 1:2 as well as 1:10) yielded negative 
test outcomes in the IDEXX TB ELISA. The undiluted samples did yield S/P ratios 
above the cut-off levels in 9 out of thirty-five animals (25.7%) with S/P-levels 
ranging between 0.31 and 1.31. The relative sensitivity of the IDEXX TB ELISA 
was found to be 37.5% (3/8) (Table 3). Four animals tested positive in the IDEXX 
TB ELISA, but were negative in all other assays including SICTT (no PM data 
available) (Table 2B).
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Single application of tests

Overall, the SICTT and the B1G assay showed higher individual sensitivity than 
the other assays, both with a relative sensitivity of 100% (Table 3). Fourteen SICTT 
negative animals tested negative for all other assays, whereas 7 animals reacted in 
either the B2G or the IDEXX TB ELISA (Table 2B). The B2G assay is less sensitive 
than the SICTT and the B1G assay, with a relative sensitivity of 75%. The B2G 
assay was found to be more sensitive when using PPD-A and PPD-B (75%) than 
when based on the peptide cocktails, which did not add to the overall sensitivity of 
the B2G assay (Table 3). Overall, the CMI-based assays (SICTT and IFN-γ assays) 
showed a higher sensitivity than the HI-based assay (IDEXX TB ELISA (37.5%)) 
(Table 3).

Parallel application of tests
Relative sensitivity and test agreement were calculated for selected combinations 
of assays (Table 3) [22]. The relative sensitivity for in parallel interpretation of test 
combinations with the SICTT is not shown as this assay had 100% sensitivity in 
this study due to the bias towards culling SICTT positive buffaloes. The highest 
sensitivity (100%) was achieved using in parallel testing (Table 3), with any 
combination of the B1G. A combination of B2G and IDEXX TB ELISA achieved a 
sensitivity of 75%. Using in series testing the combination of SICTT & B1G assay 
showed highest sensitivity (100%), while the sensitivity of other test combinations 
was reduced to either 37.5% or 75%. Test agreement was poor between the IDEXX 
TB ELISA and all other assays (Table 3). Test agreement was good between the B1G 
and SICTT (0.878), substantial between the B1G and B2G (0.690) and moderate 
between the B2G and SICTT (0.578) (Table 3).
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Discussion

The presence of bovine tuberculosis in the Hluhluwe-iMfolozi Park has potentially 
significant implications for wildlife species in the park, some of which are either 
vulnerable or endangered, and in addition poses a risk to the livestock and people 
on neighbouring (communal) farms  [4]. In order to control this devastating disease 
there is a dire need for accurate diagnostics. Diagnostics for bovine tuberculosis in 
wildlife, however, are faced with tremendous difficulties in terms of practicality, 
costs and accuracy [9]. The SICTT is the most widely used diagnostic tool for 
bovine tuberculosis in African buffaloes, but more recently IFN-γ release assays 
have been applied increasingly [9]. However, the test performances of these assays, 
single and in combination have rarely been compared in an attempt to develop 
a diagnostic algorithm for BTB in buffaloes [13,15]. In an endemically infected 
ecosystem such as the HiP, the quest for test fitness for the intended purpose tips 
the fine balance between sensitivity and specificity, towards sensitivity. In the light 
of the HiP buffalo BTB monitoring and control program, where SICTT positive 
animals are culled in an attempt to profoundly decrease the prevalence, a potential 
overkill i.e. the culling of false positive reactor animals, is considered an acceptable 
cost for the benefit of optimum test sensitivity and a reduction in the risk of BTB 
transmission within and between host species. Le Roex et al. (2015) [23], evaluated 
the success of the test-and-cull program in the HiP and found that although it 
has been effective at reducing the prevalence of BTB in the park, especially in 
areas where testing has happened at regular intervals, the program needs to be 
optimized further in order to achieve a more pronounced reduction in prevalence 
whilst preserving population viability. This study aimed at comparison of the test 
performances of single or combined CMI- and HI-based assays and development 
of an apt diagnostic protocol for BTB in African buffaloes applicable in the field.

All assays used in this study are commercially available and have been validated 
for use in cattle. The OIE recognizes that the diagnostic test validation in wildlife 
is constrained by difficulties such as accessibility to samples, poor sample quality, 
lack of species-specific reagents, or financial restrictions [19]. The OIE guideline for 
validation of diagnostic tests for infectious diseases applicable to wildlife (Chapter 
3.6.7 of the Validation Guideline of the Terrestrial Manual) therefore proposes 
that diagnostic assays validated in domestic animal species can be validated and 
provisionally recognised in closely related wildlife species using a small sample size 
[19], as applied in this study. 
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Taking into consideration the limited sample size, this study has shown that the B1G 
assay showed an apparent superior sensitivity to the B2G assay at 100% compared 
to 75%, respectively. Previous work on validation of the B1G assay in African 
buffaloes used a triple comparative stimulation approach, to increase specificity by 
the inclusion of PPD-F and reported a sensitivity of 86.5% [9]. In contrast, in the 
present study the B1G assay was interpreted according to the manufacturer’s protocol 
to achieve highest sensitivity. It should be noted that the sensitivity of the SICTT 
was most likely overestimated in this study due to the fact that only SICTT positive 
animals were culled. The sensitivity of the SICTT applied to African buffaloes in the 
same setting was previously determined to be 80.9% [24]. Assuming the sensitivity 
in the current study was similar or the same, the test performance of the SICTT 
could possibly be lower than that of the B1G assay. The B2G assay using only the 
peptide cocktails is not well suited for the testing strategy in the HiP as it shows a 
lower sensitivity than the SICTT and both IFN-γ assays using the PPD’s. The B2G 
using the PPD’s, although showing a lower sensitivity compared to the B1G due to 
the small sample size in this study, yielded positive results for 3 animals that were 
negative on all other assays. Their true infection status remained unknown but the 
potential misclassification of those animals by other tests cannot be ruled out.

Several animals that were not part of the true positive panel tested positive on one 
or more of the immunoassays performed in this study. Four animals tested positive 
on both BOVIGAM® assays as well as the SICTT, while they did not present 
with lesions on PM and were thus deemed TB negative. These animals can either 
have been in early stages of infection, which would explain the lack of lesions, or 
alternatively, be false positive reactors creating an under- or overestimation of the 
assay’s sensitivity, respectively. The selection bias created by culling SICTT positive 
animals only, as well as classifying no visible lesions (NVL) reactors as TB negative, 
was identified as a limitation in this study responsible for the sensitivity to be either 
over- or underestimated.

The SICTT has several limitations, as it requires boma confinement of the animals 
for a minimum of 72 hours and the animals need to be handled and immobilized 
twice. Since this is a very costly procedure and bears a risk to the well-being and 
life of the animals, combined testing with the BOVIGAM® assay and the IDEXX 
TB ELISA, might offer a more cost-effective and sensitive diagnostic alternative, 
requiring a once-off immobilization only. 
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To maximize sensitivity of immune-diagnosis of M. bovis infection in buffaloes we 
recommend that the testing strategy includes the parallel use of the BOVIGAM® 

1G assay as this assay has shown to have a relative sensitivity of 100% in this study. 
Combination of the B1G assay with the IDEXX TB ELISA assay is likely to increase 
chances of detection of infected animals in disparate stages of disease and could be 
fit for the test purpose in HiP. Although the specificity of this serological assay has 
not been assessed in African buffaloes, a preliminary validation in a small number 
of sera from known BTB-negative buffaloes showed that it was 100% specific (van 
der Heijden, unpublished data). This suggests that the four animals testing positive 
only in the IDEXX TB ELISA might have represented anergic reactors, which were 
no longer capable of mounting a CMI-response. This could not be confirmed, as 
these animals were not culled.

In addition the results of the current study justify further investigation of the test 
performance of the SICTT, BOVIGAM® and IDEXX TB ELISA aiming at full 
validation of these assays. In such a follow-up study, in order to avoid a selection bias, 
not only SICTT positive, but also SICTT negative yet BOVIGAM®- or IDEXX TB 
ELISA-positive animals should be culled and subjected to a thorough post-mortem 
examination in order to evaluate the true sensitivity of both the BOVIGAM®, the 
IDEXX TB ELISA and the SICTT.
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Abstract

The endemic presence of bovine tuberculosis (BTB) in African buffaloes in 
South Africa has severe consequences for BTB control in domestic cattle, 
buffalo ranching and wildlife conservation, and poses a potential risk to public 
health. This study determined the BTB prevalence in free-ranging buffaloes in 
two game reserves and assessed the influence of the prevalence of mycobacterial 
infections on the performance of a commercial cattle-specific serological assay 
for BTB (TB ELISA). Buffaloes (n=997) were tested with the tuberculin 
skin test and TB ELISA; a subset (n=119) was tested longitudinally. Culture, 
PCR and sequencing were used to confirm infection with M. bovis and/or 
non-tuberculous mycobacteria (NTM). Prevalence of BTB, but not NTM, 
influenced the TB ELISA performance. Multiple testing did not increase test 
confidence. The findings strongly illustrate the need for development of novel 
assays that can supplement existing assays for a more comprehensive testing 
scheme for BTB in African buffaloes.

Keywords: African buffaloes, Bovine tuberculosis, Mycobacterium bovis, 
Non-tuberculous mycobacteria, Serology

 

* Supplementary data for Chapter 3 can be found in Appendix 1.
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Abbreviations

BTB bovine tuberculosis
CMI cell-mediated immunity
DAFF Department of Agriculture, Forestry and Fisheries
HI humoral immunity
HiP Hluhluwe-iMfolozi Park
IGRA interferon-gamma release assay
MGR Madikwe Game Reserve
MTBC Mycobacterium tuberculosis complex
NTM non-tuberculous mycobacteria
NVL no visible lesions
RGM rapid-growing mycobacteria
SeN sensitivity of the TB ELISA
SeR sensitivity of the TST
SFT skin fold thickness
SGM slow-growing mycobacteria
SpN specificity of the TB ELISA
SpR specificity of the TST
TB ELISA IDEXX M. bovis ab test (IDEXX Laboratories Inc., US)
TST tuberculin skin test
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Introduction

Bovine tuberculosis (BTB) is a chronic infectious respiratory disease caused by 
Mycobacterium bovis (M. bovis), affecting a wide range of mammalian hosts [1]. 
The presence of BTB in several signature wildlife species, both free-ranging as 
well as captive, has been recognized in different regions of the world for many 
years [2-6]. The implications of widespread presence of these wildlife reservoirs 
are far-reaching: BTB eradication efforts in domestic animals are compromised [7, 
8], the conservation of endangered species may be threatened by further declining 
populations [9, 10] and stifled by movement restrictions, and the wildlife and 
livestock trade suffer financial losses and face embargos [3, 11]. In South Africa in 
particular, where BTB occurs in domestic cattle and is endemic in some populations 
of African buffaloes [4, 9], where a vast wildlife-livestock-human interface exists, 
the burden of BTB is of great veterinary and also public health concern [7, 12, 13]. 
As a result, there is a need for reliable detection systems for BTB in wildlife.

The complex pathogenesis of the disease urges for accurate detection of both early 
and chronic stages of BTB, but also renders diagnosis challenging. It is usually 
based on the detection of the cell-mediated immune (CMI) response to infection 
with M. bovis, as assessed by the tuberculin skin test (TST) or an interferon-
gamma release assay (IGRA) such as the BOVIGAM® test [14-16]. These tests were 
originally designed and validated for use in cattle and although the test performance 
of both assays is known to be variable [14, 15], the TST has proven instrumental 
in BTB control, and even eradication in cattle, in numerous countries in the past 
century [17]. In buffaloes, the TST and BOVIGAM® assay have also been widely 
researched [18-20] and form part of the national control scheme in South Africa 
[21, 22]. In wildlife, however, control strategies are faced with additional logistical 
challenges such as the need for two immobilizations and boma-confinement of 
the animal or limited access to laboratories as required for the respective assays 
[18, 23]. Considering the relative ease of sample collection, serological assays 
offer a more practical and cost-effective alternative to CMI-testing [23-25]. 
Additionally, antibody-based diagnostic assays for BTB may allow for detection 
of anergic animals which otherwise remain undetected [15]. Nevertheless, they are 
employed less frequently than CMI-based tests, mostly due to low sensitivity and 
highly variable overall test performance. Geographical location, stage of infection 
and exposure to and diversity of non-tuberculous mycobacteria (NTM) have been 
associated with this inconsistent test accuracy [13, 24-27]. The precise role of these 
factors is not well-understood. In South Africa, however, NTM are known to have a 
widespread distribution and have previously been isolated from buffaloes and their 
environments [28]. Proteomic analysis of the four most prevalent NTM species 
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revealed the presence of several immunogenic antigens of M. bovis, which may be 
responsible for cross-reactive immune responses [29].

Despite the fact that the sensitivity (Se) and specificity (Sp) of diagnostic tests are 
traditionally believed to be intrinsic characteristics [30-32], more recent evidence 
suggests that they may also be influenced by prevalence of disease [33], as is known 
to be the case for the positive and negative predictive value, and likelihood ratios 
[30, 31, 34], and may thus have direct implications for optimum test application. 
Longitudinal data on the performance of diagnostic tests for BTB in wildlife are 
very scarce [35-37], yet they can provide valuable information on the usefulness of 
an assay through multiple application as it may increase the chance of detecting an 
infected individual as well as boost confidence in consecutive negative results, and 
thus provide additional information of the accuracy of a given test.

The purpose of the current study was to first determine the prevalence of BTB of 
buffaloes in the Hluhluwe-iMfolozi Park (HiP) and the Madikwe Game Reserve 
(MGR), and to subsequently investigate the potential influence of BTB prevalence 
and occurrence and diversity of NTM on the performance of a commercially 
available antibody ELISA for the detection of Mycobacterium bovis infections (TB 
ELISA). In addition, in the MGR, multiple testing over a 26-month period was 
performed to further assess the test performance of the TB ELISA.

Materials & methods
Ethics and regulatory approval
Ethical approval was obtained from the Animal Ethics Committee of the University 
of Pretoria, under project numbers V050-16 and V138-16, in accordance with the 
South African National Standard 10386 “The Care and Use of Animals for Scientific 
Purposes”. A permit under Section 20 of the Animal Diseases Act 1984 (Act no 35 
of 84) was obtained from the Directorate Animal Health of the Department of 
Agriculture, Forestry and Fisheries (DAFF) of the Republic of South Africa.

Buffalo sampling
Hluhluwe-iMfolozi Park
The Hluhluwe-iMfolozi Park is one of the oldest game reserves in Africa and is 
located in the province of KwaZulu-Natal in South Africa [38]. The HiP is known to 
be a BTB endemic area and a BTB management programme was established in 1999 
[39]. During 2015-2017, a total of 766 buffaloes comprising 7 herds (A-H) were 
mass captured and skin tested, as previously described [19]. In 2015, the Masinda 
section on the iMfolozi side of the park (GPS coordinates 28°15’06”S 31°56’33”E) 
and in 2016, the Corridor area, on the Hluhluwe side (GPS coordinates 28°13’09”S 
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32°00’19”E) were targeted. Lastly, in 2017, the Nselweni area on the iMfolozi side 
of the park was targeted (GPS coordinates 28°18’06.2”S 31°53’29.5”E). Based 
on previous studies, the BTB prevalence was expected to be high in Masinda and 
Nselweni, but low in the Corridor area [40].

Madikwe Game Reserve
The Madikwe Game Reserve, founded in 1991, is the country’s fifth largest game 
reserve (75,000 ha), situated in the North West province of South Africa [41]. The 
reserve comprises of grassland plains, woodlands, rock formations and mountainous 
areas [41]. Bovine TB was first detected in the Madikwe buffaloes in 2012 [42] and 
the first interventions in an attempt to curtail BTB took place in 2016. A BTB 
management proposal was drafted by the North West Parks Board and approved 
by government, describing the BTB surveillance strategy for the park as well as 
a buffalo salvage plan aimed at establishing a disease-free buffalo breeding herd 
outside of Madikwe, given the high value of the ‘Madikwe buffalo brand’. Briefly, 
a total of 231 buffaloes were captured, using a targeted approach across all sectors 
of the park, and transported to a temporary holding boma in the Madikwe Game 
Reserve (general GPS coordinates for the park are 24°76’04”S 26°27’77”E) in early 
May 2016. Subsequent to initial testing, 143 test negative animals were transported 
to a permanent boma in the MGR (GPS coordinates 24°45’37”S 26°16’35”E). 
During the acclimatization period 14 animals broke out, 9 animals died in the 
boma and 1 animal was culled as it tested positive for brucellosis. A total of 119 
animals were enrolled into the longitudinal testing scheme. In 8 subsequent rounds 
over a period of approximately two years animals were re-tested in September 2016, 
January 2017, April 2017, August 2017, November 2017, February 2018 and July 
2018. In August 2017, 12 animals that were born in the boma were enrolled into 
the program.

Blood collection
Blood was collected from the jugular vein of immobilized animals, either in serum or 
heparin tubes using a vacutainer system (BD, South Africa) or collected using a 50mL 
syringe without anti-coagulant and immediately transferred to serum and heparin 
vacutainer blood tubes. After clotting, serum tubes were centrifuged at 1500 x g for 
10 minutes, and sera were harvested and immediately assessed in the TB ELISA. 
Heparinized blood was processed for and used in the BOVIGAM® assay within 8 
hours. Laboratory assays were carried out on site in a field lab in the HiP and the initial 
round of testing in the MGR (thereafter blood was transported to the Department of 
Veterinary Tropical Diseases of the University of Pretoria for analysis).
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Tuberculin skin test
The TST was carried out in accordance with OIE standards [43] by officials of the 
Hluhluwe and Zeerust state veterinary offices.

In the HiP, only animals which showed clinical signs at the injection site as assessed 
by visual inspection from an elevated platform above the holding facility or that 
tested positive on other assays [44], were immobilized to read and evaluate the 
TST results. Due to financial constraints, animals that showed no obvious clinical 
signs and tested negative on other assays were not immobilized a second time but 
assumed negative. The interpretation of the TST and classification of animals as 
positive, suspect or negative was performed in the HiP as previously described [19]: 
the test was considered positive when the skin fold thickness (SFT) increase at 
the bovine site was > 4mm and the difference in SFT increase between the bovine 
and avian injection sites was ≥ 2mm; suspect when the SFT increase at the bovine 
site was > 4mm and the difference in SFT increase between the bovine and avian 
injection sites was 1-2mm; and negative when the difference between the sites was 
< 1mm.

In the MGR, the procedure for reading of the TST result was as recommended by 
the OIE, but the cut-off values for reactor classification described in the ‘Veterinary 
Procedural Notice for buffalo disease risk management in South Africa’ issued by 
DAFF were used: the test was considered positive when the difference between SFT 
increase between the bovine and avian injection sites was > 3mm; suspect when the 
difference between the sites was 2-3mm; and negative when the difference between 
the sites was < 2mm. If clinical signs indicative of M. bovis infection were present 
together with a 2-3mm difference in SFT, the test was considered positive.

BOVIGAM® assay
During the first round of testing in the Madikwe Game Reserve the BOVIGAM® 

assay (Thermo Fisher Scientific, US) was carried out on site in a field lab as previously 
described [18, 19]. Supernatants of stimulated whole blood cultures were harvested 
and used in the BOVIGAM® assay as per the manufacturer’s protocol. Interpretation 
was carried out according to Michel et al. [18].

IDEXX M. bovis Ab test (TB ELISA)
The TB ELISA (IDEXX Laboratories Inc., US), a test developed for the detection 
of M. bovis specific antibodies in cattle, was carried out as per the manufacturer’s 
protocol. The only discrepancy to the protocol was that buffalo sera were used 
undiluted as per previous optimization in this species ([19] and unpublished data).
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Post mortem: bacterial culture, multiplex speciation PCR and sequencing
Animals positive in the TST were culled, as advised by DAFF [22]. Additionally, 
any animals that got injured, failed to adapt to boma conditions or were not deemed 
suitable for the salvage plan were culled according to management decisions. 
All buffalo carcasses were subjected to a detailed post-mortem investigation as 
previously described [19, 45], and tissues collected were processed according to 
standard operating procedures for mycobacterial culture [46]. In the MGR, 
nasal swabs collected from 10 randomly selected animals, were processed for 
mycobacterial culture as previously described [28]. Cultures were monitored for a 
period of 12 weeks. Crude DNA was extracted from isolates that were identified as 
rod-shaped and acid-fast, using Ziehl-Neelsen staining. A multiplex PCR was used 
for the detection of Mycobacterium spp. and differentiation of MTBC species, as 
previously described [47]. Samples which tested positive for the genus, but could 
not be differentiated further, were amplified in a 16S ribosomal RNA PCR [48]. 
Amplicons were sequenced at Inqaba Biotechnical Industries (Pretoria, South 
Africa) and sequences obtained analyzed using the NCBI Nucleotide Basic Local 
Alignment Search Tool (BLAST) [49] for species identification. Alignments and 
phylogenetic analysis were performed using the CLC Main Workbench (Qiagen 
Bioinformatics, Aarhus, Denmark). Reference sequences of M. bovis, M. asiaticum 
and M. moriokaense were retrieved from GenBank [50] and included as an outgroup 
species, and representatives of slow- (SGM) and rapid-growing mycobacteria 
(RGM), respectively. The phylogenetic tree was constructed using the neighbor-
joining method with 1,000 bootstrap replicates and validated using the maximum 
composite likelihood method.

Data analysis
Given the lack of a true gold standard test, the TST was used as the reference test 
to which the test performance of the TB ELISA was related [51]. The Se of the TST 
in African buffaloes was estimated to be 76.5%, while the Sp was estimated to be 
99.5%, based on published and unpublished data from the authors [18]. In order 
to model the uncertainty in these estimates, a beta-distribution of the Se and Sp of 
the TST (SeR and SpR, respectively) was made using R [52, 53]. Calculations of 
BTB prevalence (animal-level) and test performance of the TB ELISA were based 
on formulas derived from Staquet et al. [51]. Prevalence (P) was calculated using the 
formula: ((n * (SpR - 1) + TP + FN) / (n * (SeR + SpR -1))) * 100; where n = total 
number of animals, TP = true positives and FN = false negatives. The Se of the TB 
ELISA (SeN) was calculated using the formula: (((TP + FP) * SpR - FP) / (n * (SpR 
- 1) + TP + FN)) * 100, where FP = false positives. The specificity of the TB ELISA 
(SpN) was calculated using the formula: (((FN + TN) * SeR - FN) / ((n * SeR) - (TP 
+ FN))) * 100, where TN = true negatives. The positive predictive value (PPV) of 
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the TB ELISA was calculated using the formula: (SeN * (TP + FN - n + SpR * n)) / 
(TP + FP * (SeR + SpR - 1)). The negative predictive value (NPV) of the TB ELISA 
was calculated using the formula: (SpN * (n * SeR - TP - FN)) / ((SeR + SpR - 1) * 
(FN + TN)). The 95% confidence intervals (95% CI) for SeN, SpN, PPV and NPV 
were determined using the Stats package of R by calculating the 2.5% and 97.5% 
quantiles of the calculated beta-distributions [53, 54]. Based on previous work in 
HiP [39, 40], a prevalence of <15% was classified as low, whereas a prevalence of 
<15% was classified as high.

Results
Determination of BTB prevalence
During 2015-2017, a total of 766 buffaloes comprising 7 herds (A-H) were captured 
in the three targeted areas of the HiP and tested by the TST. A summary of the 
results of the HiP testing can be found in Figure 1A and Table 1. In herd A, 18/106 
(17.0%) animals tested positive in the TST and the BTB prevalence was 21.6% 
(95% CI = 19.9% - 23.7%). In herd B, 18/91 (19.8%) animals tested positive in 
the TST and the BTB prevalence was 25.4% (95% CI = 23.4% - 27.7%). In herd C, 
8/86 (9.3%) animals tested positive in the TST and the BTB prevalence was 11.5% 
(95% CI = 10.4% - 12.7%). In herd D, 8/182 (4.4%) animals tested positive in the 
TST and the BTB prevalence was 5.0% (95% CI = 4.1% - 5.7%). In herd E, 9/150 
(6.0%) animals tested positive in the TST and the BTB prevalence was 7.1% (95% 
CI = 6.1% - 8.0%). In herd F, 3/36 (8.3%) animals tested positive in the TST and 
the BTB prevalence was 10.2% (95% CI = 9.1% - 11.3%). In herd G, 4/40 (10.0%) 
animals tested positive in the TST and the BTB prevalence was 12.4% (95% CI = 
11.2% - 13.7%). Finally, in herd H, 15/75 (20.0%) animals tested positive in the 
TST and the BTB prevalence was 25.6% (95% CI = 23.6% - 28.1%). The overall 
animal-level BTB prevalence in the HiP was 13.5% (95% CI = 12.3% - 14.9%). All 
TST positive animals were culled. For analyses, data of animals in herds of the HiP 
were subsequently grouped together based on the BTB prevalences found, to form 
a low prevalence cohort (herds C-G) and a high prevalence cohort (herds A, B and 
H) (Table 2).

In May 2016, a total of 231 buffaloes comprising 6 herds (1-6) were captured 
in the MGR and tested by TST. A summary of the results is shown in Figure 1B 
and Table 1. In herd 1, 9/22 (40.9%) animals tested positive in the TST and the 
BTB prevalence was 53.4% (95% CI = 49.3% - 58.3%). In herd 2, 10/31 (32.3%) 
animals tested positive in the TST and the BTB prevalence was 41.9% (95% CI = 
38.7% - 45.8%). In herd 3, 2/43 (4.7%) animals tested positive and 2/43 (4.7%) 
animals were suspect in the TST, and the BTB prevalence was 5.3% (95% CI = 
4.4% - 6.1%). In herd 4, 9/49 (18.4%) animals tested positive and 2/41 (4.9%) 
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animals were suspect in the TST, and the BTB prevalence was 23.5% (95% CI = 
21.6% - 25.7%). In herd 5, 3/41 (7.3%) animals tested positive in the TST and 
the BTB prevalence was 8.8% (95% CI = 7.8% - 9.8%). Finally, in herd 6, 18/45 
(40.0%) animals tested positive and 1/45 (2.2%) animals were suspect in the TST, 
and the BTB prevalence was 52.1% (95% CI = 48.2% - 56.9%). The overall BTB 
animal-level prevalence in the MGR was 28.4% (95%CI = 26.2% - 31.1%). All 
TST positive animals and the suspect reactor in herd 6 were culled. For analyses, 
data of animals in herds of the MGR were subsequently grouped together based on 
BTB prevalences found, to form a low prevalence cohort (herds 3 and 5) and a high 
prevalence cohort (herds 1, 2, 4 and 6) (Table 2).

Table 1. BTB prevalence in the HiP and MGR. The prevalence of BTB in herds in the HiP and MGR 
was calculated according to Staquet et al. [51] based on an estimated TST Se of 76.5% and Sp of 
99.5%. Estimates and 95% confidence intervals (CI) are given for each herd in both reserves as well as 
an overall estimate for each reserve. HiP = Hluhluwe-iMfolozi Park; MGR = Madikwe Game Reserve.

HiP

Area and 
year

Herd
Prevalence

MGR

Area and 
year

Herd
Prevalence

Estimate 
(%)

95% CI  
(%)

Estimate 
(%)

95% CI 
(%)

Masinda 
2015

A 21.6 19.9 - 23.7

Entire park  
May 2016

1 53.4 49.3 - 58.3
B 25.4 23.4 - 27.7
C 11.5 10.4 - 12.7 2 41.9 38.7 - 45.8

Corridor 
2016

D 5.0 4.1 - 5.7 3 5.3 4.4 - 6.1
E 7.1 6.1 - 8.0 4 23.5 21.6 - 25.7

Nselweni 
2017

F 10.2 9.1 - 11.3 5 8.8 7.8 - 9.8
G 12.4 11.2 - 13.7

6 52.1 48.2 - 56.9
H 25.6 23.6 - 28.1

Overall 13.5 12.3 - 14.9 Overall 28.4 26.2 - 31.1
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Figure 1. Results of HiP and MGR. Results of the TST, BOVIGAM® assay and TB ELISA for the 
BTB testing programme in the HiP during 2015-2017 and MGR in May 2016. Only positive and 
suspect reactors are shown. Immunodiagnosis abbreviations: “TST pos” = positive in the TST; “TB 
ELISA pos” = positive in the TB ELISA; “TST/ELISA pos” = positive in the TST and TB ELISA; 
“BOVIGAM pos” = positive in the BOVIGAM® assay; “TST/BOVIGAM pos” = positive in the TST 
and BOVIGAM® assay; “BOVIGAM/ELISA pos” = positive in the BOVIGAM® assay and TB ELISA. 
A total of 596 and 141 buffaloes tested negative on all assays in the HiP and MGR, respectively (data 
not shown).
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Results of the BOVIGAM® assay
In the MGR, the BOVIGAM® assay was carried out in parallel to the TST during 
the initial testing round. A total of 31/231 (13.4%) animals were excluded from the 
analysis as the internal positive control (PWM) of the assay was invalid. Additionally, 
the blood sample of one animal was lacking. In total, 35/199 (17.6%) animals 
tested positive in the BOVIGAM® assay. The majority of these animals (30/35) was 
also positive in the TST (TST/BOVIGAM positive). One of the 5 TST negative, 
BOVIGAM positive animals was also positive in the TB ELISA (BOVIGAM/ELISA 
positive), while the other four were exclusively positive in the BOVIGAM® assay.

Results and test performance of the TB ELISA
In the HiP, 101/766 (13.2%) animals tested positive in the TB ELISA. Of the 
TB ELISA positive animals, 14/101 (13.9%) were also TST positive (TST/ELISA 
positive). The remaining 87/101 (86.1%) were exclusively positive in the TB ELISA 
(TB ELISA positive). In the MGR, 48/230 (20.9%) animals tested positive in the 
TB ELISA. Of the TB ELISA positive animals, 13/48 (27.1%) were TST/ELISA 
positives, 1/48 (2.1%) was BOVIGAM/ELISA positive and the remaining 34/48 
(70.8%) were exclusively positive in the TB ELISA.

The test performances of the TB ELISA in the low and high prevalence cohorts 
of the HiP and the MGR are presented in Table 2. In the HiP, the overall BTB 
prevalence in the low prevalence cohort was 7.7% (95% CI = 6.8% - 8.6%), while 
that in the high prevalence cohort was 24.0% (95%CI = 22.1% - 26.3%). The 
SeN was significantly lower in the low prevalence cohort (0%; 95% CI = n/a) as 
compared to the high prevalence cohort (27.4%; 95% CI = 27.4 - 27.5%). The 
SpN, however, was significantly higher in the low prevalence cohort (94.7%; 95% 
CI = 94.6% - 94.7%) as compared to the high prevalence cohort (71.9%; 95% 
CI = 71.9 - 71.9%). The estimates of the PPV and NPV followed the same trend 
as the SeN and SpN, respectively (Table 2). In the MGR, the prevalence in the 
low prevalence cohort was 7.0% (95% CI = 6.1% - 7.9%), while that in the high 
prevalence cohort was 40.6% (95% CI = 37.5% - 44.4%). The inverse relationship 
between SeN and SpN, as described for the HiP, was also detected in the MGR. 
The SeN was, however, significantly higher in the low prevalence cohort (42.2%; 
95% CI = 40.7% - 45.0%) as compared to the high prevalence cohort (24.0%; 
95% CI = 23.9% - 24.0%). Furthermore, the SpN was significantly lower in the 
low prevalence cohort (79.6%; 95% CI = 79.5% - 79.8%) as compared to the high 
prevalence cohort (81.4%; 95% CI = 81.1% - 81.8%). The PPV and NPV, however, 
did not follow the same trend as the SeN and SpN in the MGR (Table 2). The PPV 
was significantly lower in the low prevalence cohort (0.14; 95% CI = 0.13 - 0.15) 
as compared to the high prevalence cohort (0.48; 95% CI = 0.44 - 0.52). Lastly, the 
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NPV was significantly higher in the low prevalence cohort (0.95; 95% CI = 0.94 
- 0.96) as compared to the high prevalence cohort (0.60; 95% CI = 0.56 - 0.63).

Mycobacterial isolation
During the post-mortem investigations the spectrum of pathological changes was 
wide, varying from no visible lesions (NVL) to pinpoint lesions in one to two 
organs, to extensive lesions in the lungs and lymph nodes (LNN). One animal in the 
MGR presented with miliary tuberculosis (Figure S1). The results of mycobacterial 
isolation from low and high prevalence cohorts in the HiP and the initial isolation 
in the MGR are presented in Figure 2 and Table 2.

In the low prevalence cohort of the HiP, a total of 32 TST positive animals and 
11 TB ELISA positive animals were culled (n=43), of which 38 were sampled. 
No samples were obtained from 4 TST positive animals and 1 TB ELISA positive 
animal. Mycobacterium bovis infection was confirmed in 12/28 (42.9%) TST 
positive animals and 0/10 (0%) TB ELISA positive animals. Infection with NTM 
was confirmed in 7/28 (25.0%) TST positive animals and 3/10 (30.0%) TB ELISA 
positive animals. In the high prevalence cohort of the HiP, a total of 37 TST positive 
animals, 14 TST/ELISA positive animals, and 7 TB ELISA positive animals were 
culled (n=58). Tissue samples from 46 animals were processed but no samples were 
obtained from 10 TST positive animals, 1 TST/ELISA positive animal, and 1 TB 
ELISA positive animal. Mycobacterium bovis infection was confirmed in 23/27 
(85.2%) TST positive animals, 8/13 (61.5%) TST/ELISA positive animals, and 1/6 
(16.7%) TB ELISA positive animals. Infection with NTM was confirmed in 2/27 
(7.4%) TST positive animals, 1/13 (7.7%) TST/ELISA positive animals, and 1/6 
(16.7%) TB ELISA positive animals.

In the low prevalence cohort of the MGR, a total of 3 TST positive animals, 2 
TST/ELISA positive animals, and 1 BOVIGAM positive animal were culled (n=6). 
Mycobacterium bovis infection was confirmed in 2/3 (66.7%) TST positive animals 
and 2/2 (100%) TST/ELISA positive animals. In the high prevalence cohort of the 
MGR, a total of 33 TST positive animals, 1 TST suspect animal, 11 TST/ELISA 
positive animals, 2 TB ELISA positive animals, 1 BOVIGAM/ELISA positive 
animal, 3 BOVIGAM positive animals and 4 test negative animals (n=55) were 
culled, of which 54 animals were sampled. No samples were obtained from 1 TST 
positive animal. Mycobacterium bovis infection was confirmed in 14/32 (43.8%) 
TST positive animals, 7/11 (63.6%) TST/ELISA positive animals and 1/3 (33.3%) 
BOVIGAM positive animals.
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Of the collected nasal swab samples 6 were collected from animals in the low 
prevalence cohort of the MGR, belonging to 3 TB ELISA positive animals and 3 test 
negative animals. Non-tuberculous mycobacteria were isolated from 2/3 TB ELISA 
positive animals and 2/3 test negative animals. The other 4 nasal swab samples were 
collected from animals in the high prevalence cohort of the MGR, belonging to 
1 TST/ELISA positive animal, 1 TB ELISA positive animals and 2 test negative 
animals. Non-tuberculous mycobacteria were isolated from the TB ELISA positive 
animal and 1/2 test negative animals.
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Figure 2. Mycobacterial culture results of the HiP and MGR. (A) The results of the mycobacterial cultures 
from the low and high prevalence cohorts of the HiP in relation to immunodiagnosis, in absolute numbers; 
(B) The results of the mycobacterial cultures from the low and high prevalence cohorts of the MGR (May 
2016) in relation to immunodiagnosis, in absolute numbers. Immunodiagnosis abbreviations: “TST pos” = 
positive in the TST; “TB ELISA pos” = positive in the TB ELISA; “TST/ELISA pos” = positive in the TST 
and TB ELISA; “BOVIGAM pos” = positive in the BOVIGAM® assay; “BOVIGAM/ELISA pos” = positive 
in the BOVIGAM® assay and the TB ELISA; M. bovis = Mycobacterium bovis; NTM = non-tuberculous 
mycobacteria.
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Longitudinal testing
For the longitudinal testing in the MGR, animals were re-tested in September 2016, 
January 2017, April 2017, August 2017, November 2017, February 2018 and July 
2018. A summary of the results of the longitudinal testing in the MGR is shown in 
Figure 3 and Table 3.

Determination of BTB prevalence and mycobacterial isolation
An overall trend of declining BTB prevalence with subsequent testing rounds and 
removal of reactor animals was observed (Table 3). In September 2016, 21/119 
(17.6%) animals tested positive and 8/119 (6.7%) animals were suspect in the TST, 
and the BTB prevalence was high at 23.1% (95% CI = 21.3% - 25.3%). The TST 
positive and suspect animals and an additional 18 animals were removed, but the 
process did not allow for post mortem (PM) investigation of the carcasses. A further 
5 animals died in the boma during this period. In January 2017, 0/67 (0%) animals 
tested positive and 1/67 (1.5%) animals were suspect in the TST, and the BTB 
prevalence was reduced to 0% (95% CI = n/a). Eight test negative animals were 
removed of which opportunistic PM investigation and sampling was carried out 
and NTM were isolated from 4/8 (50%) animals. Five animals died in the boma 
during this period. In April 2017, 0/54 (0%) animals tested positive in the TST 
and the BTB prevalence was 0% (95% CI = n/a). In August 2017, 1/66 (1.5%) 
animals tested positive and 3/66 (4.5%) animals were suspect in the TST, and the 
BTB prevalence was low at 1.1% (95% CI = 0.3% - 1.7%). All 4 TST reactor 
animals belonged to the founder group; the offspring were all TST negative. The 
TST positive animal (n=1) was removed. In November 2017, 1/65 (1.5%) animals 
tested positive and 1/65 (1.5%) animals was suspect in the TST, and the BTB 
prevalence was 1.2% (95% CI = 0.3% - 1.8%). Both TST reactor animals belonged 
to the founder group; the offspring were all TST negative. The TST positive animal 
(n=1) was removed and infection with Mycobacterium bovis was confirmed (Table 3 
and Figure 4). In February 2018, 1/64 (1.6%) animals tested positive in the TST 
and the BTB prevalence was 1.2% (95% CI = 0.3% - 1.8%). Seven animals were 
removed of which opportunistic PM investigation and sampling were carried out 
and NTM were isolated from 1/7 (14.3%) animals. One animal died in the boma 
during this period. Finally, in July 2018, 0/56 (0%) animals tested positive and 2/56 
(3.6%) animals were suspect in the TST, and the BTB prevalence was reduced to 
0% (95% CI = n/a). One of the suspect reactors belonged to the founder group; the 
other belonged to the offspring.
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Results and test performance of the TB ELISA
An overall trend of decreased numbers of test positive animals with subsequent 
testing rounds was observed, with the exception of February 2018. The proportions 
of TB ELISA positive animals in each testing round between September 2016 and 
July 2018 are presented in Table 3. All animals testing positive in the TB ELISA, 
were negative in the TST. The SeN could not be determined in January and April 
2017 and July 2018 as the P was 0% at those time points. The test performance of 
the TB ELISA from September 2016 to July 2018 is shown in Table 3. An inverse 
relationship was observed between the SeN and SpN: the SeN had a median of 
0% (range = 0% - 0%), while the SpN had a median of 94.3% (range = 88.8% - 
98.4%). The PPV of the TB ELISA was 0 (range = n/a) throughout the longitudinal 
study. The NPV on the other hand had a median of 1 (range = 0.74 - 1).

Figure 3. Results for the longitudinal testing in the MGR. The longitudinal results of the TST and TB 
ELISA from September 2016 - July 2018. Only positive and suspect reactors are shown. Immunodiagnosis 
abbreviations: “TST pos” = positive in the TST; “TB ELISA pos” = positive in the TB ELISA. A total of 88, 
63, 50, 64, 63, 56 and 50 buffaloes tested negative in all assays at the subsequent testing occasions (data not 
shown). Time points: “Sept 2016” = September 2016; “Jan 2017” = January 2017; “Apr 2017” = April 2017;  
“Aug 2017” = August 2017; “Nov 2017” = November 2017; “Feb 2018” = February 2018; “Jul 2018” = 
July 2018.”



Mycobacterium bovis prevalence affects the performance of a commercial serological assay

Ch
ap

te
r 3

85

Figure 4. Mycobacterial culture results of the longitudinal testing. The results of the mycobacterial 
cultures from the longitudinal testing in the MGR in relation to immunodiagnosis, in absolute numbers. 
Immunodiagnosis abbreviations: “TST pos” = positive in the TST; “Negative” = animals not positive but 
culled by park management for non-research related purposes. Time points: “Jan 2017” = January 2017; 
“Aug 2017” = August 2017; “Nov 2017” = November 2017; “Feb 2018” = February 2018.
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16S ribosomal RNA sequence analysis
In total, DNA samples from bacterial isolates from 3 nasal swabs and 20 tissue 
samples from the HiP and MGR that were identified as NTM DNA in the multiplex 
PCR (Figures S2 and S3), were sequenced. Sequences alignments are shown in 
Figure S4. Results of the BLAST analysis [49] are presented in Table 4. In total, 
18/23 isolates, could be differentiated to the species level and the following NTM 
were identified: M. brasiliensis, M. flavescens, M. moriokaense, M. holsaticum, M. 
agri, M. asiaticum, M. celatum, M. avium complex and M. rhodesiae (Table 4). 
Other species that were identified in isolates that could not be differentiated to 
the species level include M. smegmatis/M. goodii, M. moriokaense/M. barrassiae, M. 
colombiense/M. bouchedurhonense and M. vulneris/M. intracellulare. In one animal, 
two different species of NTM were found, M. holsaticum and M. brasiliensis (Table 
4). The identified species of NTM included both SGM [55-57], and RGM [56-59], 
as well as species belonging to the Mycobacterium avium complex (MAC) [60] and 
Mycobacterium moriokaense group [60, 61]. A phylogenetic tree of all isolates is 
presented in Figure S5.
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Discussion

The purpose of the present study was to determine the BTB prevalence in different 
free-ranging African buffalo herds in two game reserves and to use these data to 
investigate whether the BTB prevalence affects the performance of a commercially 
available cattle-specific TB antibody assay (TB ELISA). In addition, the impact of 
the occurrence and diversity of infections with NTM on the performance of the TB 
ELISA was evaluated. Finally, the contribution of multiple serological testing on the 
test performance of the TB ELISA was examined in a longitudinal study.

BTB prevalence
Overall, the BTB prevalence in the HiP was found to be 13.5% (95% CI = 12.3% 
- 14.9%) in this study, which was classified as low. Le Roex et al. [40] previously 
determined that the BTB prevalence (outside disease ‘hot spots’) in the HiP 
remained low at 10% - 15% over a period of 7 years (1999 - 2006). In their study, 
the prevalence of BTB was based on the TST only, without correction for the test 
performance. Considering that the estimated Se of the TST in buffaloes is 76.5%, it 
is reasonable to assume that the BTB prevalence had in fact been considerably higher 
at the time of their study. As such, the finding that the overall BTB prevalence was 
low more than a decade later, confirms that the programme is effective at keeping 
the disease at bay [40]. Considering that the infection in the HiP is an established, 
endemic infection, first detected in the park in 1986 in a buffalo [39], but most 
likely present much longer, this finding is especially pertinent. The fact that the 
BTB prevalence in the much more recent BTB epidemic in the MGR, where no 
control measures had taken place up to 2016, was significantly higher (28.4%; 95% 
CI = 26.2% - 31.1%), corroborates that the approach taken in HiP is effective. 
Although eradication of BTB from an endemically infected reserve is unlikely to be 
achieved, it is important to intervene in order to reduce transmission and prevent 
spillover into endangered wildlife species or spillback to livestock. This is further 
demonstrated by the fact that through systematic removal of TST positive animals 
in the longitudinal study in the MGR, the prevalence of BTB was reduced to 0% 
over time (Table 3).

Test performance of the TB ELISA
The test performance of the TB ELISA was highly variable in the two reserves, 
but also when assessed in and compared between cohorts of low and high BTB 
prevalence. The SeN varied between 0% (95% CI = n/a) and 42.2% (95% CI = 
40.7% - 45.0%), whilst the SpN varied between 71.9% (95% CI = 71.9% - 71.9%) 
and 98.4% (95% CI = 98.4% - 98.4%). The PPV of the TB ELISA varied between 
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0 (95% CI = n/a) and 0.48 (95% CI = 0.44 - 0.52), whilst the NPV varied between 
0.60 (95% CI = 0.56 - 0.63) and 1 (95% CI = n/a).

During the course of the longitudinal study the test performance showed less 
variability, but it is important to note that there were increasingly fewer infected 
animals in the study due to removal of TST positive animals. The SeN was 0% 
during the course of the longitudinal study, but a gradual increase in the SpN was 
observed which coincided with the decrease of BTB prevalence over time (Table 3). 
The PPV and NPV clearly reflect the increasingly lower prevalence in this cohort 
of animals as the PPV was 0 for the entire duration of the longitudinal study, while 
the NPV varied from 0.74 (95% CI = 0.71 - 0.76) in September 2016 to 1 (95% 
CI = n/a) in July 2018.

Of an exceptionally large number of TB ELISA positives (n=34) detected in May 
2016, 32/33 (97.0%) subsequently tested negative 3 months later. Twelve of these 
animals remained in the study for the entire duration and while 6/12 (50.0%) were 
consistently negative, 5/12 (41.7%) had erratic positive results and 1/12 (8.3%) was 
consistently positive, in the TB ELISA. In the TST, 10/12 (83.3%) of these animals 
were consistently negative, while one had tested positive on one testing occasion 
and the other had tested suspect on two testing occasions. True disease status was 
not assessed in these animals, and it is thus not possible to know whether these 
animals were true or false positive in the TB ELISA.

Factors influencing the test performance of the TB ELISA
The observed relationship between BTB prevalence and the PPV and NPV was to 
be expected as it is inherent to their definitions [31, 34]. Sensitivity and specificity, 
however, are usually not linked to disease prevalence as they are considered attributes 
of the test [31, 32]. In the present study, however, the SeN and SpN were found to 
vary with prevalence (Table 2). Interestingly, the effect of the BTB prevalence on 
the SeN and SpN was not unidirectional. In the HiP, low prevalence was associated 
with a low SeN, but acceptable SpN, while high prevalence was associated with 
a higher SeN, but lower SpN. The opposite was demonstrated in the MGR. This 
lack of a systematic, unidirectional, effect of prevalence on test performance has 
been reported previously [33]. Underlying factors can be divided into clinical (i.e. 
related to the epidemiological setting) versus artefactual variability (i.e. related to 
study design) [33]. In this study, the fluctuation of test performance may partly be 
attributed to the latter, given that the calculations of SeR and SpR might have been 
affected by verification bias [31]. The gold standard test for M. bovis diagnosis is 
culture of tissue samples collected during post mortem [9], but since the decision 
to cull is usually based on a positive TST result, confirmation of the disease is 
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often only attempted in a subset of animals biased towards false positives, while 
ignoring false negatives. This factor could be exacerbated in both very early and 
exceedingly chronic infections, as the TST is known to have a lower sensitivity in 
those stages of disease [14]. However, as every attempt was made in this study to 
estimate the test performance of the TST as accurately as possible, we believe that 
artefactual variability was kept to a minimum and the findings are most likely a 
result of the history and epidemiology of these herds. In fact, the considerably 
disparate endemicity and chronicity of the infection in the two study populations 
might play a role in this. 

Another explanation for the variability in performance of the TB ELISA might 
be exposure to NTM, that is known to interfere with diagnosis of BTB due to 
eliciting cross-reactive immune responsiveness [28, 62]. Cross-reactivity is believed 
to occur due to immune recognition of mycobacterial antigens that are shared 
between species of the Mycobacterium tuberculosis complex (MTBC) and certain 
NTM [62]. The occurrence of NTM may vary in geographically distinct areas and 
a high diversity of NTM has previously been reported in South Africa [26, 28]. In 
the present study, a high and comparable degree of diversity of NTM was detected 
in buffaloes from the HiP and the MGR. Phylogenetic relatedness of the isolated 
species of NTM and their closeness to M. bovis is depicted in Figure S5. Most of 
the species isolated in this study have previously been described to occur in South 
African wildlife species and their environment [26, 28], with the exception of M. 
agri, M. barrassiae (although not differentiated to the species level in this study) 
and M. celatum. The species of NTM identified in this study have been linked to 
(opportunistic) infections in humans [59-61, 63], excluding M. agri which appears 
to be associated mainly with soil [64]. The most frequently isolated NTM species 
was M. brasiliensis. Interestingly, the same species was consistently isolated from 
milk samples from cattle on communal farms surrounding the HiP [65]. In that 
study, however, the diversity of NTM was very low. Despite the high diversity of 
NTM in the present study, and the fact that NTM were isolated from several TB 
ELISA positive animals (Table 4), an effect on the test performance of the TB ELISA 
could not be demonstrated. It is important to note, however, that due to the low 
confidence in the TB ELISA, the majority of TB ELISA positive animals were not 
culled, making it difficult to assess the true disease status of these animals.

Of all isolates, those belonging to the MAC were most closely related to M. bovis 
(Figure S5). The inclusion of the purified protein derivative of M. avium in the 
TST and BOVIGAM® assay as a representative NTM would thus appear to remain 
relevant in this setting, as these species would be expected to cause the most 
interference. Furthermore, while a large proportion of NTM were isolated from 
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animals that were TST positive (10 samples from the HiP) (Table 4), it is unlikely 
that all these were false positive reactors. Given the estimated Sp of 99.5% for the 
TST, a maximum of 5 false positive TST reactors would be expected from the total 
number of buffaloes (n=997) tested in this study. It is possible that co-infections 
with M. bovis and NTM species were missed in this study, as NTM are known to 
outcompete slow-growing pathogenic mycobacteria.

Lastly, besides the geographical differences in the distribution of NTM, there might 
be other factors related to the environment that could impact test performance. 
Trost et al. [13] postulated that sequence variation in the genes of MPB70, MPB83 
of M. bovis, or the genes that regulate their expression, sigK and rskA, might 
explain geographical differences, as the TB ELISA measures antibody (AB) levels 
against proteins encoded by these genes [13]. Although this hypothesis remains to 
be proven, similar processes could occur in different species of NTM, potentially 
giving rise to irregularities in test performance.

In a study by Mhongovoyo [66] of the BTB prevalence of a population of buffaloes in 
Botswana previously believed to be free of BTB [67], all animals tested (n=60) were 
positive in the TB ELISA, while the entire cohort was negative in the BOVIGAM® 
assay. The conclusion was drawn that these animals were in fact false positive, 
demonstrating an exceptionally poor specificity of the TB ELISA. The underlying 
reason for this is unknown, but may be (partly) attributed either to cross-reactive 
responsiveness due to NTM exposure, as was suggested by Mhongovoyo [66]. While 
this initially seemed plausible in the MGR, due to observed plentiful rains which 
could have created conditions favorable to NTM [55], it was deemed unlikely to 
be the sole cause, given that similar results were never repeated despite the study 
having been conducted over a period of two years. Potential non-specific reactions 
relating to the test platform might include e.g. i) drug combinations used for the 
immobilization of these animals; ii) the test kit batch; or iii) sample. The true 
underlying reason remains unclear but warrant further investigation.

Considering the variability, these findings show that the TB ELISA is of limited 
diagnostic value in free-ranging buffalo populations and is not recommended for 
use as a stand-alone test, which is in agreement with the general recommendation to 
only employ serological assays for BTB in a parallel testing scheme with CMI-based 
diagnostics [19, 43, 68]. Similar results were obtained when the test performance 
of two rapid serological tests was evaluated in buffalo [69]. Although the specificity 
of the TB ELISA had a more acceptable range, the previously reported specificity of 
the assay in buffaloes of 100% could not be confirmed [19]. The test performance 
of the TB ELISA in cattle, although the Se is also variable, is much greater [13], 
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suggesting that perhaps the assay is not optimal for use in buffaloes. In fact, the TB 
ELISA was developed for use in cattle specifically and makes use of an anti-bovine 
conjugate [24]. Cloete [70] recently demonstrated that the reactivity of an anti-
bovine conjugate is significantly reduced in serum of African buffaloes as compared 
to cattle serum, which could explain the poor sensitivity of the assay shown in this 
study. As such, development of assays using either a species-specific or a broadly 
cross-reactive conjugate, such as protein A/G [70], would be recommended.

Conclusion
This study has shown that the BTB prevalence affects the test performance of the 
TB ELISA in African buffaloes. This finding has direct implications for inclusion of 
this assay in testing strategies, since the sensitivities and specificities found in this 
study cannot be directly extrapolated to other epidemiological settings. As the test 
was found to have a high NPV in low prevalence herds, it could have merit if used to 
rule-out disease in known negative herds. However, the overall test performance of 
the TB ELISA in buffaloes was poor in this study, confirming it is not fit for purpose 
as a stand-alone test and suggesting it may not be suitable for use in this species. The 
findings of this study strongly point to the need for development of novel assays that 
can supplement existing assays for a more comprehensive testing scheme for BTB in 
African buffaloes. The potential development of a species-specific assay measuring 
HI and CMI simultaneously in a test platform suitable for the field (such as that 
described by Corstjens et al. [71]) would be highly valuable and warrants further 
investigation.
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Abstract

Conventional control and eradication strategies for bovine tuberculosis 
(BTB) face tremendous difficulties in developing countries; countries with 
wildlife reservoirs, a complex wildlife-livestock-human interface or a lack of 
veterinary and veterinary public health surveillance. Vaccination of cattle and 
other species might in some cases provide the only suitable control strategy 
for BTB, while in others it may supplement existing test-and-slaughter 
schemes. However, the use of live BCG has several limitations and the global 
rise of HIV/AIDS infections has furthermore warranted the exploration of 
inactivated vaccine preparations. The aim of this study was to compare the 
immune response profiles in response to parenteral vaccination with live BCG 
and two inactivated vaccine candidates in cattle.

Twenty-four mixed breed calves (Bos taurus) aged 4–6 months, were allocated 
to one of four groups and vaccinated sub-cutaneously with live M. bovis BCG 
(Danish 1331), formalin-inactivated M. bovis BCG, heat-killed M. bovis or PBS/
Montanide™ (control). Interferon-γ responsiveness and antibody production 
were measured prior to vaccination and at weekly intervals thereafter for twelve 
weeks. At nine weeks post-priming, animals were skin tested using tuberculins 
and MTBC specific protein cocktails and subsequently challenged through 
intranodular injection of live M. bovis BCG.

The animals in the heat-killed M. bovis group demonstrated strong and 
sustained cell-mediated and humoral immune responses, significantly higher 
than the control group in response to vaccination, which may indicate a 
protective immune profile. Animals in this group showed reactivity to the skin 
test reagents, confirming good vaccine take. Lastly, although not statistically 
significant, recovery of BCG after challenge was lowest in the heat- killed M. 
bovis group.

In conclusion, the parenteral heat-killed M. bovis vaccine proved to be clearly 
immunogenic in cattle in the present study, urging further evaluation of the 
vaccine in challenge studies using virulent M. bovis and assessment of vaccine 
efficacy in field conditions.

* Supplementary data for Chapter 4 can be found in Appendix 2.
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Introduction

Control of bovine tuberculosis (BTB), caused by Mycobacterium bovis (M. bovis), 
is urgently needed on a global scale. The detrimental effects on the cattle industry 
worldwide as well as on wildlife conservation [1] are noteworthy, with global losses 
of approximately $3 billion annually [2], and BTB is furthermore of great public 
health concern. Although “test-and-slaughter” is the conventional control strategy 
that allowed eradication of the infection in many developed countries, it has proven 
less effective or unaffordable in other countries facing a multitude of constraints 
[3, 4], and vaccination of cattle and other species is being considered as a possible 
alternative approach to BTB control. To date, the only available vaccine is that 
produced with the Bacille Calmette-Guérin (BCG) strain, which originated from 
virulent M. bovis through attenuation and was first used in humans in 1921 [5, 6]. 
Live BCG is currently registered for use in humans and badgers only [7]. Its use in 
cattle is prohibited in the EU [8] due to induction of immune responsiveness that 
interferes with the standard diagnostic methods for BTB utilizing tuberculins and 
in addition because of the widely variable degree of protection it provides. Hence 
research efforts have focused on the development of diagnostic reagents that can 
differentiate between infected and vaccinated animals (DIVA) and on potentiation 
of the protective effect of BCG [8]. Different strategies using live BCG as either the 
priming or boosting vaccine in combination with a viral vector [9], recombinant 
DNA or sub-unit vaccine formulations [10] incorporating various Mycobacterium 
tuberculosis complex (MTBC) specific antigens, have been explored, with conflicting 
results. Skinner et al. [11] found that the use of a DNA prime-BCG boost regimen 
using plasmids encoding Hsp65, Hsp70 and Apa was able to significantly improve 
protection against BTB compared to BCG alone. Likewise, a study by Vordermeier 
et al. [9], showed that the efficacy of BCG seemed to improve after boosting with 
a formulation of recombinant attenuated adenovirus expressing antigen 85A. 
However, vaccination with MPB70 or MPB83 DNA plasmids was not found to be 
protective in cattle [12].

The rise of the HIV/AIDS pandemic prompted a renewed interest in killed vaccine 
candidates for protection against tuberculosis [13], as immunocompromised 
individuals are at risk of developing disseminated disease (BCG-osis) after 
vaccination with live BCG [10]. This is of special importance in southern Africa, 
where HIV prevalence is amongst the highest in the world [14]. In these regions, 
a complex wildlife-livestock-human interface furthermore increases the risk of 
zoonotic transmission of infectious agents [15]. The use of an inactivated rather 
than a live vaccine against BTB in cattle, would eliminate the risk of potential 
propagation of the vaccine strain in food producing animals, a concern raised by the 
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Department of Agriculture, Forestry and Fisheries (DAFF) in South Africa (DAFF, 
personal communication, November 2014). Vaccination with formalin-inactivated 
BCG in a Novasome™ adjuvant conferred protection against tuberculosis in guinea 
pigs [13] and subsequent evaluation in cattle by Whelan et al. [16] demonstrated 
strong IFN-γ and IgG responses. Promising results of parenteral and oral vaccination 
with a heat-killed Mycobacterium bovis vaccine have since been obtained in several 
species [17-19]. The aim of the present study was to compare the immune response 
profiles in response to the parenteral vaccination with live BCG and two inactivated 
vaccine candidates in cattle. Cell-mediated and humoral immune response profiles 
resulting from vaccination, skin testing and BCG challenge were monitored over 
time and compared to a control group.

Materials & Methods
Animals
This study was carried out in strict accordance with the guidelines of the Animal Use 
and Care Committee of the University of Pretoria and the protocol was approved 
(Certificate number V066-15) prior to commencement of the study.

Twenty-four mixed breed Bos taurus calves (4-6 months of age; 12 males and 12 
females) from a local beef herd with a known BTB free history were used in this 
study. Exclusion criteria included prior infection with M. bovis as determined by 
the bovine IFN-γ release assay (BOVIGAM®) and serological testing (IDEXX 
TB ELISA). All animals were subjected to a full clinical examination, received 
prophylactic treatment to prevent parasitic and bacterial infections and were allowed 
to acclimatize to their new environment at the class II biological containment 
holding facilities of the University of Pretoria Biomedical Research Center (UPBRC) 
for a period of 6 weeks. The facilities comprised of individual stalls (physical contact 
between animals in adjacent stalls was not possible) that held the animals of the 
same vaccine group in pairs, in a spacious, closed and well ventilated cattle holding 
facility. In view of maturation of the animals in course of the experiment the animals 
were grouped in pairs based on their sex and each pair was randomly allocated to a 
pen. Each pen was assigned to one of the treatment groups beforehand. Animals of 
the four different groups were kept separated.

Experimental timeline
The experimental timeline for the study is depicted in Figure 1.

Vaccination
Calves were assigned to one of four groups (n=6 per group). Groups 1-3 received 
different vaccines and group 4 served as an unvaccinated control group. In groups 
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2-4, the adjuvant Montanide™ ISA 50 V 2 (SEPPIC, France) was used; a water-
in-oil adjuvant, compatible with inactivated antigens, recommended for use in 
cattle. While Montanide™ stimulates both humoral and cell-mediated immunity, it 
induces a milder local reaction as compared to other adjuvants (unpublished data).

Establishment of 
baseline values Effect of vaccination Effect of skin test 

and BCG challenge

T−3 T−2 T−1 T1 T2 T4 T5 T6 T7 T8 T10 T11T−4 T0 T3 T9 T12

Start of 
     experiment

Vaccination 
(All groups)

Booster
(Groups 2 & 3) Skin test

BCG challenge

      End of
experiment

Experimental timeline

Figure 1. Experimental timeline for the study. Baseline values were established from T-4 until T0 with a 
sampling interval of 2-3 weeks. After vaccination (T0) until the end of the experiment (T12), the sampling 
interval was 1 week. Animals were skin tested at T9, challenged with BCG at T9 + 3 days and euthanized 
at T12. T(x) = time point (week number).

Live M. bovis Bacille Calmette-Guérin (Group 1)
Lyophilized live M. bovis BCG Danish 1331 (Statens Serum Institute, Denmark) 
was reconstituted with the diluent provided by the manufacturer and made up to a 
concentration of approximately 2 x 106 CFU per ml. One milliliter was administered 
subcutaneously in the left mid cervical area to all animals in group 1 at T0.

Formalin-inactivated M. bovis Bacille Calmette-Guérin (Group 2)
The formalin-inactivated M. bovis BCG vaccine was prepared as previously described 
[13], with a 50% reduction in the formalin treatment time. Briefly, reconstituted live 
M. bovis BCG Danish 1331 were suspended in 1.5% formalin (v/v) in phosphate 
buffered saline (PBS) (Sigma-Aldrich, South Africa). The suspension was stirred 
continuously at 4°C for 48h and subsequently centrifuged at 14,000 x g for 15 
minutes at 4°C. The cells were then washed twice, resuspended in sterile PBS to 
a concentration of 4 x 107 cells/ml and stored at 4°C until use (no longer than 
three days). Successful inactivation of the BCG was demonstrated by inoculation 
of aliquots of the vaccine on Löwenstein-Jensen (LJ) slants enriched with pyruvate, 
followed by incubation for 10 weeks. No growth was observed. The vaccine consisted 
of formalin-inactivated BCG and Montanide™ ISA 50 V 2 (SEPPIC, France) 
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adjuvant carefully emulsified and made up to a concentration of 2 x 107 cells/ml. 
One milliliter was administered subcutaneously in the left mid cervical area to all 
animals in group 2 at T0 and again at T3 (booster).

Heat-killed M. bovis (Group 3)
The heat-killed M. bovis vaccine was prepared as previously described [17]. The 
vaccine consisted of heat-inactivated M. bovis (Neiker strain) and Montanide™ 
ISA 50 V 2 (SEPPIC, France) adjuvant carefully emulsified and made up to a 
concentration of 1 x 107 CFU/ml. One milliliter was administered subcutaneously 
in the left mid cervical area to all animals in group 3 at T0 and again at T3 (booster).

Control group inoculum (Group 4)
Phosphate buffered saline (Sigma-Aldrich, South Africa) and 50% Montanide™ 
ISA 50 V 2 (SEPPIC, France) adjuvant (v/v) were carefully emulsified to serve as an 
inoculum for the control group. One milliliter was administered subcutaneously in 
the left mid cervical area to all animals in group 4 at T0.

Sample collection
Whole blood was collected from the jugular vein using a vacutainer system at several 
time points prior to vaccination for the BOVIGAM® assay and IDEXX TB ELISA 
and outcomes were averaged in order to establish baseline values. Thereafter whole 
blood samples were collected every week for a total of twelve weeks (Figure 1).

Bovine IFN-γ release assay
Heparinized whole blood samples from all calves were individually processed within 
2-3 hrs after collection. Antigen stimulations for the BOVIGAM® assay were carried 
out in 48-well cell culture plates (Cellstar® Greiner Bio One, Germany) as previously 
described [20]. At each time point, undiluted heparinized blood was aliquoted into 
1 ml per well and stimulated with pokeweed mitogen (PWM; 5 μg/ml) as a positive 
sample control, PPD-B (purified protein derivative of M. bovis; 600 IU/ml), PPD-A 
(purified protein derivative of M. avium; 1000 IU/ml) and PPD-F (purified protein 
derivative of M. fortuitum; 28.5 μg/ml, ARC-Onderstepoort Veterinary Institute) 
[19]. One aliquot of whole blood was left unstimulated to serve as a negative 
control. At three time points (T0, T3 and T9), additional aliquots of whole blood 
were stimulated with the recombinant mycobacterial proteins ESAT-6 (5 μg/ml) 
and CFP-10 (5 μg/ml) (LIONEX GmbH, Germany). The samples were incubated 
at 37°C for 20 hrs, after which supernatants were harvested. Interferon-γ detection 
was carried out according to the manufacturer’s protocol (Thermo Fisher Scientific, 
South Africa). Criteria for sample validity were an optical density value (OD) ≥ 0.45 
for PWM and OD ≤ 0.35 for the negative control (ODneg). Responses elicited by TB 



Immune response profiles of calves following vaccination

Ch
ap

te
r 4

105

antigens were corrected by subtracting the OD-value of the negative control (ODbov 
minus ODneg, ODav minus ODneg, ODfort minus ODneg, ODESAT6 minus ODneg and 
ODCFP10 minus ODneg).

Serology
Blood samples were collected without anticoagulants and left to clot overnight at 
ambient temperature. Sera were harvested the next day and subsequently tested for 
the presence of M. bovis specific antibodies with the IDEXX TB ELISA, using a 
1:50 dilution of the samples and controls, according to the manufacturer’s protocol 
(IDEXX, USA). Criteria for the test validity were an OD ≥ 0.3 for the positive 
control and OD ≤ 0.2 for the negative control. Sample/positive control (S/P) ratios 
were calculated according to the manufacturer’s protocol.

Skin test
At T9, the skin test was performed according to OIE [21] recommendations, with 
the addition of two protein cocktails alongside the standard tuberculins. Briefly, hair 
was clipped at 4 sites on the left mid-cervical region that were injected intradermally 
with 0.1 ml of PPD-B (30,000 IU/ml), PPD-A (25,000 IU/ml), protein cocktail 
1 (PC1; containing 10 μg/ml of ESAT-6, CFP-10 and Rv3615c each) and protein 
cocktail 2 (PC2; containing 10 μg/ml of ESAT-6, CFP-10, Rv3615c and Rv3020c 
each) [22], respectively. After 72 hrs the injection sites were inspected and palpated 
for signs of a delayed-type hypersensitivity reaction and the skin fold thickness 
measured to calculate the difference (Δmm) between pre-injection (0hrs) and post-
injection (72hrs) measurements. Differences in increase of skin fold thickness of 
≥4 mm between the bovine and avian injection sites and/or the presence of typical 
clinical signs (necrosis, edema, heat, pain) in combination with a lower increase 
were considered positive skin test reactions; a difference of 2-4 mm between bovine 
and avian injection sites was considered a suspect result; while a difference of ≤0 to 
2 mm between bovine and avian injection sites was considered a negative skin test. 
The reactions to the protein cocktails were interpreted according to Jones et al. [22]; 
an increase in skin fold thickness of ≥ 1 mm was considered positive.

Intranodular BCG challenge
As an alternative challenge approach, the animals were inoculated in the right 
prescapular lymph node with live M. bovis BCG Danish 1331 at T9 + 3 days (after 
reading of the skin test). This approach has previously been shown to be a viable 
alternative to challenge with pathogenic M. bovis without the need for biosafety 
level 3 facilities [23] to serve as a preliminary evaluation of protection. Briefly, 
the lyophilized live M. bovis BCG Danish 1331 vaccine strain was reconstituted 
in the diluent provided by the manufacturer (Statens Serum Institute, Denmark), 
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inoculated on LJ slants containing pyruvate and incubated for 4 weeks at 37°C. A 
challenge inoculum was prepared through suspension of the fresh mycobacterial culture 
in PBS to a concentration of 2 x 108 CFU/ml and 1 ml was injected. At T12 the animals 
were euthanized by means of a captive bolt and the left (control) and right (inoculated) 
prescapular lymph nodes were harvested.

Mycobacterial culture
The weights of the prescapular lymph nodes, collected at T12, were measured to assess 
inflammation and cellular congestion. Each sample was weighed and inspected for the 
presence of lesions. In the absence of lesions, a representative sample of ± 2 g from the 
center of each lymph node (the site of BCG inoculation) was collected aseptically for 
culture. The samples were homogenized in a final volume of 7 ml sterile distilled water 
and decontaminated with an equal volume of 2% hydrogen chloride (HCl) during 
10 minutes. The samples were then centrifuged at 2550 x g for 10 minutes and the 
supernatant discarded. Subsequently the samples were resuspended in 7 ml of sterile 
distilled water and centrifuged at 2550 x g for 10 minutes, in order to remove remaining 
HCl. The supernatant was discarded and the pellet resuspended in 3 ml of distilled 
water and inoculated onto LJ slants containing pyruvate and incubated at 37°C for 10 
weeks. Bacterial counts were determined as CFU per gram of lymph node.

Confirmation of mycobacterial growth as being M. bovis BCG was done using the 
polymerase chain reaction (PCR) targeting the regions of difference (RD) RD1, RD4 
and RD9 as previously described [24].

Data analysis
Statistical analyses of the data gathered in this study were conducted in R version 3.3.0 
[25], as described below.

Bovine IFN-γ release assay
A linear mixed effects model [26] was used to analyze the results of the BOVIGAM® 
assay in the different groups as compared to the control group. For analysis of PPD-B, 
PPD-B/PPD-A, PPD-B/PPD-F, ESAT-6 and CFP-10, data were log transformed, 
after adding 0.5, 0.5, 0.75, 0.05 and 0.05 to each value of the outcome variable (to 
achieve positive values), respectively, to meet the model assumptions of normality and 
homoscedasticity. Explanatory variables were time, vaccination group and the interaction 
between both, which proved to be the final model. A variance function was added to the 
models of PPD-B, ESAT-6 and CFP-10 to allow for different standard deviations in the 
vaccination groups. Correlated observations within animals were accounted for by using 
a random intercept and slope for the animal ID. The Akaike Information Criterion 
(AIC) was used to select the best model.
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Serology
A linear mixed effects model [26] was used to analyze the results of the IDEXX TB 
ELISA in the different groups as compared to the control group. For analysis of the 
S/P ratio data were log transformed, after adding 0.1 to each value of the outcome 
variable (to achieve positive values), to meet the model assumptions of normality 
and homoscedasticity. The other criteria and parameters of the model were the same 
as for the model of PPD-B.

Skin test
In order to account for the heteroscedasticity of the variances, a double generalized 
linear model [27] was used to analyze the skin reactions to the tuberculins (ΔPPD-B 
minus ΔPPD-A in mm). A simple general linear model was used to analyze the 
skin reactions to the protein cocktails (ΔPC1 and ΔPC2 in mm). The explanatory 
variable was vaccination group.

Intranodular BCG challenge
Prescapular lymph node weights in the treatment groups were compared to the 
control group using a linear mixed effects model [26]. The outcome variable was 
log transformed to meet the model assumptions of normality and homoscedasticity. 
Explanatory variables were lymph node side, vaccination group, the interaction 
between both and gender which proved to be the final model. Correlated observations 
within animals were accounted for by using a random intercept and slope for the 
animal ID.

A negative binomial generalized linear model was used to compare the bacterial 
counts from the right prescapular lymph nodes of the treatment groups to the 
control group. The explanatory variable was vaccination group.

Results
Bovine IFN-γ release assay
Cell-mediated immunity (CMI) as a consequence of vaccination with the different 
vaccines was monitored by means of IFN-γ responses using the BOVIGAM® 
assay for nine weeks (T1-T9) in all animals and compared to the control group. 
Interferon-γ responses following skin test and BCG challenge (at T9 and T9 + 3 
days, respectively) were monitored for two weeks (T10-T11). One animal from 
the formalin-inactivated BCG group was excluded from this analysis due to 
unresponsiveness of white blood cells to stimulation with PWM from T1 to T9. 
The PPD-B specific IFN-γ responses (corrected for the ODneg), expressed as OD 
values (ODbov), in the four treatment groups over time are presented in Figure 2A. 
The response to PPD-B was analyzed using a linear mixed effects model [26] and 
compared to the control group (Table A in S2 Dataset). The mean (n= 6) responses 
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to PPD-B prior to vaccination (T0) were below an OD-value of 0.5 for all groups. 
Mean OD-values for PPD-B in the control group ranged from 0.311 to 0.820 
after vaccination (T1-T9). A similar trend was observed in the formalin-inactivated 
BCG group, with slightly lower mean ODbov values ranging from 0.275 to 0.594 
and no significant differences to the control group. The live BCG group showed 
slightly elevated mean ODbov values as compared to the control group in response to 
vaccination (T1-T9), ranging from 0.802 to 1.353, and differences were significant 
at T4 only (Table A in S2 Dataset). The heat-killed M. bovis group showed the 
highest ODbov values after vaccination, ranging from 1.996 to 3.374, peaking at T4, 
and significant differences compared to the control group were observed from early 
on in the experiment and were sustained up to and including T9 (Table A in S2 
Dataset). After skin test and BCG challenge, the mean ODbov values were elevated 
as compared to T9 in all groups except the heat-killed M. bovis group. In the control 
group, mean ODbov values ranged from 1.833 to 1.953. No significant differences to 
the control group were found in the live BCG and heat-killed M. bovis groups, with 
mean ODbov values ranging from 2.296 to 2.578 and 2.349 to 2.903, respectively. 
In the formalin-inactivated group ODbov values ranged from 0.793 to 1.014 and 
this was significantly lower as compared to the control group at T11 (Table A in S2 
Dataset).

Reactivity to two predominant environmental mycobacteria (M. avium and M. 
fortuitum) was taken into account in the analysis of the IFN-γ responses and 
presented as ODbov-ODav and ODbov-ODfort (both corrected for the ODneg) in 
Figures 2B and 2C, respectively. The ratios of PPD-B/PPD-A and PPD-B/PPD-F 
were analyzed using a linear mixed effects model [26] and compared to the control 
group (Table A in S2 Dataset). In the PPD-B/PPD-A model, both the live and 
the formalin-inactivated BCG vaccination groups showed no significant differences 
when compared to the control group. In the heat-killed M. bovis group, however, 
responses significantly higher as compared to the control group were observed 
at several time points (T4-T9) after vaccination (Table A in S2 Dataset). In the 
PPD-B/PPD-F model, the immune responses in the live and formalin-inactivated 
BCG groups were largely comparable to those in the control group, but differences 
significantly higher as compared to the control group were seen in the live BCG 
group at T6 (Table A in S2 Dataset). Again, the heat-killed M. bovis group showed 
significantly higher responsiveness as compared to the control group at multiple 
time points (T1 and T3-T9) after vaccination as well as after skin test and challenge 
(T10) (Table A in S2 Dataset).
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Figure 2. Interferon-γ responses in the BOVIGAM® assay. Mean OD-values in response to (A) PPD-B, 
(B) PPD-B minus PPD-A, (C) PPD-B minus PPD-F, (D) ESAT-6 and (E) CFP-10.  = Live M. bovis 
BCG;  = Formalin-inactivated BCG; p = Heat-killed M. bovis; r = Control group. Error bars indicate 
the standard error of the mean (±SEM) for each time point. Arrows at T0, T3 and T9 indicate priming 
vaccination, booster vaccination and SICTT and BCG challenge, respectively.

In addition to the classical PPDs as stimulating antigens in CMI testing, ESAT-6 
and CFP-10, two antigens widely used in TB research and diagnosis, as they are 
assumed to be specific for the MTBC, were included in the BOVIGAM® assay at 
T0, T3 and T9. Figures 2D and 2E present the IFN-γ responses specific to these 
antigens in the four vaccination groups during the course of the experiment. The 
responses to ESAT-6 and CFP-10 were analyzed using a linear mixed effects model 
[26] and compared to the control group (Table B in S2 Dataset). One animal in 
the heat-killed M. bovis group showed an extremely high value at week 9 and this 
entry was excluded from the model. Mean OD-values for ESAT-6 (ODESAT6) in the 
control group ranged from -0.026 to 0.064. Similar trends were observed in the 
other vaccination groups with OD ESAT6 values ranging from -0.034 to 0.011 (live 
BCG), from -0.049 to 0.022 (formalin-inactivated BCG) and from -0.019 to 0.094 
(heat-killed M. bovis). There were no significant differences in the responses to ESAT-
6 in any of the vaccination groups as compared to the control group (Table B in S2 
Dataset). Mean OD-values for CFP-10 (ODCFP10) in the control group ranged from 
-0.021 to 0.016. Similar trends were observed in the vaccination groups receiving 
the live and formalin-inactivated BCG vaccines with ODCFP10 values ranging from 
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-0.023 to 0.036 and from -0.047 to 0.034, respectively. The mean response to CFP-
10 in the formalin-inactivated BCG group was significantly lower as compared to 
the control group at T9 (Table B in S2 Dataset). Mean ODCFP10 values in the heat-
killed M. bovis group showed a slight increase as compared to the control group 
ranging from -0.008 to 0.462 at T3 and from 0.001 to 0.557 at T9, and these were 
significantly different (Table B in S2 Dataset).

Serology
Humoral immune (HI) responsiveness to the different vaccine candidates was 
monitored for nine weeks (T1-T9) in all animals and compared to the control 
group. Responses following skin test and BCG challenge (at T9 and T9 + 3 days, 
respectively) were monitored for further three weeks (T10-T12). Figure 3 presents 
the mean S/P ratios for the vaccination groups over time. The S/P ratios were 
analysed using a linear mixed effects model [26] and compared to the control group 
(Table C in S2 Dataset). Prior to vaccination, the mean S/P ratios in all groups were 
approximately -0.04. Mean S/P ratios in the control group ranged from -0.022 to 
0.007 after vaccination (T1-T9). Humoral responses after vaccination in the groups 
receiving the live and formalin-inactivated BCG preparations mirrored those in the 
control group (Figure 3) and thus no significant differences to the control group 
were found (Table C in S2 Dataset). In the heat-killed M. bovis group, a humoral 
response was detected from as early as T2, which increased and was sustained during 
the course of the experiment (Figure 3), with values ranging from 0.003 to 9.213 
after vaccination (T1-T9). The S/P ratios in this group were found to be significantly 
higher compared to those in the control group at several time points (T2-T9) (Table 
C in S2 Dataset). After skin testing and BCG challenge (at T9 and T9 + 3 days, 
respectively), mean S/P ratios in the control group showed a very slight increase, 
ranging from 0.086 to 0.245. In contrast, there appeared to be no response to 
skin test and BCG challenge in the formalin-inactivated BCG group and S/P ratios 
ranged from 0.027 to 0.067. The S/P ratios observed in the live BCG group at time 
points T10 to T12 were significantly higher than in the control group (Table C in 
S2 Dataset). The S/P ratios in the heat-killed M. bovis group plateaued at a value of 
10.663 after skin test and BCG challenge and these values were significantly higher 
than the control group (Table C in S2 Dataset). The plateau effect was considered a 
consequence of the ELISA reader’s upper detection limit rather than a true reflection 
of the optical density.
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Figure 3. Antibody responses in the IDEXX TB ELISA. Mean sample/positive (S/P) ratios.  = Live  
M. bovis BCG;  = Formalin-inactivated BCG; p = Heat-killed M. bovis; r = Control group. Error 
bars indicate the SEM for each time point. Arrows at T0, T3 and T9 indicate priming vaccination, booster 
vaccination and SICTT and BCG challenge, respectively.

Skin test
The skin test was carried out on all animals in all groups. The difference between 
the increase in skin fold thickness in reaction to PPD-A was deducted from that to 
PPD-B and presented in Figure 4A, while the reactions to the two protein cocktails 
PC1 and PC2 are presented in Figures 4B and 4C. A double generalized linear 
model was used to analyze the reaction to the tuberculins (Table D in S2 Dataset), 
whereas the reactions to the PC1 and PC2 were analyzed using a simple general 
linear model (Table E in S2 Dataset).
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Figure 4. Results of the skin test. Differences in skin fold thickness (A) between PPD-B and PPD-A, (B) 
of protein cocktail 1 and (C) of protein cocktail 2. ΔPPDB is the difference in skin fold thickness at the 
PPD-B injection site between 72 hrs (post injection) and 0 hrs (pre-injection). ΔPPDA is the difference in 
skin fold thickness at the PPD-A injection site between 72 hrs (post injection) and 0 hrs (pre-injection). 
Δmm is the difference in skin fold thickness of the injection site between 72 hrs (post injection) and 0 hrs 
(pre-injection).
 
The difference in increase of skin fold thickness in reaction to the tuberculins (Δmm of 
PPD-B minus Δmm PPD-A) ranged from -4.0mm to -1.0mm in the control group and 
as such all animals in this group were characterized as negative reactors. Animals in the 
formalin-inactivated BCG group showed similar reactions to the PPDs as the control 
group (differences in increase of skin fold thickness ranged from -2.8mm to -0.1mm), 
and no significant differences as compared to the control group were found and all 
animals were characterized as negative reactors (Table D in S2 Dataset). In the live BCG 
group, the differences in increase of skin fold thickness ranged from 0.1mm to 2.8mm, 
and these reactions were found to be significantly higher as compared to the control 
group (Table D in S2 Dataset). In this group, 1/6 animals was classified as a positive 
reactor (Δmm of 2.8 and edema) and 1/6 animals was classified as a suspect reactor. In 
the heat-killed M. bovis group the differences in increase of skin fold thickness ranged 
from -1.0mm to 10.2mm, and these reactions were found to be significantly higher 
as compared to the control group (Table D in S2 Dataset). In this group, 3/6 and 2/6 
animals were classified as positive and suspect reactors, respectively.
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No animals in the control group showed reactions to PC1 and PC2 and the 
differences (Δmm 72 hrs and 0 hrs) ranged from -0.1mm to -0.4mm and from 
-0.7mm to 0.5mm, respectively, and animals were characterized as negative reactors. 
In the live and formalin-inactivated BCG groups, reactions to PC1 and PC2 were 
slightly elevated as compared to the control group, but no significant differences to 
the control group were found (Table E in S2 Dataset). In the heat-killed M. bovis 
group, the reactions were significantly elevated as compared to the control group 
and the differences in skin fold thickness ranged from 1.8mm to 3.6mm for PC1 
and from 0.0mm to 2.3mm for PC2 (Table E in S2 Dataset). In this group, 6/6 and 
3/6 animals were classified as positive reactors to PC1 and PC2, respectively.

Intranodular BCG challenge
Overall, the weights of the untreated left prescapular lymph nodes (PLNs) showed 
less variability as compared to those of the right prescapular lymph nodes, which 
were inoculated with BCG at T9 + 3 days. In the control group the median and 
interquartile range (IQR) of the left and right prescapular lymph nodes reflect this 
pattern (median PLNleft = 15.29g; IQR PLNleft = 3.67g; median PLNright = 14.49g; 
IQR PLNright = 6.18g). The lymph nodes of the animals in the live BCG group, 
however, showed lower weights and less variability (median PLNleft = 14.14g; IQR 
PLNleft = 1.65g; median PLNright = 13.96g; IQR PLNright = 1.57g). In the formalin-
inactivated BCG group the median and interquartile range was slightly elevated 
compared to the control group (median PLNleft = 16.58g; IQR PLNleft = 3.20g; 
median PLNright = 16.14g; IQR PLNright = 5.67g). The weights of the PLNs were 
highest and showed the most variability in the heat-killed M. bovis group (median 
PLNleft = 18.42g; IQR PLNleft = 3.69g; median PLNright = 16.29g; IQR PLNright = 
8.06g). No significant differences to the control group were found for either lymph 
node side in any of the groups when analyzed using a linear mixed effects model 
[26] (Table F in S2 Dataset).

Culture and M. bovis PCR
Growth of mycobacteria was not observed in cultures of any of the left prescapular 
lymph nodes and these were omitted from this analysis. Mycobacterial growth was 
detected in cultures of the right prescapular lymph nodes of 3/6 animals in the live 
BCG group, 5/6 animals in the formalin-inactivated BCG group, 5/6 animals in 
heat-killed M. bovis group and 2/6 of the control animals.

PCR confirmed presence of M. bovis BCG in all isolates (S1 Figure). In the right 
prescapular lymph nodes, the highest bacterial counts (CFU/gram) were found in 
the live BCG group (range = 0 - 6650), followed by the formalin-inactivated BCG 
group (range = 0 - 3402), the control group (range = 0 - 574) and the heat-killed M. 
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bovis group (range = 0 - 182) (Figure 5). The heat-killed M. bovis group was found 
to have lower bacterial counts (estimate ratio = 0.730) as compared to the control 
group, but this difference was not significant (Table G in S2 Dataset). Additionally, 
although bacterial counts were higher in the live BCG group (estimate ratio = 
11.345) and formalin-inactivated BCG (estimate ratio = 9.075) group, these were 
not significantly different to the control group (Table G in S2 Dataset).

Figure 5. Log transformed bacterial counts (CFU/gram) of the right prescapular lymph nodes. The data 
was log transformed to accommodate for the large variance. As several lymph nodes had shown no growth, 
equal to bacterial count = 0, +1 was added to all values to allow for log transformation.
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Discussion

The present study aimed at characterization and evaluation of immune response 
profiles induced in calves by inactivated Mycobacterium bovis vaccine candidates 
as compared to live BCG and a control inoculum. This immunogenicity study is 
an important step in the process of evaluation of a new vaccine candidate, before 
execution of controlled field trials, to assess protective efficacy against BTB in cattle.

The live BCG and formalin-inactivated BCG groups did not exhibit pronounced 
CMI responses. In the heat-killed M. bovis group, however, strong and sustained 
IFN-γ responses to PPD-B were detected that, even when accounting for possible 
cross-reactivity due to exposure to non-tuberculous mycobacteria (Figures 2A-
C), were significantly higher as compared to the control group. Furthermore, 
an elevated response to CFP-10, significantly different to the control group, in 
the heat-killed M. bovis group at T3 and T9, pointed to a cell-mediated immune 
response believed to be specific to species of the MTBC. Surprisingly, no response 
to ESAT-6 was detected in this group. Since CFP-10 and ESAT-6 are found on the 
region of difference 1 (RD1) gene region of M. bovis [28] and are co-transcribed 
[29], it was expected that animals in the heat-killed M. bovis group would show 
reactivity, of comparable magnitude, to both proteins. However, heat-inactivation 
of the M. bovis strain used in this vaccine at 80°C for 30 minutes [17], may have 
affected these proteins differently and could explain the lack of a response to ESAT-
6. Although the exact underlying processes remain unclear, IFN-γ release in response 
to M. bovis specific antigenic stimulation after vaccination is generally accepted to 
play an important role in the protective mechanism against BTB, emphasizing the 
role of cell-mediated immunity. This role was confirmed in an ‘ex vivo’ experiment 
carried out by Juste et al. [19] which determined that bovine macrophages trained 
with the heat-killed M. bovis vaccine through intramuscular injection exhibited 
an increased lytic capacity, which was furthermore proposed as an underlying 
mechanism of vaccine protection. Moreover, a study in wild boar confirmed that 
high IFN-γ responses to PPD-B after vaccination with heat-killed M. bovis are likely 
to contribute to the protective mechanisms against BTB [17, 30]. Likewise, the 
CMI responses detected in the heat-killed M. bovis group in the present study, may 
point towards a similar protective mechanism in cattle.

In the present study, an early and progressively increasing humoral immune 
response to the heat-killed M. bovis vaccine, significantly different from the control 
group, was found as well (Figure 3). There was no evidence of an HI response in 
the live BCG and formalin-inactivated groups. The role of humoral immunity in 
protection against bovine tuberculosis and as a parameter for vaccine efficacy is not 
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particularly well understood and previous studies have demonstrated conflicting 
results. Wedlock et al. [12] described that significant humoral responses to a 
MPB70 DNA and protein vaccine regimen could not confer protection in cattle. 
In contrast, studies using inactivated BCG preparations in mice by Haile et al. 
[31] illustrated significant antibody responses and their vaccine was more efficacious 
than live BCG. The importance of an antibody response in mycobacterial infections 
has furthermore been highlighted in a study evaluating post-exposure vaccination 
against paratuberculosis and a correlation with vaccine efficacy was established [32]. 
The heat-killed M. bovis vaccine elicited antibody responses in wild boar that were 
suggested to be associated with protection against BTB [17, 30]. The strong HI 
response detected in the present study could potentially play a role in a protective 
mechanism against mycobacteria.

The IFN-γ response to stimulation with PPD-B increased in both BCG groups 
as well as the control group after skin test and BCG challenge. As strong post-
challenge IFN-γ responses are commonly associated with a higher lesion burden 
and lower vaccine efficacy against bovine tuberculosis, previously demonstrated by 
Hope et al. [33], the present findings may suggest that these vaccinates would not be 
protected. In contrast, in the heat-killed M. bovis group an initial decline followed 
by resurgence of the IFN-γ response was seen from T10-T11, but it remained 
below levels observed prior to T10. The fact that post-challenge IFN-γ responses 
were lowest in this group, strengthens the proposition that the heat-killed M. bovis 
vaccine appears to elicit a CMI response which may confer protection against 
BTB in cattle. In tuberculous pleuritis in humans, localized rather than systemic 
action of the cell-mediated immune response, associated with higher proportions 
of IFN-γ secreting lymphocytes in the pleural cavity as compared to the blood, 
has been demonstrated by several research groups [34, 35] and is suggested to be 
responsible for mycobacterial clearance without therapeutic intervention [36]. The 
decline in PPD-B specific CMI responses in peripheral blood after challenge in the 
heat-killed M. bovis group, could possibly be a result of homing of memory T cells 
to the site of the challenge, depleting such cells from the periphery. Evaluation of 
lymphocytes present in the inoculated prescapular lymph nodes would be required 
to test this hypothesis and was beyond the scope of the current study. Assessment of 
the weights and bacterial counts of these lymph nodes did, however, show that the 
weight distribution was the most variable in the heat-killed M. bovis group, while 
the bacterial counts were lowest in this group. These findings might potentially be 
a result of variable influx of T-cells and subsequent increased bactericidal activity.
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Animals in the control group showed no reactivity to any MTBC specific reagents 
used in the skin test, confirming that these animals had not been vaccinated with or 
exposed to Mycobacterium bovis. Skin test reactivity to the tuberculins and protein 
cocktails in the heat-killed M. bovis group was significantly different to the control 
group, clearly indicating the immunogenicity of this candidate. The slightly lower 
significance found in this group compared to that of the live BCG group can be 
explained by the greater variance that was found in the differences in skin fold 
thickness in the heat-killed M. bovis group. The skin test is a highly important and 
widely-used diagnostic tool for bovine tuberculosis. Live BCG vaccination is known 
to interfere with diagnostic tests based on the use of tuberculin [37] and although 
in our study the immunogenicity of live BCG appeared to be low, reactivity to 
bovine and avian tuberculin in this group was significantly higher as compared to 
the control group. The protein cocktails, however, contain known immunogenic 
proteins both present in (ESAT-6 and CFP-10) or dependent on (Rv3615c) the 
RD1 region of M. bovis which is deleted from BCG [38, 39], or proteins present in 
both M. bovis and BCG but with differential recognition (Rv3020) [40] and have 
been developed with the aim of establishing a DIVA principle for BTB [22]. As 
expected, skin test reactions in the live and formalin-inactivated BCG groups were 
negligible, whereas the heat-killed M. bovis vaccine group showed significant skin 
test reactivity to the tuberculins as well as the protein cocktails. It is interesting to 
note that although all animals tested positive to PC1, only 3/6 tested positive to 
PC2. Jones et al. [22] described that the addition of Rv3020 to the cocktail of ESAT-
6, CFP-10 and Rv3615c (PC1) increased sensitivity whilst preserving specificity. In 
the present study, however, it appears that the sensitivity of PC2 is much lower than 
that of PC1 and it is unclear what the cause of this discrepancy is.

There was no change in the humoral response post-skin test and -challenge in the 
control group. As the experiment was terminated 3 weeks post-challenge, this is 
not surprising because the antibody response to mycobacterial infection is known 
to be a marker of chronic or late-stage of disease [41]. This, in combination with 
the low immunogenicity of this vaccine as demonstrated in the current study, might 
also explain the lack of a response in the formalin-inactivated BCG group. There 
was a moderate antibody response in the live BCG group, which could indicate that 
priming of these animals to M. bovis might have been successful, but it is questionable 
whether this would have been protective. Animals in the heat-killed M. bovis group 
appeared to respond to the skin test and BCG challenge with a rapid deployment of 
M. bovis specific antibodies as indicated by a marked increase in S/P ratio after T9, 
which is indicative of clear sensitization to M. bovis through the initial vaccination 
and booster vaccine and might be suggestive of a protective response.
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Recovery of BCG after challenge
The greater variability that was found in the right prescapular lymph node weights 
compared to those of the left PLNs can be explained by the fact that the challenge 
was performed through intranodular injection into the right PLN, which showed 
transient visible swelling and tenderness post-injection, whereas there was no 
intervention in the left PLN. It is interesting to note that the greatest variability of 
PLN weights was found in the heat-killed M. bovis group. The meaning of this is 
not certain and could be due to increased activity of the immune system clearing 
up infection, or inflammation due to the presence of live mycobacteria. To further 
investigate the outcome of the challenge, all PLNs were processed for mycobacterial 
culture. The fact that M. bovis BCG could not be detected in any of the left PLNs, 
indicates that mycobacteria were not disseminated throughout the host, in line with 
the rationale proposed by Villarreal-Ramos et al. [23]. The recovery of BCG from 
the right PLNs proved more challenging than expected as the right PLNs of 4/6 of 
the control animals did not yield BCG on culture and 2/6 in this group showed 
the lowest yield of all vaccination groups. In fact, overall the bacterial counts were 
highly variable within and between groups. These findings might be attributable 
to the generally highly variable efficacy of BCG, documented in both animals and 
humans, or to some extent due to animal to animal variation or exposure to NTM. 
It is noteworthy that although recovery of BCG was successful in more animals in 
the formalin-inactivated BCG and heat-killed M. bovis groups, the concentration 
of bacteria was lowest in the latter group. Furthermore, although no significant 
differences were found, the bacterial counts in the heat-killed M. bovis group were 
lower as compared to unvaccinated animals (estimate ratio = 0.73). In contrast, the 
bacterial counts in the live and formalin-inactivated BCG groups were higher. These 
findings suggest that live BCG was able to replicate to a lesser extent in animals 
vaccinated with heat-killed M. bovis.

Low immunogenicity of BCG vaccine formulations
Although highly variable, vaccination with live BCG has previously been found 
to elicit cell-mediated immune responses in cattle and to some extent provide 
protection against bovine tuberculosis [42, 43]. In the present study, including it 
as benchmark vaccine, live BCG did not induce significant cell-mediated immune 
responses as compared to the control group. Relatively poor immunogenicity of the 
vaccine, in the sense of M. bovis directed CMI responsiveness, may have partly been 
caused by prior exposure to NTM [44, 45], which was reflected by the elevated 
PPD-A and PPD-F responses (Figures 2B and 2C). Interestingly, animals in the heat-
killed M. bovis group were able to mount a cell-mediated immune response strongly 
biased towards M. bovis, possibly suggesting that prior exposure to NTM might not 
interfere with the response elicited by this inactivated vaccine formulation. If true, 
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this could be of high importance for countries with high prevalences of both BTB 
and NTM, including South Africa [44, 46].

In the present study, the results found by Whelan et al. [16] could not be reproduced 
as cell-mediated and humoral immune responses detected in calves in the formalin-
inactivated BCG group were similar to or below those in the control group. The 
discrepancy in findings may be due to the effects of certain critical variables on the 
study outcome rather than poor reproducibility and warrant further investigation. 
Variables which differed between the two studies included the use of a different 
adjuvant, the length of formalin treatment, the use of a different strain of BCG 
and/or disparate exposure to different environmental mycobacteria. Furthermore, 
as live BCG proved to show poor immunogenicity in the present study, it is to be 
expected that a killed preparation of the same strain would have a similar or lower 
immunogenicity.

Limitations of the study
One of the limitations of this study was that challenge with virulent M. bovis was 
not possible and it is recommended that in future studies this is carried out in order 
to empirically assess pathological changes as a function of vaccine efficacy of the 
heat-killed M. bovis vaccine candidate.

The use of multiple statistical models increases the chance of observing a significant 
result. However, we believe that the significant results described in this study are not 
only statistically but also biologically relevant. The wide confidence intervals that 
were found in several analyses carried out in this study, can be explained by the fact 
that a relatively low number of animals was used, which was the main limitation of 
the current study. Nevertheless, strong evidence for a high immunogenicity of the 
heat-killed M. bovis vaccine was demonstrated which justifies further vaccine trials 
to evaluate its usefulness in future BTB control strategies.

Lastly, our results indicate that there was exposure to environmental mycobacteria 
during the course of the experiment, as demonstrated by the responses to PPD-A 
and PPD-F in the BOVIGAM® assay, as well as PPD-A reactivity in the skin 
test. The true M. bovis specific effects of vaccination might be masked by this 
responsivity. However, it is important to note that non-tuberculous mycobacteria 
occur ubiquitously in the environment on a global scale. Therefore, it is promising 
that the heat-killed M. bovis vaccine performed well under these circumstances, as 
they should closely resemble field conditions.
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Conclusion
The results obtained in the present study clearly indicate that subcutaneous 
vaccination with the heat-killed Mycobacterium bovis vaccine elicits strong and 
sustained cell-mediated and humoral immune responses in cattle, indicating 
excellent immunogenicity of the vaccine. Although exact correlates of protection 
are not known and this remains an important point of discussion between research 
groups, it may be assumed that an IFN-γ response such as demonstrated in this 
study, forms part of the protective immune profile against BTB. The role of humoral 
immunity in providing protection against BTB is even less well established, but more 
evidence is becoming available suggesting its value. Therefore, the finding of both 
strong CMI and HI responses to the heat-killed M. bovis vaccine, in combination 
with a lesser degree of M. bovis BCG replication after challenge, highlights the 
potential of this vaccine candidate. In further studies, challenge with virulent M. 
bovis is recommended as well as assessment of the vaccine in field studies to further 
evaluate vaccine efficacy under natural conditions.

Acknowledgements
We acknowledge Martin Vordermeier and Gareth Jones at the Animal and Plant 
Health Agency (UK) for providing the recombinant protein cocktails used in the 
skin test and for technical support, respectively. We furthermore acknowledge 
personnel of the UPBRC, who were instrumental in the care of the animals and 
support with animal handling during sampling occasions.



Immune response profiles of calves following vaccination

Ch
ap

te
r 4

121

References

1. de Lisle GW, Mackintosh CG, Bengis RG. Mycobacterium bovis in free-living and captive wildlife, including farmed 
deer. Rev Sci Tech. 2001;20(1):86-111.

2. Garnier T, Eiglmeier K, Camus JC, Medina N, Mansoor H, Pryor M, et al. The complete genome sequence of 
Mycobacterium bovis. Proc Natl Acad Sci U S A. 2003;100(13):7877-82. doi: 10.1073/pnas.1130426100 [doi].

3. Michel AL. Improving specific disease outcomes through a One Health approach--tuberculosis. Rev Sci Tech. 
2014;33(2):583-92.

4. Fitzgerald SD, Kaneene JB. Wildlife reservoirs of bovine tuberculosis worldwide: hosts, pathology, surveillance, and 
control. Vet Pathol. 2013;50(3):488-99. doi: 10.1177/0300985812467472 [doi].

5. Buddle BM, Parlane NA, Wedlock DN, Heiser A. Overview of vaccination trials for control of tuberculosis in cattle, 
wildlife and humans. Transbound Emerg Dis. 2013;60 Suppl 1:136-46. doi: 10.1111/tbed.12092 [doi].

6. Buddle BM, Pollock JM, Skinner MA, Wedlock DN. Development of vaccines to control bovine tuberculosis in 
cattle and relationship to vaccine development for other intracellular pathogens. Int J Parasitol. 2003;33(5-6):555-66. 
PubMed PMID: 12782055.

7. Chambers MA, Carter SP, Wilson GJ, Jones G, Brown E, Hewinson RG, et al. Vaccination against tuberculosis in 
badgers and cattle: an overview of the challenges, developments and current research priorities in Great Britain. Vet 
Rec. 2014;175(4):90-6. doi: 10.1136/vr.102581 [doi].

8. Vordermeier HM, Perez de Val B, Buddle BM, Villarreal-Ramos B, Jones GJ, Hewinson RG, et al. Vaccination of 
domestic animals against tuberculosis: review of progress and contributions to the field of the TBSTEP project. Res 
Vet Sci. 2014;97 Suppl:S53-60. doi: 10.1016/j.rvsc.2014.04.015 [doi].

9. Vordermeier HM, Villarreal-Ramos B, Cockle PJ, McAulay M, Rhodes SG, Thacker T, et al. Viral booster vaccines 
improve Mycobacterium bovis BCG-induced protection against bovine tuberculosis. Infect Immun. 2009;77(8):3364-
73. doi: 10.1128/IAI.00287-09 [doi].

10. Ottenhoff TH, Kaufmann SH. Vaccines against tuberculosis: where are we and where do we need to go? PLoS Pathog. 
2012;8(5):e1002607. doi: 10.1371/journal.ppat.1002607 [doi].

11. Skinner MA, Ramsay AJ, Buchan GS, Keen DL, Ranasinghe C, Slobbe L, et al. A DNA prime-live vaccine boost 
strategy in mice can augment IFN-γamma responses to mycobacterial antigens but does not increase the protective 
efficacy of two attenuated strains of Mycobacterium bovis against bovine tuberculosis. Immunology. 2003;108(4):548-
55. doi: 1589 [pii].

12. Wedlock DN, Skinner MA, Parlane NA, Vordermeier HM, Hewinson RG, de Lisle GW, et al. Vaccination with DNA 
vaccines encoding MPB70 or MPB83 or a MPB70 DNA prime-protein boost does not protect cattle against bovine 
tuberculosis. Tuberculosis (Edinb). 2003;83(6):339-49. doi: 10.1016/s1472-9792(03)00055-6.

13. Chambers MA, Wright DC, Brisker J, Williams A, Hatch G, Gavier-Widén D, et al. A single dose of killed 
Mycobacterium bovis BCG in a novel class of adjuvant (Novasome™) protects guinea pigs from lethal tuberculosis. 
Vaccine. 2004;22(8):1063-71. doi: 10.1016/j.vaccine.2003.05.002.

14. UNAIDS. Global AIDS update [Report]. 2016. Available from: http://www.unaids.org/en/resources/documents/2016/
Global-AIDS-update-2016.

15. Michel AL, Muller B, van Helden PD. Mycobacterium bovis at the animal-human interface: a problem, or not? Vet 
Microbiol. 2010;140(3-4):371-81. doi: 10.1016/j.vetmic.2009.08.029. PubMed PMID: 19773134.

16. Whelan AO, Wright DC, Chambers MA, Singh M, Hewinson RG, Vordermeier HM. Evidence for enhanced central 
memory priming by live Mycobacterium bovis BCG vaccine in comparison with killed BCG formulations. Vaccine. 
2008;26(2):166-73. doi: S0264-410X(07)01280-7 [pii].

17. Garrido JM, Sevilla IA, Beltran-Beck B, Minguijon E, Ballesteros C, Galindo RC, et al. Protection against tuberculosis 
in Eurasian wild boar vaccinated with heat-inactivated Mycobacterium bovis. PloS One. 2011;6(9):e24905. doi: 
10.1371/journal.pone.0024905 [doi].

18. Lopez V, Gonzalez-Barrio D, Lima-Barbero JF, Ortiz JA, Dominguez L, Juste R, et al. Oral administration of heat-
inactivated Mycobacterium bovis reduces the response of farmed red deer to avian and bovine tuberculin. Vet Immunol 
Immunopathol. 2016;172:21-5. doi: 10.1016/j.vetimm.2016.03.003. PubMed PMID: 27032499.

19. Juste RA, Alonso-Hearn M, Garrido JM, Abendano N, Sevilla IA, Gortazar C, et al. Increased Lytic Efficiency of 
Bovine Macrophages Trained with Killed Mycobacteria. PLoS One. 2016;11(11):e0165607. doi: 10.1371/journal.
pone.0165607. PubMed PMID: 27820836; PubMed Central PMCID: PMCPMC5098821.

20. Michel AL, Cooper D, Jooste J, de Klerk LM, Jolles A. Approaches towards optimising the gamma interferon assay for 
diagnosing Mycobacterium bovis infection in African buffalo (Syncerus caffer). Prev Vet Med. 2011;98(2-3):142-51. 
doi: 10.1016/j.prevetmed.2010.10.016; 10.1016/j.prevetmed.2010.10.016.



Chapter 4

122

21. World Organisation for Animal H. Manual of Diagnostic Tests and Vaccines for Terrestrial Animals. Paris: World 
Organisation for Animal Health (OiE), 2014  Contract No.: Report.

22. Jones GJ, Whelan A, Clifford D, Coad M, Vordermeier HM. Improved skin test for differential diagnosis of bovine 
tuberculosis by the addition of Rv3020c-derived peptides. Clin Vaccine Immunol. 2012;19(4):620-2. doi: 10.1128/
CVI.00024-12 [doi].

23. Villarreal-Ramos B, Berg S, Chamberlain L, McShane H, Hewinson RG, Clifford D, et al. Development of a BCG 
challenge model for the testing of vaccine candidates against tuberculosis in cattle. Vaccine. 2014. doi: S0264-
410X(14)01122-0 [pii].

24. Warren RM, Gey van Pittius NC, Barnard M, Hesseling A, Engelke E, de Kock M, et al. Differentiation of 
Mycobacterium tuberculosis complex by PCR amplification of genomic regions of difference. Int J Tuberc Lung Dis. 
2006;10(7):818-22.

25. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing; 
2016.

26. Pinheiro J, Bates D, DebRoy S, Sarkar D, Team RC. nlme: Linear and Nonlinear Mixed Effects Models. R package 
version 3.1-128 ed2016.

27. Dunn PK, Smyth GK. dglm: Double Generalized Linear Models. R package version 1.8.3. ed2016.
28. Mahairas GG, Sabo PJ, Hickey MJ, Singh DC, Stover CK. Molecular analysis of genetic differences between 

Mycobacterium bovis BCG and virulent M. bovis. J Bacteriol. 1996;178(5):1274-82.
29. Berthet FX, Rasmussen PB, Rosenkrands I, Andersen P, Gicquel B. A Mycobacterium tuberculosis operon encoding 

ESAT-6 and a novel low-molecular-mass culture filtrate protein (CFP-10). Microbiology. 1998;144 ( Pt 11):3195-
203. doi: 10.1099/00221287-144-11-3195. PubMed PMID: 9846755.

30. Beltran-Beck B, de la Fuente J, Garrido JM, Aranaz A, Sevilla I, Villar M, et al. Oral vaccination with heat inactivated 
Mycobacterium bovis activates the complement system to protect against tuberculosis. PLoS One. 2014;9(5):e98048. 
doi: 10.1371/journal.pone.0098048. PubMed PMID: 24842853; PubMed Central PMCID: PMCPMC4026474.

31. Haile M, Schroder U, Hamasur B, Pawlowski A, Jaxmar T, Kallenius G, et al. Immunization with heat-killed 
Mycobacterium bovis bacille Calmette-Guerin (BCG) in Eurocine L3 adjuvant protects against tuberculosis. Vaccine. 
2004;22(11-12):1498-508. doi: 10.1016/j.vaccine.2003.10.016 [doi].

32. Santema W, Rutten V, Segers R, Poot J, Hensen S, Heesterbeek H, et al. Postexposure subunit vaccination against 
chronic enteric mycobacterial infection in a natural host. Infect Immun. 2013;81(6):1990-5. doi: 10.1128/IAI.01121-
12. PubMed PMID: 23509147; PubMed Central PMCID: PMCPMC3676026.

33. Hope JC, Thom ML, Villarreal-Ramos B, Vordermeier HM, Hewinson RG, Howard CJ. Vaccination of neonatal 
calves with Mycobacterium bovis BCG induces protection against intranasal challenge with virulent M. bovis. Clin 
Exp Immunol. 2005;139(1):48-56. doi: 10.1111/j.1365-2249.2005.02668.x. PubMed PMID: 15606613; PubMed 
Central PMCID: PMCPMC1809274.

34. Shimokata K, Kawachi H, Kishimoto H, Maeda F, Ito Y. Local cellular immunity in tuberculous pleurisy. Am Rev 
Respir Dis. 1982;126(5):822-4. doi: 10.1164/arrd.1982.126.5.822. PubMed PMID: 6293353.

35. Barnes PF, Mistry SD, Cooper CL, Pirmez C, Rea TH, Modlin RL. Compartmentalization of a CD4+ T lymphocyte 
subpopulation in tuberculous pleuritis. J Immunol. 1989;142(4):1114-9. PubMed PMID: 2464638.

36. Barnes PF, Fong SJ, Brennan PJ, Twomey PE, Mazumder A, Modlin RL. Local production of tumor necrosis factor 
and IFN-γamma in tuberculous pleuritis. J Immunol. 1990;145(1):149-54. PubMed PMID: 2113553.

37. Vordermeier M, Hewinson RG. Development of cattle TB vaccines in the UK. Vet Immunol Immunopathol. 
2006;112(1-2):38-48. doi: S0165-2427(06)00087-0 [pii].

38. Millington KA, Fortune SM, Low J, Garces A, Hingley-Wilson SM, Wickremasinghe M, et al. Rv3615c is a highly 
immunodominant RD1 (Region of Difference 1)-dependent secreted antigen specific for Mycobacterium tuberculosis 
infection. Proc Natl Acad Sci U S A. 2011;108(14):5730-5. doi: 201015153 [pii].

39. Pym AS, Brodin P, Brosch R, Huerre M, Cole ST. Loss of RD1 contributed to the attenuation of the live tuberculosis 
vaccines Mycobacterium bovis BCG and Mycobacterium microti. Mol Microbiol. 2002;46(3):709-17. PubMed 
PMID: 12410828.

40. Jones GJ, Hewinson RG, Vordermeier HM. Screening of predicted secreted antigens from Mycobacterium bovis 
identifies potential novel differential diagnostic reagents. Clin Vaccine Immunol. 2010;17(9):1344-8. doi: 10.1128/
CVI.00261-10. PubMed PMID: 20668139; PubMed Central PMCID: PMCPMC2944449.

41. de la Rua-Domenech R, Goodchild AT, Vordermeier HM, Hewinson RG, Christiansen KH, Clifton-Hadley RS. Ante 
mortem diagnosis of tuberculosis in cattle: a review of the tuberculin tests, gamma-interferon assay and other ancillary 
diagnostic techniques. Res Vet Sci. 2006;81(2):190-210. doi: 10.1016/j.rvsc.2005.11.005.

42. Hewinson RG, Vordermeier HM, Buddle BM. Use of the bovine model of tuberculosis for the development of improved 
vaccines and diagnostics. Tuberculosis (Edinb). 2003;83(1-3):119-30. doi: 10.1016/s1472-9792(02)00062-8.



Immune response profiles of calves following vaccination

Ch
ap

te
r 4

123

43. Buddle BM, Wedlock DN, Denis M. Progress in the development of tuberculosis vaccines for cattle and wildlife. Vet 
Microbiol. 2006;112(2-4):191-200. doi: 10.1016/j.vetmic.2005.11.027. PubMed PMID: 16326043.

44. Buddle BM, Wards BJ, Aldwell FE, Collins DM, de Lisle GW. Influence of sensitisation to environmental mycobacteria 
on subsequent vaccination against bovine tuberculosis. Vaccine. 2002;20(7-8):1126-33. doi: S0264410X01004364 
[pii].

45. Fine PE. Variation in protection by BCG: implications of and for heterologous immunity. Lancet. 1995;346(8986):1339-
45. doi: S0140-6736(95)92348-9 [pii].

46. Gcebe N. The occurrence and molecular characterization of non-tuberculous mycobacteria in cattle, African buffalo 
(Syncerus caffer) and their environments in South Africa and genomic characterization and proteomic comparison 
with Mycobacterium bovis: University of Pretoria; 2015.





Vladimir Lopez¶, Elisabeth van der Heijden¶, Margarita Villar, Anita Michel,  
Pilar Alberdi, Christian Gortázar, Victor Rutten, José de la Fuente

¶These authors contributed equally to this work

Chapter 5

Veterinary Immunology and Immunopathology (2018)
206, 54-64

Comparative proteomics identified immune 
response proteins involved in response 

to vaccination with heat-inactivated 
Mycobacterium bovis and mycobacterial 

challenge in cattle



Chapter 5

126

Abstract

There is an imperative need for effective control of bovine tuberculosis (BTB) 
on a global scale and vaccination of cattle may prove to be pivotal in achieving 
this. The oral and parenteral use of a heat-inactivated Mycobacterium bovis (M. 
bovis) vaccine has previously been found to confer partial protection against 
BTB in several species. A role for complement factor C3 has been suggested in 
wild boar, but the exact mechanism by which this vaccine provides protection 
remains unclear. In the present study, a quantitative proteomics approach was 
used to analyze the white blood cell proteome of vaccinated cattle in comparison 
to unvaccinated controls, prior (T0) and in response to vaccination, skin test 
and challenge (T9 and T12). The Fisher’s exact test was used to compare the 
proportion of positive reactors to standard immunological assays for BTB (the 
BOVIGAM® assay, IDEXX TB ELISA and skin test) between the vaccinated 
and control groups. Using reverse-phase liquid-chromatography tandem mass 
spectrometry (RP-LC-MS/MS), a total of 12,346 proteins were identified 
with at least two peptides per protein and the Chi2-test (P=0.05) determined 
1,222 to be differentially represented at the key time point comparisons. Gene 
ontology (GO) analysis was performed in order to determine the biological 
processes (BPs), molecular functions (MFs) and cell components (CCs) the 
proteins formed part of. The analysis was focused on immune system BPs, 
specifically. GO analysis revealed that the most overrepresented proteins in 
immune system BPs, were kinase activity and receptor activity molecular 
functions and extracellular, Golgi apparatus and endosome cell components 
and included complement factor C8α and C8β as well as toll-like receptors 4 
(TLR4) and 9 (TLR9). Proteins of the Janus kinase (JAK)-signal transducer 
and activator of transcription (STAT) (JAK-STAT) and protein kinase C (PKC) 
signaling pathways were furthermore found to potentially be involved in the 
immune response elicited by the inactivated vaccine. In conclusion, this study 
provides a first indication of the role of several immune system pathways in 
response to the heat-inactivated M. bovis vaccine and mycobacterial challenge.

Keywords: Bovine tuberculosis, Mycobacterium bovis, Vaccination, Heat-
inactivated M. bovis vaccine, Comparative proteomics, Immune response 
proteins

 
* Supplementary data for Chapter 5 can be found in Appendix 3.
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List of abbreviations

ATP  adenosine triphosphate
BTB  bovine tuberculosis
BPs  biological processes
C(x)  control group at time-point x
CCs  cell components
FDR  false discovery rate
GO  gene ontology
HRP  horseradish peroxidase
IREC  instituto de Investigación en Recursos Cinegéticos
JAK-STAT  janus kinase (JAK)-signal transducer and activator of   
  transcription
MAC  membrane attack complex
MFs  molecular functions
MTBC  Mycobacterium tuberculosis complex
MYD88  myeloid differentiation protein 88
NFKB1  nuclear factor κβ 1
OD  optical density
O/U  overrepresented/underrepresented
PAMP  pathogen-associated molecular pattern
PRR  pattern recognition receptors
PSM  peptide spectrum match
RP-LC-MS/MS   reverse-phase liquid-chromatography tandem mass 

spectrometry
RT  room temperature
SOCS  suppressor of cytokine signal
T(x)  time-point x (week)
TB  tuberculosis
TBS  tris-buffered saline
TLR  toll-like receptor
TRIF   toll-interleukin-1 receptor (TIR) domain-containing 

adaptor inducing IFNβ
UPBRC  university of Pretoria Biomedical Research Centre
V(x)  vaccinated group at time-point x
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Introduction

Tuberculosis (TB) is one of the world’s most common causes of human deaths from 
infectious diseases [1]. It is caused by mycobacteria of the Mycobacterium tuberculosis 
complex (MTBC) which contains, amongst others, Mycobacterium tuberculosis (M. 
tuberculosis), infecting humans predominantly, and Mycobacterium bovis (M. bovis), 
the causative pathogen of bovine TB (BTB). Bovine tuberculosis affects the cattle 
industry worldwide, infecting approximately 50 million cattle and inflicting costs 
of around $3 billion every year [2]. Although test-and-slaughter policies have been 
successful in the past [3], eradication schemes often fail to effectively control BTB 
in domestic cattle [4]. Apart from cattle, the main reservoir of BTB in industrialized 
countries [5], humans and many other domestic and wild mammalian species can 
be affected [6,7,8,9,10]. In developing countries, the presence of such a wildlife 
reservoir [11,12] in combination with budgetary and/or ethical constraints [13] may 
further compromise control. In sub-Saharan Africa, there is a vast human-livestock-
wildlife-interface and veterinary public health surveillance is often sub-optimal or 
non-existing [14]; an epidemiological setting beneficial for effective propagation of 
mycobacteria. In South Africa, specifically, spillback from wildlife to domestic cattle 
has been established by Musoke et al. (2015) [15], raising specific concerns for 
rural livelihoods and public health in marginalized communities. It has furthermore 
been shown that there is increasing intra- and inter-species transmission of M. 
bovis [16], highlighting the need for more effective control of BTB. The M. bovis 
Bacillus Calmette-Guérin (BCG) vaccine widely-used in humans may be effective 
against BTB to a certain extent [17], but it is known to interfere with TB diagnosis 
in eradication programs in cattle. Moreover, BCG has previously shown variable 
efficacy, both in humans [18] and in cattle [19]. This could be linked to prior 
exposure to non-tuberculous mycobacteria (NTM) [20] which are highly prevalent 
in many countries [21], including South Africa [22]. Lastly, as suggested by van der 
Heijden et al. (2017) [23] the use of BCG as a live vaccine preparation in regions 
where the HIV prevalence is particularly high [24], might be unwarranted. Hence, 
new, safe and effective vaccines are urgently needed for the control of BTB.

Recently, in Spain, parenteral and oral immunization with the heat-inactivated 
M. bovis vaccine resulted in partial protection of wild boars against BTB, more 
specifically a reduction in thoracic lesions was seen [17,25]. Analyses of the white 
blood cell proteome suggested that complement factor C3 may play a role in 
protection against TB after oral immunization with the inactivated vaccine in the 
wild boar model [25,26]. Furthermore, recent results showed an increased lytic 
efficiency of bovine macrophages ex vivo, trained with heat-inactivated M. bovis 
[27], suggesting the recently proposed concept of trained immunity as potential 



Comparative proteomics identified immune response proteins

Ch
ap

te
r 5

129

mechanism of vaccine protection [28]. Finally, oral administration of the inactivated 
vaccine in farmed red deer elicited elevated levels of C3 but reduced the response 
to avian and bovine tuberculin compared to control animals [29]. Although the 
influence of the administration route is currently unknown, the advances made in 
these studies in other species [17,25,29], indicated that the parenteral use of the 
inactivated vaccine in cattle might induce protection against M. bovis without the 
risk of transmission of the vaccine strain. To address this hypothesis, cattle were 
vaccinated subcutaneously with a heat-inactivated Mycobacterium bovis vaccine, skin 
tested and challenged with live M. bovis BCG. The immune response profiles of cattle 
to the vaccination have recently been determined [23] and cattle vaccinated with 
the inactivated vaccine showed strong cell-mediated as well as early and sustained 
humoral immune responses and bovine tuberculin reactivity as determined by the 
BOVIGAM®, IDEXX TB ELISA and skin test, respectively. In the present study, 
a quantitative proteomics analysis was conducted to compare the white blood cell 
proteome of these vaccinated as well as unvaccinated control cattle at key time 
points before and after vaccination, skin test and challenge. Immune system related 
proteins (C8α, C8β, Toll-like receptor 4 (TLR4), and TLR9) were associated with 
the effect of vaccination after challenge.

Materials & Methods

Ethics statement
This study was carried out in accordance with the recommendations of the South 
African National Standard 10386 “The Care and Use of Animal for Scientific 
Purposes”. The protocol was approved, under project number V086-14, by the 
Animal Ethics committee of the University of Pretoria.

Experimental design and sample processing
Experimental design and sampling were described previously by van der Heijden 
et al. (2017) [23]. In short, twelve calves of 4-6 months of age with no prior 
sensitization to M. bovis, as demonstrated by the BOVIGAM® assay and IDEXX 
TB ELISA, were selected for this study. The animals were held in class II biological 
containment holding facilities of the University of Pretoria Biomedical Research 
Centre (UPBRC), Onderstepoort campus, Pretoria. Calves were randomly assigned 
to either the heat-inactivated M. bovis group or the control group (n=6 per group). 
The vaccine consisted of an emulsion of heat-inactivated M. bovis (Neiker strain) 
and Montanide™ ISA 50 V 2 (SEPPIC, France) adjuvant to a concentration of 1 x 
107 CFU/ml. The control inoculum consisted of an emulsion of phosphate buffered 
saline (Sigma-Aldrich, South Africa) and 50% Montanide™ ISA 50 V 2 (SEPPIC, 
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France) adjuvant (v/v). The animals were vaccinated subcutaneously in the left mid 
cervical area with 1ml of the inactivated vaccine or the control inoculum at T0, 
respectively. Animals in the vaccinated group received a booster vaccination at T3. 
At T9, all animals were skin tested using avian and bovine tuberculins as well as 
two previously described protein cocktails [30]. After reading of the skin test (T9 
+3 days), all animals were challenged with live M. bovis BCG through intranodular 
injection [31] into the right prescapular lymph node. Whole blood samples were 
collected from the jugular vein of vaccinated (V) and control (C) cattle, in EDTA 
coated tubes, using a vacutainer system, at time points T0 (C0 and V0; before 
vaccination), T9 (C9 and V9; 9 weeks after vaccination) and T12 (C12 and V12; 
3 weeks after skin test and challenge). After centrifugation of whole blood for 10 
minutes at 1500 x g, buffy coats were recovered using a sterile Pasteur pipette and 
transferred to sterile 2 ml Cryo.s™ cryovials (Greiner Bio One) containing 0.5ml 
RNAlater® (Thermo Fisher Scientific). Under maintenance of the cold chain (4°C), 
preserved buffy coats were transferred from the Department of Veterinary Tropical 
Diseases of the University of Pretoria to the Instituto de Investigación en Recursos 
Cinegéticos (IREC) and subsequently stored at 4°C for a maximum of 5 days prior 
to protein extraction.

Characterization of immune response profiles
Results from the BOVIGAM® assay, IDEXX TB ELISA and skin test in vaccinated 
animals and unvaccinated controls were described in detail in earlier work [23]. For 
this study, test results obtained by van der Heijden et al. (2017) [23] were interpreted 
according to the manufacturers’ protocols (Thermo Fisher Scientific (BOVIGAM®) 
and IDEXX (TB ELISA)) to obtain a qualitative measure for the outcomes. These 
results and those of the skin test, interpreted according to OIE standards by van 
der Heijden et al. (2017) [23], were collated for the present paper (Figure 1 and S1 
Table). To compare the proportion of positive reactors in vaccinated and control 
animals for all tests at time points relevant for the present proteomic analysis (T0, 
T9 and T12), the Fisher’s exact test from The R Stats package [32] was used in R 
[33]. For the comparison of the BOVIGAM® assay results, T11 was used instead of 
T12 as no data were available for T12.

Protein extraction and quantification
Proteins were extracted from buffy coat samples of individual vaccinated and control 
cattle at T0, T9 and T12 using the AllPrep DNA/RNA/ProteinMini Kit (Qiagen, 
Inc. Valencia, CA, USA) according to manufacturer’s instructions. Proteins from 
the six individual samples of each group were resuspended in PBS supplemented 
with 0.5% Triton X-100 and protein concentration was determined using the BCA 
Protein Assay (Thermo Scientific, San Jose, CA, USA) using bovine serum albumin 
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(BSA) as a standard. Pools of 150 µg protein were made by mixing equal amounts 
of proteins from two samples of each group to obtain three biological replicates for 
each group, per time point. Proteins were then methanol/chloroform precipitated 
and stored at -20°C until analysis.

Protein digestion and proteomics analysis
Samples were dissolved in urea buffer (8 M urea, 25 mM ammonium bicarbonate, 
pH 8), reduced with 10 mM dithiothreitol for 1 h at 37°C and then alkylated 
with 50 mM iodoacetamide for 1 h at room temperature in darkness. The mixture 
was diluted fourfold to reduce urea concentration and then in-solution digested 
overnight at 37°C with 60 ng/ml sequencing grade trypsin (Promega, Madison, WI, 
USA) (1:20 protease to protein ratio). Digestion was stopped by the addition of 1% 
final concentration of trifluoroacetic acid and the samples were then lyophilized. 
The peptides were finally desalted on OMIX Pipette tips C18 (Agilent Technologies, 
Santa Clara, CA, USA), dried-down and stored at -20°C until mass spectrometry 
analysis. The desalted peptides were resuspended in Solvent A (0.1% formic acid 
in water) and analyzed by reverse-phase liquid-chromatography tandem mass 
spectrometry (RP-LC-MS/MS) using an Easy-nLC II system coupled to an ion 
trap LTQ mass spectrometer (Thermo Scientific). The peptides were concentrated 
(on-line) by reverse phase chromatography using a 0.1×20 mm C18 RP precolumn 
(Thermo Scientific) and then separated using a 0.075×100 mm C18 RP column 
(Thermo Scientific) operating at 0.3 ml/min. Peptides were eluted using a 60-min 
gradient from 5 to 40% solvent B (0.1% formic acid in acetonitrile). ESI ionization 
was done using a Fused-silica Pico-Tip Emitter ID 10 mm (New Objective, Woburn, 
MA, USA) interface. Peptides were detected in survey scans from 400 to 1600 amu 
(1 mscan), followed by fifteen data dependent MS/MS scans (Top 15), using an 
isolation width of 2 mass-to-charge ratio units, normalized collision energy of 35% 
and dynamic exclusion applied during 30 sec periods. The MS/MS raw files were 
searched against the Uniprot Bos taurus database (32,127 entries in April 2016) [34] 
using the SEQUEST algorithm (Proteome Discoverer 1.4, Thermo Scientific). The 
following constraints were used for the searches: tryptic cleavage after Arg and Lys, 
up to two missed cleavage sites, and tolerances of 1 Da for precursor ions and 0.8 
Da for MS/MS fragment ions and the searches were performed allowing optional 
Met oxidation and Cys carbamidomethylation. A false discovery rate (FDR) < 0.05 
was considered as condition for successful peptide assignments and at least two 
peptides per protein were the necessary condition for protein identification (S2 
Table). The total number of peptide-spectrum matches (PSMs) for each protein 
were normalized against the total number of PSMs on each sample and the mean 
of three replicates was compared between vaccinated and control groups at the 
different time points by Chi2-test (P=0.05). Comparative proteomics analyses were 
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conducted using data from samples V0 vs. V9 and C9 vs. V9 (effect of vaccination), 
C0 vs. C12 and C9 vs. C12 (effect of skin test and challenge in control animals), 
V0 vs. V12 (effect of vaccination, skin test and challenge in vaccinated animals), V9 
vs. V12 (effect of skin test and challenge in vaccinated animals) and C12 vs. V12 
(effect of vaccination in challenged animals) (Figure 2A). The statistically significant 
differentially represented proteins in the comparative analyses of C0 vs. V0 and 
C0 vs. C9 were not included in further analysis as they represent differences not 
related to vaccination and/or infection such as individual-to-individual variations 
as determined by gene ontology analysis (Figure 2A). Gene ontology (GO) analysis 
for biological processes (BPs), molecular functions (MFs) and cell components 
(CCs) of the differentially represented proteins between groups was performed 
by Blast2GO software (version 3.0) [35]. Proteins were grouped according to BP, 
MF and CC GO. Venn diagrams were constructed using the Bioinformatics & 
Evolutionary Genomics tool [36] (VIB-Ugent). Pathway maps were constructed 
using GO annotations and the Kyoto Encyclopedia of Genes and Genomes 
pathway maps [37]. The mass spectrometry proteomics data have been deposited 
at the PeptideAtlas repository with the identifier number PASS01083 (http://www.
peptideatlas.org/PASS/PASS01083).

Verification of proteomics results by western blot analysis and ELISA
Rabbit, unconjugated, polyclonal primary antibodies against selected differentially 
represented immune response proteins TLR4 (Bioss Antibodies, Boston, MA, 
USA), TLR9 (antibodies-online GmbH, Aachen, Germany), C8α (Sigma-Aldrich, 
St. Louis, MO, USA) and C8β (antibodies-online GmbH) were used in western blot 
and ELISA. During verification steps, protein extracts from human promyelocytic 
HL60 cells and human buffy coat were added as positive controls, whereas protein 
extracts from Ixodes scapularis embryo-derived cells (ISE6) were used as negative 
controls.

For western blot analysis, 15 µg total proteins from pooled samples from each group 
at T0, T9 and T12 were separated by electrophoresis in a SDS-10% polyacrylamide 
gel (Life Science, Hercules, CA, USA) and transferred to a nitrocellulose membrane 
using a wet electroblotting system (Mini-Protean Tetra hand cast system, Bio-Rad, 
Hercules, CA, USA). The membrane was blocked with 3% BSA (Sigma-Aldrich) 
for 1 h at room temperature (RT) and washed three times with Tris-buffered saline 
(TBS) (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.05% Tween 20). The membrane 
was incubated with primary antibodies (at 1:1000 dilution in TBS), incubated for 
2 h at RT and washed three times with TBS. The membrane was then incubated 
for 2 h at RT with an anti-rabbit horseradish peroxidase (HRP) conjugate (Sigma-
Aldrich) diluted 1:2000 in TBS with 3% BSA and washed three times with TBS and 
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finally developed with Pierce ECL western blotting substrate (Thermo Scientific) 
according to the manufacturer’s recommendations. The intensity of protein bands 
in the western blot membrane was determined by densitometric analysis using 
ImageJ 1.44p (National institute of Health, USA). The intensity of protein bands 
was normalized against the intensity of the control β-Actin band developed using 
an anti-β-Actin (Sigma-Aldrich) primary antibody.

An indirect ELISA was conducted to quantitate the levels of the selected immune 
response proteins, using 0.1 µg total protein/well of individual samples from 
vaccinated and control cattle at T0, T9 and T12. Each sample was analyzed in 
duplicate. The plates were incubated with 0.1 µg/well of buffy coat protein extract 
overnight at 4 ºC, blocked with 100 µl/well of PBS/3% BSA for 1 h at RT and then 
washed three times with 300 µl/well PBS/0.05% Tween 20. The primary antibodies 
were diluted 1:500 and 100 µl/well incubated for 2 h at RT and wells were washed 
three times with 300 µl/well PBS/0.05% Tween 20. The secondary anti-rabbit Ig 
HRP conjugate (Sigma-Aldrich) was diluted 1:1500 and 100 µl/well incubated for 
1 h at RT and then washed four times with 300 µl/well PBS/0.05% Tween 20. The 
3,3’,5,5’-Tetramethylbenzidine one solution (Promega) (100 µl/well) was added 
and incubated for 15 min at RT. The reaction was stopped with 2M H2SO4 and 
the optical density (OD) was measured at 450 nm and compared between groups 
at each time point by two-sample paired Student’s t-test with unequal variance 
(P=0.05).

Results

Characterization of immune response profiles
The detailed host immune response profiles were analyzed and discussed in depth by 
van der Heijden et al. (2017) [23]. In short, the heat-inactivated M. bovis vaccine 
induced strong and sustained cell-mediated and humoral immune responses profiles, 
reflecting the remarkable immunogenicity of the vaccine, as demonstrated by the 
BOVIGAM® assay and skin test, and the IDEXX TB ELISA, respectively [23]. The 
control group showed no reactivity prior to challenge and only a moderate response 
post-challenge, which was ascribed to the immunogenicity of the challenge strain, 
which proved to be low [23]. The results of the immunological tests employed to 
characterize the host immune response profiles in vaccinated cattle and unvaccinated 
controls obtained in the previous study [23] were collated for this paper and are 
presented in Figure 1. Using the BOVIGAM®, 1/6 animals in the control group 
tested positive on T0 and T11, but not on T9 (0/6) (Figure 1A). In the vaccinated 
group, 0/6 animals tested positive on T0, but 4/6 and 3/6 animals tested positive 
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on T9 and T11, respectively (Figure 1A). No significant difference to the control 
group was found in the BOVIGAM® assay at these time points. Using the IDEXX 
TB ELISA, 0/6 animals tested positive in the control group at T0 and T9, but 1/6 
animals tested positive at T12 (Figure 1B). In the vaccinated group, 0/6 animals 
tested positive on T0, but 6/6 animals tested positive on T9 and T12 (Figure 1B). 
The proportion of positive reactors was significantly higher in the vaccinated group 
compared to the control group at T9 (p<0.01) and T12 (p<0.05). No animals (0/6) 
in the control group showed reactivity in the skin test (Figure 1C) [23]. In the 
vaccinated group, 3/6 animals tested positive (Δmm between the bovine and avian 
injection site ≥4mm) and 2/6 showed suspect (Δmm between the bovine and avian 
injection site: 4mm≥Δmm>2mm) reactions in the skin test (Figure 1C) [23]. The 
proportion of reactors was significantly higher in the vaccinated group compared to 
the control group (p<0.05).
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Figure 1. Characterization of immune response profiles. (A) Results of the BOVIGAM® assay carried out 
at T0, T9 and T11 in vaccinated animals and unvaccinated controls. (B) Results of the IDEXX TB ELISA 
carried out at T0, T9 and T12 in vaccinated animals and unvaccinated controls. (C) Results of the skin 
test carried out at T9 in vaccinated animals and unvaccinated controls. Produced using the ggplot2 [38] 
package in R [33].
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Figure 2. Proteomics experimental design and global analysis. (A) A quantitative proteomics analysis 
was conducted to compare the white blood cell proteome of vaccinated and unvaccinated control cattle 
that were skin tested and challenged with M. bovis BCG. The peptide spectrum matches (PSMs) for each 
protein were normalized against the total number of PSMs on each sample and the mean of three replicates 
was compared between vaccinated and control groups at the different time points by Chi2-test (P=0.05). 
Comparative proteomics analyses were conducted using data from samples V0 vs. V9 and C9 vs. V9 (effect 
of vaccination), C0 vs. C12 and C9 vs. C12 (effect of skin test and challenge in control animals), V0 vs. 
V12 (effect of vaccination, skin test and challenge in vaccinated animals), V9 vs. V12 (effect of skin test and 
challenge in vaccinated animals) and C12 vs. V12 (effect of vaccination in challenged animals). (B) Total 
number of identified proteins in control (C) and vaccinated (V) cattle at different time points T0, T9 and 
T12. (C) Number of differentially represented proteins in different comparative analyses.

Quantitative comparative proteomics reveals differences between vaccinated 
and control cattle in response to vaccination, skin test and challenge with  
M. bovis BCG
A quantitative proteomics analysis was conducted to compare the white blood 
cell proteome of vaccinated and unvaccinated control cattle skin tested at T9 and 
subsequently challenged with M. bovis BCG (Figure 2A). The goal of the study 
was to identify proteins that may be associated with the effect of vaccination (V0 
vs. V9 and C9 vs. V9), effect of skin test and challenge in control animals (C0 vs. 
C12 and C9 vs. C12), effect of vaccination, skin test and challenge in vaccinated 
animals (V0 vs. V12), effect of skin test and challenge in vaccinated animals (V9 
vs. V12) and effect of vaccination in challenged animals (C12 vs. V12) (Figure 
2A). A total of 12,346 proteins were identified with two or more peptides per 
protein in at least one of the three analyzed biological replicates per group (S2 
Table). The number of identified proteins was similar between different samples 
(per time point and group) (Figure 2B). After statistical analysis, over-represented 
and under-represented proteins were identified in all comparisons, with a similar 
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number of differentially represented proteins (Figure 2C). Using a Venn diagram, 
the differentially represented proteins were grouped according to the different time 
point and group comparisons (Figure 3A).

Figure 3. Differences between vaccinated and control cattle in response to vaccination, skin test and 
challenge with M. bovis BCG. (A) Venn diagram showing the number of differentially represented proteins 
grouped according to different comparisons. (B) Venn diagrams for the characterization of the most 
represented BPs, MFs and CCs (≥40 differentially represented proteins). Code: A, Effect of vaccination 
(V0 vs. V9 and V9 vs. C9); B, Effect of skin test and challenge in control animals (C0 vs. C12 and C9 vs. 
C12); C, Effect of skin test and challenge in vaccinated animals (V9 vs. V12); D, Effect of vaccination and 
skin test and challenge in vaccinated animals (V0 vs. V12). BPs = biological processes; MFs = molecular 
functions; CCs = cell components.

The GO analysis first focused on BPs, MFs and CCs affected by vaccination and 
the combination of skin test and challenge, which revealed that proteins from a 
multitude of BPs, MFs and CCs were differentially represented (S1 Figure). The 
characterization of the most represented (≥40 differentially represented proteins) 
BPs, MFs and CCs showed that developmental process and response to stimulus 
BPs, and adenosine triphosphate (ATP) binding and protein binding MFs were 
associated with response to skin test and challenge in both vaccinated (V0 vs. V12) 
and control (C0 vs. C12) cattle (Figure 3B). Distinctive BPs, MFs or CCs were 
not found associated with response to vaccination alone, but DNA binding MF 
was associated with skin test and challenge in vaccinated cattle alone, whereas 
centrosome and endoplasmic reticulum CCs were associated with skin test and 
challenge in control cattle (Figure 3B).
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Quantitative comparative proteomics identifies immune response proteins 
associated with the effect of vaccination in cattle vaccinated, skin tested and 
challenged with M. bovis BCG
The analysis was then focused on characterization of the immune response in 
vaccinated and skin tested and challenged cattle by specifically targeting the immune 
system proteins (Figure 4). A total of 35 immune system proteins were identified 
of which representation was affected in different ways in response to vaccination, 
skin test and challenge (Figure 4), similarly as the effect of these interventions on 
the immune system BP (S1A Figure). A few proteins that form part of the Janus 
kinase (JAK)-signal transducer and activator of transcription (STAT) signaling 
pathway (JAK-STAT) and protein kinase C (PKC) pathways were differentially 
represented at several comparisons, including ADAM metallopeptidase domain 15, 
interferon-κ, protein kinase C beta type and tyrosine-kinase protein (Figure 4), in 
animals which were vaccinated, skin tested and challenged. To identify the proteins 
associated with the effect of vaccination in challenged animals, the BPs, MFs and 
CCs containing the differentially represented proteins after comparing vaccinated 
and control cattle at T12 (C12 vs. V12; Figure 2A) were characterized (Figure 5). 
As shown before for other comparisons (Figure 3B), the most represented BPs, 
MFs and CCs (≥40 differentially represented proteins) at C12 vs. V12 were cellular 
process, metabolic process and regulation BPs, metal ion binding and protein 
binding MFs, and cytoplasm, membrane, nucleus and extracellular space CCs 
(Figure 5). However, the most upregulated BPs, MFs and CCs (over-represented/
under-represented proteins ≥1.4) in the C12 vs. V12 comparative analysis were 
immune system process and localization BPs, kinase activity, receptor activity, 
transcription factor activity, DNA binding, ATP binding and calcium binding MFs, 
and extracellular, Golgi apparatus and endosome CCs (Figure 6). The regulatory 
pathways connecting the most upregulated BPs, MFs and CCs at C12 vs. V12 were 
then mapped to predict the differentially represented immune system proteins that 
best fitted into the immune system process pathways (Figure 6). These proteins were 
selected for further analysis and included C8α, C8β, TLR4 and TLR9 (Figure 6). 
The analysis of these proteins’ differential representation in response to vaccination, 
skin test and challenge with M. bovis BCG showed that vaccination resulted in the 
under-representation of C8β (V0 vs. V9), while skin test and challenge (V9 vs. 
V12) led to over-representation of C8β but under-representation of C8α (Figure 6). 
Skin test and challenge furthermore resulted in the over-representation of the two 
identified TLR proteins in both vaccinated (V9 vs. V12) and control (C9 vs. C12) 
cattle (Figure 6). The C12 vs. V12 comparison evidenced the over-representation 
of C8β, which suggested that this protein might be associated with the response to 
vaccination in cattle (Figure 6).
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Figure 4. Differential representation of immune system proteins. The differential representation of immune 
system proteins is shown as under-represented (red) or over-represented (green) proteins in latest time point 
when compared to earliest time point for the same group, or in vaccinated animals when compared to 
control animals. Comparative proteomics analyses were conducted using data from samples V0 vs. V9 and 
C9 vs. V9 (effect of vaccination), C0 vs. C12 and C9 vs. C12 (effect of skin test and challenge in control 
animals), V0 vs. V12 (effect of vaccination, skin test and challenge in vaccinated animals), V9 vs. V12 
(effect of skin test and challenge in vaccinated animals) and C12 vs. V12 (effect of vaccination in challenged 
animals).
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Figure 5. GO analysis of differentially represented proteins for the identification of the effect of vaccination 
in challenged animals. Over-represented and under-represented proteins in the C12 vs. V12 comparative 
analysis were grouped according to BP, MF and CC. Protein differential representation is shown in 
vaccinated cattle when compared to control animals.
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Figure 6. Regulatory pathways connecting the most upregulated BPs, MFs and CCs in the C12 vs. V12 
comparative analysis. The most upregulated BPs, MFs and CCs (over-represented/under-represented 
proteins, O/U≥1.4) at C12 vs. V12 were identified and mapped to identify the immune response proteins 
involved in these pathways. Protein under-representation (red) or over-representation (green) is shown in 
relation to the effect of vaccination, skin test and challenge in vaccinated and control animals.

Western blot and ELISA analyses verified the proteomics results for selected 
immune system process proteins
Antibodies against selected immune system process proteins (C8α, C8β, TLR4 and 
TLR9) and reactive against multiple species were selected for analysis by western 
blot and ELISA. Western blot analysis of the pooled samples of vaccinated and 
control cattle, from key time points (T0, T9 and T12), detected the presence of the 
selected cattle proteins (Figure 7A and S2 Figure). A semi-quantitative analysis of 
relative protein levels after normalization against β-Actin showed a pattern similar 
to that obtained in proteomics (Figures 4 and 7A and S2 Figure). Subsequently, 
an ELISA was used to quantitate protein levels in individual cattle samples  
(Figure 7B). The results showed statistically significant differences between the time 
point comparisons that verified the results of the comparative proteomics approach, 
thus providing additional support for the results of the study (Figures 4 and 7B).
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Figure 7. Verification of proteomics results. Antibodies against selected immune system process proteins 
were selected for analysis by western blot and ELISA. (A) Western blot analysis results. The intensity of 
protein bands in the membrane (upper panel) was determined by densitometric analysis, normalized against 
the intensity of the control β-Actin band developed using an anti-β-Actin primary antibody and represented 
as relative protein levels in arbitrary units (lower panel). (B) Indirect ELISA results. The optical density 
(OD) was measured at 450 nm, represented as average + SD, and compared between groups at each time 
point by two-sample paired Student’s t-test with unequal variance (P=0.05; N=6 biological replicates).

Discussion

The aim of the current study was to investigate the white blood cell proteome of 
vaccinated and unvaccinated control cattle in an attempt to characterize immune 
response proteins and pathways which play a role in mycobacterial disease. The 
host immune response profiles to the heat-inactivated M. bovis vaccine in a broader 
sense were recently studied in cattle [23] and the results were collated in this study. 
A clear cell-mediated response to the inactivated vaccine was demonstrated by 
the BOVIGAM® assay (Figure 1A) and this response was further corroborated by 
the reaction to the skin test at T9 (Figure 1C). Furthermore, a strong humoral 
response was detected in response to the inactivated vaccine (T9) (Figure 1B). These 
results indicate that the vaccine is able to elicit distinct immune responses in cattle 
generally accepted as correlates of protection against BTB. To further elucidate 
the immune response profiles in vaccinated animals in more depth, a quantitative 
proteomics analysis was carried out. In total, 35 differentially represented immune 
system proteins associated with vaccination (C9 vs. V9 and V0 vs. V9), response to 
skin test and challenge in control animals (C0 vs. C12 and C9 vs. C12), response 
to skin test and challenge in vaccinated animals (V9 vs. V12), vaccination, skin test 
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and challenge (V0 vs. V12) or effect of vaccination in challenged animals (C12 vs. 
V12) were identified (Figure 4). Four of these differentially represented immune 
proteins were found to best fit the pathways connecting the most upregulated BPs, 
MFs and CCs; C8α, C8β, TLR4 and TLR9 (Figure 6).

Differential representation of kinase activity and receptor activity molecular 
functions in immune systems biological processes
The four identified differentially represented proteins form part of immune system 
processes, have molecular functions in kinase activity and receptor activity pathways 
and are associated with the extracellular space, Golgi apparatus and endosome cell 
components (Figure 6). Several proteins involved in essential signaling pathways of 
the host immune system, which are activated through the interaction of pathogen-
associated molecular patterns (PAMPs) with pattern recognition receptors 
(PRRs) and may lead to inflammatory responses and antimicrobial action [39], 
were identified to be differentially represented at various time point comparisons 
in vaccinated, skin tested and challenged animals (Figure 5). In these immune 
signaling cascades, a multitude of kinases and receptors are involved [39]. Thus, 
it is not surprising that kinase and receptor activity MFs were upregulated after 
challenge, as this could be indicative of recognition of the pathogen by the innate 
immune system. This in turn may activate downstream immune mechanisms of the 
host, such as a myriad of immunological signaling pathways or the complement 
system as well as adaptive immunity. Furthermore, differential representation of 
proteins involved in kinase activity which are closely related to JAK-STAT and 
PKC signaling were detected at several comparisons (Figure 4). The cytokine-
activated JAK-STAT pathway is known to be involved with downstream signaling 
through the receptor for interferon-gamma (IFN-γ) [40, 41], a crucial cytokine in 
the control of mycobacterial infection [42]. Imai et al. (2003) [43] demonstrated 
that infection with BCG in murine macrophages was associated with increased 
suppressor of cytokine signal (SOCS)-mediated negative regulation of the IFN-JAK-
STAT pathway. Furthermore, deficiency or inhibition of STAT1 has shown to lead 
to increased susceptibility to mycobacterial infection [41,43]. The PKC pathway is 
involved in a wide variety of interactions with T cells [44] and is inextricably linked 
to the JAK-STAT pathway as it is known to play a role in the phosporylation of 
STATs [41]. It has previously been shown that regulation of proteins of the PKC 
family differs between infections with pathogenic or non-pathogenic mycobacteria 
[45], implying that members of the MTBC might alter the PKC pathway 
to evade the immune system of the host. Therefore, the findings of the present 
study could reflect an interaction, modulated by the immune system of the host, 
between signaling pathways in response to vaccination, skin test and mycobacterial 
challenge. The exact mechanism by which JAK-STAT and PKC family proteins 
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exert their functions in mycobacterial infections was beyond the scope of this study 
and remains to be eludicated.

Complement
In the current study, complement factor C8α and C8β, were differentially 
represented compared to the control group at several time points (Figure 4) and 
C8β was associated with the effect of vaccination in challenged animals (Figure 6). 
The role of the complement system, which sets a coordinated enzyme cascade against 
foreign cells through pathogen recognition, opsonization and pathogen elimination 
[46,47], in mycobacterial infection has been studied quite extensively. Carroll et 
al. (2009) [48] showed that mycobacteria use the host’s innate immune system 
through activation of the complement system to facilitate uptake into macrophages 
and avoid killing. In contrast, vaccination triggered activation of the complement 
system using surface TLR signaling [25], resulting in partial protection against BTB. 
Complement factor C3, specifically, has been reported to play a role in protection 
against BTB in wild boar [25] vaccinated with the inactivated vaccine. However, 
complement factor C8 seemed to be involved in the response to the vaccine in cattle 
in the current study. Complement factor C8 is known to form an integral part of 
the membrane attack complex (MAC) which comprises complement components 
C5b-9 and is involved in direct killing through pore formation in the cell membrane 
and subsequent lysis, as well as activation of transcription factors and downstream 
immune signaling [46]. Therefore, the observed under-representation of C8β prior 
to challenge (V0 vs. V9) on the one hand, and the over-representation of C8β after 
skin test and challenge (V9 vs. V12 and C12 vs. V12) on the other hand suggests 
that the vaccine was able to initiate immune responsiveness ultimately leading to 
direct killing through the MAC. This might be induced in vaccinated animals only 
after challenge. Interestingly, C8γ, which is another C8 subunit [49], or any of 
the other complement factors that form part of the MAC, were not differentially 
represented in the current study. However, it is important to note that C8α and C8β 
specifically are known to be most crucial to final MAC assembly [49]. It is therefore 
speculated that overrepresentation of these C8 subunits exclusively, might facilitate 
more rapid and effective MAC formation. It is unclear, however, what could explain 
the discrepancy between C8α and C8β differential representation at V9 vs. V12 
(Figure 4).

Toll-like receptors
The TLR family proteins are part of the innate immune response and are involved 
in pathogen recognition. In this study, TLR9 was found to be over-represented after 
vaccination, skin test and challenge in the proteomes of vaccinated animals (V0 vs. 
V12), whereas TLR4 was over-represented after skin test and challenge in control 
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animals (C0 vs. C12) (Figures 4 and 6). Toll-like receptor 4 has previously been 
found to play a role in immunity against mycobacteria [50, 51], and it is suggested 
to be important for a Th1 bias of the adaptive immune response [52]. Meade et al. 
(2007) [53] have found that expression of TLR4 genes is suppressed in peripheral 
blood mononuclear cells of M. bovis infected animals, implying that the pathogen 
may inhibit the immune response in this way to aid its survival in the host. Another 
PRR, that has been studied to a much lesser extent in relation to TB, is TLR9. 
Bafica et al. (2005) [54] found that TLR9 indeed plays a role in the innate as well 
as adaptive immune response against TB in the murine model, through stimulation 
of pro-inflammatory cytokine release by dendritic cells and macrophages and 
mediation of a Th1 response, respectively. Interestingly, ‘synergistic activity’ between 
TLR2 and TLR9 was demonstrated, leading to increased resistance to mycobacterial 
infection [54]. Several other important immune mediators downstream of TLR 
signaling pathways, such as myeloid differentiation protein 88 (MYD88) [50], toll-
interleukin-1 receptor (TIR) domain-containing adaptor inducing IFNβ (TRIF) 
[25], Nuclear factor κβ 1 (NFKB1) [55] and IL1β in combination with IL1R1 
[51] have also been implicated in TB, emphasizing the importance of TLRs in TB 
immunity [56]. In the present study, the finding of an over-representation of TLR9 
in response to vaccination, skin test and challenge in the proteome of vaccinated 
animals (V0 vs. V12) (Figure 4) might suggest a protective signature in these animals. 
In fact, not only TLR9 but also TLR2 was found to be overrepresented in animals 
after vaccination, skin test and challenge (V0 vs. V12) (Figure 4) and these results 
should be validated in order to discern whether a similar mechanism as described 
by Bafica et al. (2005) [54] might play a role here. Co-representation of these 
TLRs in the vaccinated animals could be indicative of a cooperative action against 
mycobacteria. Of interest is the finding by Kiemer et al. (2009) [57] that attenuated 
mycobacterial strains are more capable of activating TLR9 signaling as compared 
to virulent strains. This could explain why animals vaccinated with the inactivated 
vaccine, showed increased TLR9 representation after skin test and challenge (V0 vs. 
V12). TLR4 has been shown to be capable of recognizing mycobacterial antigens 
[50, 52], but the exact role of TLR4 remains unclear as studies with TLR4 deficient 
mice have shown conflicting results [56]. Means et al. (1999) [58] confirmed 
that TLR4 recognizes mycobacteria, but further demonstrated that it is unable to 
recognize heat-inactivated M. tuberculosis. Similarly, in the study presented here, 
an over-representation of TLR4 in control animals, but not vaccinated animals, 
in response to skin test and challenge (C0 vs. C12), was found (Figure 4). This 
result might suggest that, in unvaccinated controls, live BCG is readily processed 
by TLR4. In contrast, in vaccinated animals, pathways through PRRs other than 
TLR4 might take over.
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Limitations of the study
Animals were challenged with live M. bovis BCG rather than a virulent M. bovis 
due to practical constraints [23]. Therefore, future efficacy studies of the heat-killed 
M. bovis vaccine should include a virulent challenge coupled with assessment of 
pathological changes, in order to determine the true protective capacity of the 
vaccine.

In the current study, samples of two animals per group were pooled, bringing the total 
number of biological replicates per group to three. Pooling of samples is common 
practice in several “-omics” fields [59, 60], including that of proteomics [61]. It is 
a useful approach when the available material per biological replicate is limited, to 
reduce biological variation, or when there are financial constraints [61, 62, 63], as 
was the case in this study. Karp and Lilley (2007) [62] have described that the use 
of several small pools of samples, as employed in this study, is an acceptable method 
which will still allow for estimation of the variance within treatment groups as well 
as the identification of outliers. As a result, since the purpose of this study was to 
evaluate and compare the proteome of vaccinated animals versus control animals on 
a group-level, the effect of pooling should be minimal.

Recently, van der Heijden et al. (2017) [23] described the immune response profiles 
of cattle to the inactivated vaccine used in the present study, as well as to live M. 
bovis BCG and a formalin-inactivated BCG vaccine. The latter candidates were left 
out in this experiment, in part on account of financial considerations, but more 
importantly due to a lack of merit: The formalin-inactivated vaccine candidate 
showed very limited reactivity in cattle [23] and was deemed ineffective. Principally, 
the BCG group was excluded from further evaluation because the epidemiological 
setting of southern Africa strongly favours the use of an inactivated vaccine. 
Furthermore, although BCG has been shown to convey protection with variable 
efficacy [64, 65], its immunogenicity appeared poor in the previous study and van 
der Heijden et al. (2017) [23] demonstrated that the inactivated M. bovis candidate 
was more immunogenic.
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Conclusion
In conclusion, this study provides a first glance at alterations to the bovine 
proteome in response to vaccination with heat-inactivated Mycobacterium bovis and 
mycobacterial challenge. The GO analysis of the differentially represented proteins 
identified in this study provides insights into the role of regulatory immune system 
pathways in response to vaccination and mycobacterial challenge. Further studies 
into the exact role of these immune response proteins and the specific mechanism 
by which these regulatory pathways are activated is necessary and could potentially 
help identify novel biomarkers or correlates of protection against bovine tuberculosis 
in cattle.
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Abstract

Since traditional methods to control bovine tuberculosis (BTB) are faced 
with increasing difficulties in terms of ethical and financial considerations, 
there is a need to address the BTB control additionally through alternative 
means. Vaccination of cattle and wildlife may become a key facet of future 
control strategies for BTB. The heat-inactivated Mycobacterium bovis (M. 
bovis) vaccine candidate has shown strong cell-mediated and humoral immune 
responses, and a reduction of lesion scores in various species. The aim of this 
study was to evaluate the protective efficacy of the vaccine in cattle through 
more in-depth assessment of putative correlates of protection. Peripheral blood 
mononuclear cells (PBMCs) were isolated from animals (n=18) vaccinated 
with the heat-inactivated M. bovis, live M. bovis BCG and unvaccinated 
controls and stimulated for ex vivo and cultured IFN-γ ELISpots and flow 
cytometric analyses of the proportion of CD4+, CD8+, WC1+ cells and central 
memory (Tcm), effector memory (Tem) and effector (Te) T cells before and after 
vaccination and after mycobacterial challenge. The overall response to specific 
in vitro stimulation was low in all assays. No significant effects of vaccination 
or mycobacterial challenge were observed in either of the vaccine groups as 
compared to the control group, yet the results indicated responsiveness to 
vaccination and challenge.

Keywords: Bovine tuberculosis, Cell-mediated immunity, ELISpot, Flow 
cytometry, Vaccination

 
* Supplementary data for Chapter 6 can be found in Appendix 4.
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Introduction

Vaccination is considered a viable approach to supplement existing control measures 
against bovine tuberculosis (BTB), which is still a disease of huge concern on a 
global scale due to its complex pathogenesis and the multifaceted impact of the 
disease [1]. Important considerations in this matter are i) the reduced efficacy and 
feasibility of large-scale test-and-cull programs, both from a financial perspective 
and for animal health and welfare reasons, in several countries; ii) the effect on the 
livestock industry, wildlife conservation, and trade; and iii) the zoonotic risk. The 
aim of vaccination would not only be a reduction in prevalence and severity of disease 
in livestock, but also to limit the risk of transmission of M. bovis between wildlife, 
livestock [2] and humans [3], which may be of particular significance in countries 
where wildlife reservoirs exist [1]. The protective potency of the only commercially 
available vaccine for tuberculosis, live M. bovis BCG, has been widely investigated 
in animals, and showed highly variable results [1]. Currently, BCG cannot be used 
in control schemes for animals due to several limitations [4], but research efforts 
are being made towards strategies employing improved formulations of live BCG 
in combination with sub-unit vaccines and protocols that allow differentiation of 
infected from vaccinated animals (DIVA) [1]. Vaccines consisting of inactivated 
rather than live preparations of M. bovis are, however, also being explored and 
promising results have been obtained in several species, such as wild boar [5, 6], red 
deer [7, 8] and cattle [9-12]. The application of such vaccine candidates is thought 
to be advantageous in wildlife, especially when used in baiting strategies [5, 6, 8, 9], 
as well as in cattle in regions with a vast wildlife-livestock-human interface, in view 
of to the lack of potential vaccine propagation [11, 12] and finally in reducing the 
risk of zoonotic transfer.

The protective efficacy of vaccine candidates is most effectively demonstrated 
through challenge studies with M. bovis and subsequent evaluation of pathological 
changes in vaccinated versus unvaccinated animals, and differentiation between 
protected versus unprotected individuals. Such studies are not always feasible due to 
the lack of approved testing facilities, given the zoonotic potential of M. bovis, and 
associated financial burden [13]. Hence, vaccination studies commonly evaluate 
the host immune response through advanced immunological methods and aim to 
provide a measure of certain biomarkers as (putative) predictors of vaccine efficacy or 
true correlates of protection [14]. Van der Heijden et al. (11) demonstrated a potent 
cell-mediated immune (CMI) response to vaccination with a heat-inactivated M. 
bovis vaccine candidate in cattle, indicating excellent uptake and immunogenicity 
of the vaccine. The immunological proteins and pathways involved in this response 
were further characterized by Lopez et al. (12) employing proteomic analyses.
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The aim of the current study was to further evaluate the cellular immune response 
to vaccination with live M. bovis BCG and the heat-inactivated M. bovis vaccine 
by functional and phenotypic characterization of the T cell response of cattle by 
measurement of putative correlates of protection described before [15] using ex vivo 
and cultured ELISpot, and flow cytometric analyses of the proportions of CD4+, 
CD8+ and WC1+ cells and central memory (Tcm), effector memory (Tem) and effector 
(Te) T cells [15-17], respectively.

Materials & Methods

Ethics statement
The recommendations of the South African National Standard 10386 “The Care and 
Use of Animals for Scientific Purposes” were strictly adhered to in this study and the 
protocol was approved by the Animal Use and Care Committee of the University of 
Pretoria (Certificate number V066-15) prior to commencement of the study.

Study design
The study design and timeline of interventions and sampling occasions was as 
previously described [11]. Briefly, the study was carried out in the class II biological 
containment holding facilities of the University of Pretoria Biomedical Research 
Centre (UPBRC). Calves (n=18) of 4-6 months of age were screened for the absence 
of prior sensitization to M. bovis using the BOVIGAM® assay and the IDEXX M. 
bovis Ab test, enrolled in the study and randomly assigned to the live M. bovis BCG 
group (n=6), the heat-killed M. bovis group (n=6) or the control group (n=6). The 
formulation and administration of the vaccine candidates and control inoculum 
were as previously described [11] and listed in Table 1. Heparinized whole blood 
was collected prior to vaccination (T0) and at various time points after vaccination 
(T4, T7, T9) and challenge (T12) and immediately processed for the isolation of 
peripheral blood mononuclear cells (PBMCs).

Table 1. Vaccination groups. Administration, formulation and dosage of the different vaccine candidates as 
previously described by van der Heijden et al. [11]. PBS = phosphate buffered saline.

Group Administration Formulation and dosage

Live M. bovis BCG T0 Live M. bovis BCG (1mL containing 2 x 106 CFU)

Heat-killed M. bovis T0 & T3 M. bovis (Neiker strain) in Montanide™ ISA 50 V2 (1mL containing 
1 x 107 CFU)

Control T0 PBS in Montanide™ ISA 50 V2 (1mL)
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Isolation of PBMCs
Peripheral blood mononuclear cells were isolated using density gradient separation 
[18]. Briefly, 15 mL of heparinized whole blood was diluted (1:1) in sterile 
Dulbecco’s phosphate buffered saline (PBS) (Sigma-Aldrich, South Africa) to a total 
volume of 30 mL, carefully layered on top of 12 mL of Histopaque-1077 (Sigma-
Aldrich, South Africa) and centrifuged at 1000 x g for 30 min, without deceleration. 
The interphase was harvested and washed twice with PBS through centrifugation 
at 300 x g for 10 min. Cells were gently suspended in freeze medium consisting 
of 70% complete medium (CM) (RPMI 1640 with GlutaMAX™ (Sigma-Aldrich, 
South Africa), supplemented with penicillin (50 U/mL), streptomycin (50 mg/mL) 
(Sigma-Aldrich, South Africa) and 10 mM HEPES (Sigma-Aldrich, South Africa)), 
20% fetal bovine serum (FBS) (Gibco, Thermofisher Scientific, South Africa) and 
10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, South Africa), brought to -80°C 
using Mr Frosty freezing containers (Sigma-Aldrich, South Africa) and subsequently 
transferred to the -140°C freezer for storage, until further analysis.

Stimulation of PBMCs
Tissue culture medium (TCM) was prepared as previously described [16] (RPMI 
1640 medium containing GlutaMAX™ and 25 mM HEPES (Sigma-Aldrich, South 
Africa) supplemented with penicillin (100 U/mL), streptomycin (100 mg/mL) 
(Sigma-Aldrich, South Africa), 10% FBS (Gibco, Thermofisher Scientific, South 
Africa), 1% non-essential amino acids (Sigma-Aldrich, South Africa) and 50 μM 
2-mercaptoethanol (Sigma-Aldrich, South Africa)) and warmed up to 37°C in a 
water bath. Cryopreserved PBMCs (2 mL) were carefully thawed and washed in 10 
mL TCM through centrifugation at 300 x g for 5 min, after which PBMCs were 
counted using a Neubauer chamber and adjusted to a cell concentration of 2.5 x 
106 PBMCs/mL. Antigens used for in vitro stimulation were: PPD-A (1000 IU/
mL), PPD-B (600 IU/mL) and ESAT-6/CFP-10 (5 μg/mL). Pokeweed mitogen 
(PWM) was used as an internal positive control (5 μg/mL), and TCM was used as 
an internal negative control (1:1). For ex vivo assays, cells were stimulated for 20 
hours in an incubator at 38°C with 5% CO2 on 96-well ELISpot plates (Mabtech, 
Sweden) or 48-well cell culture plates (Cellstar®, Greiner Bio One, Germany). For 
long-term cultured assays, cells were stimulated for 13 days in an incubator at 38°C 
with 5% CO2 on 48-well cell culture plates (Cellstar®, Greiner Bio One, Germany). 
Cells were fed with TCM containing 10 U/mL recombinant IL-2 (Sigma-Aldrich, 
South Africa) on days 3 and 7, and just TCM on days 10 and 12.
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ELISpot analyses
Bovine IFN-γ ELISpotPLUS kits (Mabtech, Sweden) were used according to the 
manufacturer’s recommendations, for the enumeration of bovine IFN-γ secreting 
cells of cattle at T0, T4, T9 and T12. No cells were available for T0 of 1 animal 
in the heat-killed M. bovis group. Briefly, for ex-vivo ELISpots, pre-coated (mAb 
MT17.1), 96-well ELISpot plates were washed 4 times with sterile PBS (200 μL/
well) and incubated at room temperature (RT) with 200 μL/well of TCM for a 
minimum of 30 min, after which 100 μL of cells (2.5 x 105 PBMCs/well) were 
stimulated on the plate as described above. After 20 hours, the plates were washed 
5 times with PBS (200 μL/well) and incubated with 100 μL/well of the diluted 
biotinylated detection Ab (0.25 μg/mL MT307 in PBS with 0.5% FBS (PBS/
FBS) for 2 hrs at RT. The plates were washed and incubated with 100 μL/well of 
Streptavidin-ALP diluted 1:1000 in PBS/FBS for 1 hr at RT. Plates were washed 
and incubated with 100 μL/well of filtered BCIP/NBT-plus (5-bromo-4-chloro-3-
indolyl phosphate / nitro blue tetrazolium) substrate, until distinct spots emerged 
(20-30 min). Color development was stopped by washing in tap water and plates 
were left to dry at RT. For cultured ELISpots, pre-coated (mAb MT17.1), 96-well 
ELISpot plates were washed 4 times with sterile PBS (200 μL/well) and incubated 
at room temperature (RT) with 200 μL/well of TCM for a minimum of 30 min. 
Autologous antigen presenting cells (APCs) were prepared on day 13: a new aliquot 
of PBMCs was thawed and washed as described above, adjusted to 1 x 106 PBMCs/
mL and 100 μL/well were incubated on the ELISpot plate for 90 min at 38°C after 
which plates were vigorously shaken and washed to remove non-adherent cells. The 
adherent cells were co-incubated on 96-well ELISpot plates (Mabtech, Sweden) 
with the long-term cultured cells and stimulating antigens for another 20 hours at 
38°C with 5% CO2. Staining of the spots was done as described above.

Plates were read using the A.EL.VIS ELISpot reader (A.EL.VIS, Germany). Triplicates 
were averaged and results displayed as mean spot-forming-cells (SFCs)/106 PBMCs. 
Statistical analyses were carried out in R version 3.3.0 [19]. Linear mixed effects 
(LME) models [20] were used to analyze the results of the ELISpot in the different 
groups as compared to the control group, over time. The outcome variable was the 
ratio of the stimulant over the NIL and the data were log transformed in order to meet 
the model assumptions of normality and homoscedasticity (log(stimulant/NIL); “log 
ratios”). The best fit was based on the Akaike Information Criterion (AIC).

Flow cytometric analysis
Flow cytometric analysis was carried out in order to determine the phenotype of 
stimulated PBMCs of cattle at T0, T4, T9 and T12. No cells were available for T0 
of 1 animal in the heat-killed M. bovis group. Cells (5 x 105 PBMCs/well) were 



In-depth characterization of the immunological response to vaccination

Ch
ap

te
r 6

157

stimulated in 48-well cell culture plates as described above. After the stimulation, 
plates were centrifuged at 300 x g for 5 min, the supernatant discarded, and cells 
resuspended in PBS with 1% bovine serum albumin (BSA) (PBS/BSA). Cells were 
divided into two aliquots of 100 μL and stained. The first aliquot was stained with 
CD4-Alexa Flour 647, CD8-RPE and WC1-FITC (Table 2, panel 1). The second 
aliquot was stained with CD45RO-RPE, CD62L-FITC and CCR7-PE (Table 2, 
panel 2). Staining was done according to the manufacturer’s recommendations. 
Briefly, 100 μL of cells (5 x 106 PBMCs/mL) were added to each test tube (Lab 
equip, Beckman Coulter, South Africa) and stained with 5 μL of each antibody for 
at least 45 min at 4°C, avoiding direct light. Cells were washed with 2 mL of PBS/
BSA and centrifuged at 300 x g for 5 min at 4°C. The supernatant was discarded, and 
cells were resuspended in 700 μL of cold PBS and kept on ice until acquisition of 
data. The Gallios flow cytometer (Beckman Coulter, South Africa) was set to acquire 
data for 20,000 events or a maximum of 5 minutes per sample, whichever was 
achieved first. Post-acquisition analysis of data was carried out using Kaluza Flow 
Cytometry data analysis software (version 2.1, Beckman Coulter, Miami, USA). 
The gating strategies for panels 1 and 2 are depicted in Figures 1 and 2, respectively.

Table 2. Cell staining antibodies for extracellular markers. All antibodies listed were monoclonal. The rat 
anti-human CCR7 antibody was sourced from BD Pharmingen™; while the remaining antibodies were 
sourced from Bio-Rad laboratories. Human CCR7 antibody was previously shown to be reactive for bovine 
cells by Maggioli et al. [15].
Panel Antibody Source and specificity Fluorochrome

1
MCA1653A647 Mouse anti-bovine CD4 Alexa Fluor® 647
MCA837PE Mouse anti-bovine CD8 RPE
MCA838F Mouse anti-bovine WC1 FITC

2
MCA2434PE Mouse anti-bovine CD45RO RPE
MCA1649F Mouse anti-bovine CD62L FITC
BD/557648 Rat anti-human CCR7 PE-Cy7

Linear mixed effects models [20] were used to analyze the percentages of the various 
cell populations, in the different groups as compared to the control group, over 
time. The outcome variable was the ratio of the stimulant over the NIL and the 
data were log transformed in order to meet the model assumptions of normality and 
homoscedasticity (log(stimulant/NIL); “log ratios”). The best fit was based on the 
Akaike Information Criterion (AIC).
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Figure 1. Representative gating strategy for evaluation of panel 1. (1) Live cells (within the rectangular 
gate); (2) Expression of CD4 and CD8 on live cells; a quadrant was used to characterize the populations as 
CD4-/CD8+ (top left), CD4+/CD8+ (top right), CD4-/CD8- (bottom left) and CD4+/CD8- (bottom right); 
(3) Expression of WC1 on CD4-/CD8- cells (rectangular gate).
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Figure 2. Representative gating strategy for evaluation of panel 2. (1) Live cells (within the rectangular 
gate); (2A) Expression of CCR7 and CD45RO on live cells; gates were used to characterize the populations 
as CCR7-/CD45RO+ (top left), CCR7+/CD45RO+ (top right), CCR7-/CD45RO- (bottom left) and 
CCR7+/CD45RO- (bottom right); (2B) Expression of CD62L and CD45RO on live cells; a quadrant was 
used to characterize the populations as CD62L-/low/CD45RO+ (top left), CD62Lint/+/CD45RO+ (top right), 
CD62L-/low/CD45RO- (bottom left) and CD62Lint/+/CD45RO- (bottom right); an additional rectangular 
gate was used to demarcate the CD62L+ cells. (3) Expression of CD62L gated on CCR7/CD45RO 
populations; CD62L expression was characterized as low (left gate), intermediate (middle gate) or high 
(right gate). (3A) Expression of CD62L on CCR7+/CD45RO+ cells to determine the proportion of central 
memory T (Tcm) cells; (3B) Expression of CD62L on CCR7-/CD45RO+ cells to determine the proportion 
of effector memory T (Tem) cells; (3C) Expression of CD62L on CCR7-/CD4RO- cells to determine the 
proportion of effector T (Te) cells.
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Results

Ex-vivo and cultured ELISpot
A quantitative measure of the cell-mediated immune response (CMI) was measured 
by ELISpot before vaccination (T0), at two time points after vaccination and 
booster (T4 and T9) and after mycobacterial challenge (T12). No spot-formation 
was observed on any of the final plates of the cultured ELISpot assays, hence no 
results could be recorded for these assays. The mean results of the ex vivo ELISpot 
assays are summarized below and presented in more detail in Figure 3 and Tables 
S1-2.

The mean response of PBMCs of all animals to PWM was 1539 SFC/106 PBMCs 
(range = 52 - 7617 SFC/106 PBMCs) with a standard deviation of 1160 SFC/106 
PBMCs. The threshold PWM response, calculated using the mean minus 1 standard 
deviation, was <380 SFCs/106 PBMCs. Twelve observations were excluded from 
the analysis due to low cell viability (response to PWM < 380 SFC/106 PBMCs), 
and two further observations were excluded from the analysis as log ratios could 
not be determined due to artefacts in the NIL triplicate wells, making it impossible 
to count the number of spots in those wells. The final dataset consisted of 57 
observations (n=3 at T0, n=6 at T4 and T9; and n=4 at T12 in the control group; 
n=4 at T0; n=6 at T4 and T9; and n=3 at T12 in the live M. bovis BCG group; 
and n=5 at T0; n=6 at T4 and T9; and n=2 at T12 in the heat-killed M. bovis 
group). The mean responses to PPD-B, PPD-A, ESAT-6/CFP-10 and NIL of the 
two vaccination groups and the control group at T0, T4, T9 and T12 are presented 
in Figure 3 and Table S1A-C. In the control group, the mean number of SFC in the 
NIL wells was 310 SFC/106 PBMCs (range = 101-590 SFC/106 PBMCs), whereas 
it was 339 SFC/106 PBMCs (range = 84-1425 SFC/106 PBMCs) in the live M. bovis 
BCG group and 249 SFC/106 PBMCs (range = 80 - 424 SFC/106 PBMCs) in the 
heat-killed M. bovis group. The responses to PPD-A, PPD-B and ESAT-6/CFP-10 
were analyzed using LME models [20] as a log transformed ratio of the stimulant 
over the NIL value. The explanatory variables were time and vaccination group, 
which proved to be the final model for PPD-B and PPD-A, while for ESAT-6/CFP-
10 only group turned out the be explanatory. A random intercept and slope for the 
animal ID were used in order to account for correlated observations within animals. 
Detailed outcomes of the final models are presented in Table S2.

The overall mean response to PPD-B was 283 SFC/106 PBMCs (range = 88 - 632 
SFC/106 PBMCs) in the control group, whereas it was 404 SFC/106 PBMCs (range 
= 72 - 1393 SFC/106 PBMCs) in the live M. bovis BCG group and 387 SFC/106 
PBMCs (range = 99 - 903 SFC/106 PBMCs) in the heat-killed M. bovis group. The 
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LME analysis showed that the overall response to PPD-B was significantly higher 
in both vaccinated groups as compared to the control group (p<0.05 and p<0.001 
for the live M. bovis BCG and heat-killed M. bovis groups, respectively). The overall 
response to PPD-B was significantly higher in all groups at T4 and T9 as compared 
to T0 (p<0.05 and p<0.01 for T4 and T9, respectively). There was no interaction 
between time and vaccination group.

The overall mean response to PPD-A was 233 SFC/106 PBMCs (range = 75 - 407 
SFC/106 PBMCs) in the control group, whereas it was 373 SFC/106 PBMCs (range 
= 60 - 1874 SFC/106 PBMCs) in the live M. bovis BGC group and 252 SFC/106 
PBMCs (range = 105 - 476 SFC/106 PBMCs) in the heat-killed M. bovis group. 
The LME analysis showed that the overall response to PPD-A was significantly 
higher in both vaccinated groups as compared to the control group (p<0.05 and 
p<0.01 for the live M. bovis BCG and heat-killed M. bovis groups, respectively). 
The overall response to PPD-A was significantly higher in all groups at T4, T9 and 
T12 as compared to T0 (p<0.05 for T4 and T12 and p<0.01 for T9). There was no 
interaction between time and vaccination group.

The overall mean response to ESAT-6/CFP-10 was 272 SFC/106 PBMCs (range 
= 110 - 528 SFC/106 PBMCs) in the control group, whereas it was 341 SFC/106 
PBMCs (range = 75 - 1431 SFC/106 PBMCs) in the live M. bovis BCG group and 
271 SFC/106 PBMCs (range = 79 - 584 SFC/106 PBMCs) in the heat-killed M. 
bovis group. The LME analysis showed that the overall response to ESAT-6/CFP-
10 was significantly higher in the heat-killed M. bovis group as compared to the 
control group (p<0.05). Time was not included in the model and thus there were no 
significant differences in the response over time. There was no interaction between 
time and vaccination group.

Flow cytometric analysis
The phenotypes of the cell populations, of putative relevance in the CMI 
responsiveness, were monitored before vaccination (T0), at two time points after 
vaccination and booster (T4 and T9) and after mycobacterial challenge (T12) 
and compared to the control group. Since the cultured ELISpots had failed, flow 
cytometric analyses of the resulting cells were abandoned, those of ex vivo cells 
are reported below. The proportions of CD4+, CD8+ and WC1+ (representing γδ 
cells) in response to stimulation with PPD-B, PPD-A and ESAT-6/CFP-10 after 
vaccination and challenge were evaluated. Furthermore, central memory (Tcm; 
defined as CCR7+, CD61Lhi, CD45RO+), effector memory (Tem; defined as CCR7-, 
CD61Llow/int, CD45RO+) and effector (Te; defined as CCR7-, CD62L-/low, CD45RO-) 
T cells were identified based on the phenotypes described by Maggioli et al. [15]. 
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Since a significant difference was observed in the number of events counted at T9 
and T12 as compared to T0 (as tested by the paired T-test in R [21]; p <0.05), the 
results of T9 and T12 were excluded from further analysis. The phenotype analyses 
for T0 and T4 are summarized below and presented in more detail in Figures 4-9 
and Tables S3-6. The final dataset consisted of 35 observations (n=6 at T0 and T4 
each in the control group and live M. bovis BCG group; and n=5 at T0; and n=6 at 
T4 in the heat-killed M. bovis group).

Figure 3. Ex-vivo ELISpot responses. Mean SFC/106 PBMCs in response to PPD-B, PPD-A and ESAT-6/
CFP-10 in the different groups, at (A) T0, before vaccination; (B) T4, 4 weeks after vaccination; (C) T9, 9 
weeks after vaccination; and (D) T12, after challenge. Error bars represent the standard error of the mean.
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Panel 1
The proportion of CD4+, CD8+ and WC1+ T cell populations in the response to PPD-A, 
PPD-B and ESAT-6/CFP-10 were analyzed using LME models [20] as log transformed 
ratios of the stimulant over the NIL response. The models were tested for inclusion of 
the explanatory variables time, vaccination group and the interaction between both. 
A random intercept and slope for the animal ID were used in the models describing 
CD4+ (all stimulants) and CD8+ (PPD-B) cell populations, while a random intercept 
and slope for the time per animal ID were used in the other models, in order to account 
for correlated observations within animals. In the final model for the CD4+ response 
to PPD-B and PPD-A the explanatory variable was time, while those for the CD4+ 
response to ESAT-6/CFP-10 were time and vaccination group. In the final model for 
the CD8+ response to PPD-B and PPD-A the explanatory variable was time. In the 
final model for the CD8+ response to ESAT-6/CFP-10 the explanatory variables were 
time, vaccination group and the interaction between both. In the final models for the 
WC1+ (γδ) response to PPD-B the explanatory variable was time. In the final model for 
the WC1+ (γδ) response to PPD-A the explanatory variable was vaccination group. The 
mean T cell responses to PPD-A, PPD-B and ESAT-6/CFP-10 of the two vaccination 
groups and the control group at T0 and T4 are presented in Figures 4-6, respectively, 
and Table S3. Detailed outcomes of the final models are presented in Table S4.

In the control group, the mean T cell response to PPD-B consisted of 27.8% (range = 
16.8% - 51.1%) CD4+ cells, 4.6% (range = 1.7% - 7.7%) CD8+

 cells, and 6.5% (range 
= 2.5% - 14.3%) WC1+ cells. In the live M. bovis BCG group, the mean T cell response 
to PPD-B consisted of 22.9% (range = 8.8% - 41.9%) CD4+ cells, 6.0% (range = 
2.9% - 11.4%) CD8+

 cells, and 6.0% (range = 0.9% - 17.2%) WC1+ cells. Finally, in 
the heat-killed M. bovis group, the mean T cell response to PPD-B consisted of 21.2% 
(range = 10.5% - 38.1%) CD4+ cells, 13.2% (range = 3.7% - 32.6%) CD8+

 cells, and 
6.1% (range = 3.7% - 10.5%) WC1+ cells. No significant differences in the proportion 
of CD4+, CD8+ and WC1+ T cell populations in response to PPD-B between any of 
the time points or groups were observed.

In the control group, the mean T cell response to PPD-A consisted of 26.5% (range = 
16.4% - 51.2%) CD4+ cells, 4.9% (range = 1.9% - 8.4%) CD8+

 cells, and 7.4% (range 
= 3.2% - 14.4%) WC1+ cells. In the live M. bovis BCG group, the mean T cell response 
to PPD-A consisted of 20.7% (range = 8.8% - 33.5%) CD4+ cells, 6.4% (range = 
3.1% - 11.4%) CD8+

 cells, and 6.9% (range = 1.1% - 18.2%) WC1+ cells. Finally, in 
the heat-killed M. bovis group, the mean T cell response to PPD-A consisted of 18.9% 
(range = 10.6% - 26.2%) CD4+ cells, 6.3% (range = 3.4% - 11.2%) CD8+

 cells, and 
6.1% (range = 3.8% - 8.7%) WC1+ cells. No significant differences in the proportion 
of CD4+, CD8+ and WC1+ T cells in response to PPD-A between any of the time 
points or groups were observed.
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In the control group, the mean T cell response to ESAT-6/CFP-10 consisted of 
25.0% (range = 16.2% - 50.8%) CD4+ cells, 6.4% (range = 2.4% - 11.4%) CD8+

 

cells, and 8.4% (range = 3.2% - 20.6%) WC1+ cells. In the live M. bovis BCG 
group, the mean T cell response to ESAT-6/CFP-10 consisted of 22.8% (range = 
13.3% - 35.5%) CD4+ cells, 7.7% (range = 3.7% - 13.7%) CD8+

 cells, and 6.3% 
(range = 0.9% - 16.3%) WC1+ cells. Finally, in the heat-killed M. bovis group, 
the mean T cell response to ESAT-6/CFP-10 consisted of 19.8% (range = 11.5% 
- 31.4%) CD4+ cells, 7.4% (range = 3.9% - 12.6%) CD8+

 cells, and 6.1% (range 
= 2.9% - 9.1%) WC1+ cells. No significant differences in the proportion of CD4+, 
CD8+ and WC1+ cells in response to ESAT-6/CFP-10 between any of the time 
points or groups were observed.
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Figure 4. Cell populations in response to PPD-B in Panel 1. Mean percentages of cell populations in 
response to PPD-B in the different groups, at (A) T0, before vaccination; and (B) T4, 4 weeks after 
vaccination. Error bars represent the standard error of the mean. CD4 = CD4+ T cells; CD8 = CD8+  
T cells; WC1 = WC1+ T cells (γδ cells).
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Figure 5. Cell populations in response to PPD-A in Panel 1. Mean percentages of cell populations in 
response to PPD-A in the different groups, at (A) T0, before vaccination; and (B) T4, 4 weeks after 
vaccination. Error bars represent the standard error of the mean. CD4 = CD4+ T cells; CD8 = CD8+  
T cells; WC1 = WC1+ T cells (γδ cells).
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Figure 6. Cell populations in response to ESAT-6/CFP-10 in Panel 1. Mean percentages of cell populations 
in response to ESAT-6/CFP-10 in the different groups, at (A) T0, before vaccination; and (B) T4, 4 weeks 
after vaccination. Error bars represent the standard error of the mean. CD4 = CD4+ T cells; CD8 = CD8+ 
T cells; WC1 = WC1+ T cells (γδ cells).
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Panel 2
The central memory (Tcm), effector memory (Tem) and effector (Te) T cells present in 
PBMC after stimulation with PPD-B, PPD-A and ESAT-6/CFP-10 were analyzed 
using LME models [20] as log transformed ratios of the stimulant over those present 
after NIL stimulation. The models were tested for inclusion of the explanatory variables 
time, vaccination group and the interaction between both. A random intercept and slope 
for the time per animal ID were used in order to account for correlated observations 
within animals in most models. In the final model for the Tcm response to PPD-B the 
explanatory variables were time and vaccination group, while that for the Tcm response 
to PPD-A and ESAT-6/CFP-10 was time. In the final model for the Tem response to 
PPD-B and ESAT-6/CFP-10 the explanatory variable was time, while that for the Tem 
response to PPD-A was vaccination group. In the final model for the Te response to 
PPD-B, PPD-A and ESAT-6/CFP-10 the explanatory variable was time. In the final 
model for the Te response to ESAT-6/CFP-10 a random intercept and slope for the 
time and animal ID were used in order to account for correlated observations within 
animals. The mean T cell responses to PPD-A, PPD-B and ESAT-6/CFP-10 of the 
two vaccination groups and the control group at T0 and T4 are presented in Figures 
7-9, respectively, and Table S5. Detailed outcomes of the final models are presented in 
Table S6.

In the control group, the mean T cell response to PPD-B consisted of 0.5% (range = 
0.2% - 1.0%) Tcm cells, 9.1% (range = 2.2% - 16.9%) Tem cells and 32.5% (range = 
22.9% - 48.5%) Te cells. In the live M. bovis BCG group, the mean T cell response 
to PPD-B consisted of 0.6% (range = 0.3% - 0.9%) Tcm cells, 10.5% (range = 4.9% - 
15.3%) Tem cells and 44.0% (range = 29.9% - 56.4%) Te cells. Finally, in the heat-killed 
M. bovis group, the mean T cell response to PPD-B consisted of 0.7% (range = 0.2% 
- 1.0%) Tcm cells, 6.9% (range = 1.7% - 10.2%) Tem cells and 54.1% (range = 40.3% 
- 68.6%) Te cells. The overall proportion of effector T cell populations in response to 
PPD-B was significantly lower at T4 as compared to T0 (p<0.05). No significant group 
differences were observed.

In the control group, the mean T cell response to PPD-A consisted of 0.5% (range = 
0.2% - 1.0%) Tcm cells, 9.2% (range = 2.0% - 18.0%) Tem cells and 33.7% (range = 
23.1% - 49.7%) Te cells. In the live M. bovis BCG group, the mean T cell response 
to PPD-A consisted of 0.6% (range = 0.2% - 1.0%) Tcm cells, 10.1% (range = 5.1% - 
14.4%) Tem cells and 44.1% (range = 31.9% - 54.5%) Te cells. Finally, in the heat-killed 
M. bovis group, the mean T cell response to PPD-A consisted of 0.6% (range = 0.3% 
- 1.1%) Tcm cells, 7.1% (range = 3.4% - 11.7%) Tem cells and 50.8% (range = 43.0% 
- 58.6%) Te cells. No significant differences in the proportion of T cell populations in 
response to PPD-A between any of the time points or groups were observed.
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Figure 7. Cell populations in response to PPD-B in Panel 2. Mean percentages of cell populations in 
response to PPD-B in the different groups, at (A) T0, before vaccination; and (B) T4, 4 weeks after 
vaccination. Error bars represent the standard error of the mean. Tcm = central memory T cells; Tem = effector 
memory T cells; Te = effector T cells.
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Figure 8. Cell populations in response to PPD-A in Panel 2. Mean percentages of cell populations in 
response to PPD-A in the different groups, at (A) T0, before vaccination; and (B) T4, 4 weeks after 
vaccination. Error bars represent the standard error of the mean. Tcm = central memory T cells; Tem = effector 
memory T cells; Te = effector T cells.



In-depth characterization of the immunological response to vaccination

Ch
ap

te
r 6

171

Figure 9. Cell populations in response to ESAT-6/CFP-10 in Panel 2. Mean percentages of cell populations 
in response to ESAT-6/CFP10 in the different groups, at (A) T0, before vaccination; and (B) T4, 4 weeks 
after vaccination. Error bars represent the standard error of the mean. Tcm = central memory T cells; Tem = 
effector memory T cells; Te = effector T cells.
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In the control group, the mean T cell response to ESAT-6/CFP-10 consisted of 
0.5% (range = 0.2% - 0.9%) Tcm cells, 10.8% (range = 2.1% - 19.7%) Tem cells and 
31.1% (range = 20.6% - 40.7%) Te cells. In the live M. bovis BCG group, the mean 
T cell response to ESAT-6/CFP-10 consisted of 0.7% (range = 0.3% - 1.3%) Tcm 
cells, 10.5% (range = 4.9% - 15.0%) Tem cells and 45.6% (range = 31.1% - 73.7%) 
Te cells. Finally, in the heat-killed M. bovis group, the mean T cell response to 
ESAT-6/CFP-10 consisted of 0.7% (range = 0.2% - 1.3%) Tcm cells, 7.3% (range = 
2.1% - 11.6%) Tem cells and 50.3% (range = 42.5% - 57.9%) Te cells. No significant 
differences in the proportion of T cell populations in response to ESAT-6/CFP-10 
between any of the time points or groups were observed.

Discussion

This study aimed to provide an in-depth phenotypic and functional characterization 
of the T cell responses of cattle vaccinated with live M. bovis BCG and a heat-
inactivated M. bovis vaccine as compared to controls. The objective was to evaluate 
the protective efficacy of the vaccine candidates through assessment of putative 
correlates of protection in ex vivo and cultured ELISpot assays and flow cytometric 
analysis.

In our hands, despite troubleshooting and following well-described published and 
pretested protocols, such as that described by Vordermeier and Whelan [16], and 
intensive troubleshooting, the long-term culture of PBMCs was unsuccessful. The 
cultured ELISpot assays yielded no visible spot-formation, and flow cytometric 
analyses of long-time cultured cells had to be abandoned. This outcome will be 
briefly discussed below, after discussion of the ex vivo responses.

In the ex vivo ELISpot assays, the overall responsiveness to specific stimulation 
relative to the NIL stimulation appeared to be low, as demonstrated by Figure 3 and 
Tables S1-2. Likewise, in the ex vivo flow cytometric analyses as the proportions of 
the various T cell populations were very similar between all stimulants (Figures 4-9 
and Tables S3-6). Furthermore, responses in unstimulated cells (NIL), representing 
the background, in both assays were present to the same degree as in cells stimulated 
with PPD-B, PPD-A and ESAT6-/CFP10 in all groups and at every time point. 
Statistical analysis of the ex vivo response, represented as log ratios of the stimulant 
over the NIL, revealed that there was no association between time and vaccination 
group in the majority of the models presented, meaning that there were no significant 
differences in the responses of animals in the vaccination groups as compared to 
the control group as a function of time since vaccination. Several group effects, 
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independent of time, and time effects, independent of group, were observed in the 
ex vivo analyses, and are discussed below.

In the ELISpot assays there was an overall significantly higher response to PPD-B 
and PPD-A in the live M. bovis BCG and the heat-killed M. bovis groups as compared 
to the control group. As there was no association between vaccination group and 
time in these models, these observations represent overall group effects. In the heat-
killed M. bovis group, the response to PPD-B at T9 clearly stood out compared 
to the responses to other stimulants within the group as well as compared to the 
control group (Figure 3). While not statistically significant, this response indicates 
the presence of a M. bovis specific CMI response to vaccination in the heat-killed M. 
bovis group, 9 weeks after priming and 6 weeks after boosting. In the live M. bovis 
BCG group, the responses at T12 are most striking and, although not statistically 
significant, these findings illustrate the increased recall of CMI responsivity to 
challenge with the vaccine strain. Furthermore, there was a significantly higher 
response to PPD-B at T4 and T9, and PPD-A at T4, T9 and T12, as compared 
to T0. As there was no association between vaccination group and time in these 
models, these observations represent overall time effects. As this effect was observed 
in all animals, including those belonging to the control group, it could be a result 
of exposure to non-tuberculous mycobacteria (NTM). Given that van der Heijden 
et al. [11] demonstrated exposure to NTM through immune responses measured 
by the BOVIGAM® assay, this is a likely explanation. It does not rule out that at 
least part of the response seen is contributed by the vaccinated animals as a result of 
vaccination and booster.

Lastly, the overall response to ESAT-6/CFP-10 was significantly higher in the 
heat-killed M. bovis group as compared to the control group. These findings may 
be attributed to vaccination with the heat-killed vaccine, particularly as no such 
response was demonstrated in the live M. bovis BCG group and the genes coding 
for ESAT-6/CFP-10 are known to be deleted from BCG, but present in M. bovis 
strains. It is, however, important to note that this observation included T0, as 
it was an overall group effect, and may thus also partially be explained by pre-
exposure with NTM in these animals. While ESAT-6 and CFP-10 are generally 
believed to be specific for MTBC species, Gcebe et al. [22] found orthologues of the 
genes encoding for these proteins, and others, in the genomes of non-pathogenic 
NTM prevalent in South Africa. The finding of a response to ESAT-6/CFP-10 as 
a result of exposure to NTM, and not M. bovis (T0) could point to cross-reactive 
responsiveness. This should be further investigated as it would have consequences 
for current DIVA (differentiation infected from vaccinated animals) protocols 
employing these antigens.
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On account of unexpected low numbers of cells observed in the T9 and T12 
samples, as measured by the Gallios flow cytometer, these time points had to be 
excluded from analysis because these cells would have been oversaturated with Ab 
and results would not have been a true reflection of the responses in the animals at 
these time points. Analysis of the proportions of CD4+, CD8+ and WC1+ T cells at 
T0 and T4 in response to specific stimulations did not yield statistically significant 
outcomes (Table S4) and there were no apparent effects of vaccination or challenge 
demonstrated. The following observations were made: The proportion of CD4+ cells 
was the largest of the populations under study at T0 and T4 for all stimulants 
(Figures 4-6), while the proportions of CD8+ and WC1+ cells were lower and similar 
to each other. Kim et al. [23] described similar proportions of CD4+, CD8+ and 
WC1+ T cells in healthy Holstein cattle, but breed- and age-related differences in 
these proportions do exist. While the proportion of CD4+ T cells was largest in the 
control group at T0, this normalized at T4 most likely due to proliferation of CD4+ 
T cells in the two vaccination groups (Figures 4-6) as a reflection of recognition of 
mycobacteria presented by macrophages [24-27].

Similarly, identification of Tcm, Tem and Te representation did not reveal statistically 
significant differences in the majority of the models. The overall mean proportion 
of Te cells at T4, however, in response to PPD-B, was significantly lower (p<0.05) as 
compared to that at T0 (Table S6). While not statistically significant, the same trend 
was observed in response to the other stimulants, but the slight decrease in Te cells 
did not appear to contribute to the proportions of Tcm or Tem cells, as they remained 
virtually unchanged after vaccination (Figures 7-9). Overall, the proportion of Tcm 
and Tem cell populations were very low in all the groups and at all time points. 
Generally, the central memory T cell response is believed to be stimulated only in 
long-term cultured ELISpot and flow cytometry assays [15, 16, 28]. As such, it was 
not surprising that this cell population was not prominent in this ex vivo set-up. 
The T effector cells on the other hand were detected in much higher proportions, 
according to expectation. While measurement of the effector cells through ex-
vivo ELISpot assays may demonstrate a Th1 biased immune response with IFN-γ 
production, these cells are relatively short-lived and not believed to be a direct 
correlate of protection against BTB [15, 16, 28]. The T cell memory response, 
particularly through Tcm cells, on the other hand has been shown to correlate 
with vaccine efficacy and duration of immunity [15, 16, 28]. While Tem cells can 
rapidly respond to infection and mature once again into cytokine producing Te 
cells [29, 30], they are fairly short lived and do not appear to provide a correlate of 
protection [15, 31]. As such successful long-term cultures to assess the Tcm response 
to vaccination and mycobacterial challenge would have been crucial to demonstrate 
vaccine efficacy in the present study.
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The present study had some clear limitations. Most importantly, the reduced 
responsiveness of the PBMCs to specific stimulation and the failure of the long-
term cultures may be attributed to reduced cell viability. The PBMCs used in this 
study had been stored at -140°C for a prolonged period of time. Smith et al. [32], 
assessed the effect of sub-optimal storage temperatures and conditions on the cell 
viability in ELISpot assays and demonstrated a negative effect on cell viability as 
early as after 1 hour of storage at a sub-optimal temperature, most evident after 
specific stimulation, but even after mitogen stimulation. Since power failures are a 
common occurrence in South Africa, and while the -140°C freezer was linked to an 
alarm system and back-up generator, small but repeated fluctuations in temperature, 
aggravated by generally high ambient temperature have most likely occurred over 
the course of the storage period and may have gradually affected cell viability. We 
assume that the response to specific stimulation, as compared to the NIL, would 
have been more pronounced had cell viability been optimal, and would likely 
have resembled the findings demonstrated by van der Heijden et al. [11]. Once 
more stressing the importance of stable environmental conditions in the outcome 
of laboratory-based studies, especially when involving cold storage of vulnerable 
specimens. Under such conditions, projects should be preferably designed to use 
samples in ex vivo experiments.

Furthermore, whereas the initial flow cytometry panels were suitable and showed to 
be functional, their revision could optimize future studies. Due to limited availability 
of combinations of the different fluorochromes with the extracellular markers of 
interest, two separate panels had to be set-up. The inclusion of a CD3 marker, 
specific for T cells [23, 29], or CD4, in panel 2 would be useful to demonstrate 
that the PBMCs analyzed are definitely T cells. Additionally, intracellular staining 
of IFN-γ should be used to evaluate contribution of cytokine production by the 
different T cell populations and further demonstrate differences in specific antigenic 
stimulation.
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Bovine tuberculosis (BTB), an ancient, nowadays OIE-listed disease, is still of major 
importance worldwide [1], in spite of elaborate control and eradication schemes in 
place in many countries [2, 3]. Aside from the obvious impact on livestock and 
wildlife health, BTB is a high economic burden since it negatively affects livestock 
and wildlife productivity, leads to embargos in the (inter)national trade of animals 
and animal products [4], and forms a zoonotic risk to humans. The effectivity of 
control strategies however is hindered, especially in parts of the world where M. bovis 
infection has been established in wildlife species. The complicating role of certain 
key maintenance species of wildlife in hampering BTB control in domestic livestock 
in the developed world is highlighted in countries such as the UK and Ireland [2, 
5], New Zealand [6], North America [7, 8] and Spain [9, 10]. While control efforts 
may target both domestic livestock as well as wildlife in some cases, the goal of these 
exercises is ultimately to reduce the transmission and prevalence of BTB in domestic 
livestock and the chief motives for these strategies are very clearly economical and 
socio-political [11]. The ecological or social value of the wildlife species is often of 
no concern, as the majority of the reservoir species in the aforementioned countries 
enjoy a low priority status in national conservation policies or are even considered 
invasive alien species (e.g. the brushtail possum in New Zealand) [11]; with the 
exception of the Eurasian badger in the UK and Ireland which is a protected species 
[1]. The situation in South Africa poses unique challenges in this respect and 
represents the epitome of a complex multi-host system.

Implications of bovine tuberculosis in the two reservoir species in 
South Africa

The first mention of BTB in cattle in South Africa dates back more than a century 
ago [12], while later on it was discovered in wildlife by Paine and Martinaglia [13] 
in greater kudu and Cape duiker in 1929. African buffaloes were first diagnosed as 
affected by BTB in 1986 in the Hluhluwe-iMfolozi Park [12] and a few years later in 
the Kruger National Park (KNP) [14]. Establishment of the disease in wildlife most 
likely occurred as a result of shared pastures and water sources with infected domestic 
cattle [15]. Since then, BTB has spread in game reserves in at least 5 provinces 
[15]: today, the disease occurs sporadically in domestic cattle and is endemic in 
various populations of African buffaloes, which are both key maintenance hosts of 
BTB in South Africa. The National Tuberculosis Scheme which was implemented 
in 1969 and is mandated by the Department of Agriculture, Forestry and Fisheries 
(DAFF) of the South African government, was aimed entirely at BTB control in 
cattle [11]. The need to transform this policy to an integrated approach inclusive 
of BTB control in buffaloes was identified by Michel [11]. While it is currently 
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not officially adopted in the National Tuberculosis Scheme [16], disease control in 
buffaloes is regulated through the Buffalo Veterinary Procedural Notice issued by 
DAFF for foot-and-mouth disease, Corridor disease, bovine brucellosis and bovine 
tuberculosis [17]. The African buffalo is of huge importance to South Africa from 
a commercial point of view as well as for conservation and ecotourism [12]. In 
general, the wildlife ranching industry has skyrocketed and now consists of close 
to 9,000 privately owned game properties on a national level, holding more than 
50% of the countries’ wildlife [18], generating income through game auctions and 
meat production, hunting and ecotourism [19]. While this is certainly an important 
driving force for shifting the focus of BTB control to a more holistic approach 
including cattle and buffaloes, another key facet is the fact that spill-over of the 
disease has occurred to many other hosts [15]. Tuberculosis has been demonstrated 
in over 20 different wildlife hosts, including all of the ‘Big Five’ of Africa, i.e. lions, 
leopards, African buffaloes, rhinoceroses and elephants [15](NB TB in elephants 
is most commonly caused by Mycobacterium tuberculosis (Mtb), but most recently 
M. bovis has been isolated from an elephant in the KNP (Michele Miller, personal 
communication), and various other iconic species, some of which are (critically) 
endangered.

It is furthermore important to stress that the socio-economic factors impacted by 
BTB in South African cattle go beyond those described for high-income countries 
and the commercial setting. Particularly in rural areas, communal cattle grazing 
systems are hugely important for the livelihoods of households through sales of 
animals and animal products, but cattle are also used for traditional ceremonies, 
and provide cultural status [19, 20]. Standard test-and-cull strategies applied in a 
commercial setting are not considered culturally acceptable nor ethical, particularly 
where compensation for culled animals is not offered. Furthermore, several cultural 
practices and living conditions in these rural, often marginalized, communities have 
been described as risk factors for transmission of M. bovis to humans, including the 
consumption of unpasteurized dairy products and close contact with livestock, but 
also stigmatization of (B)TB and illiteracy [21]. The situation is further exacerbated 
by the high prevalence of HIV/AIDS in these areas [22], which greatly increases the 
risk of contracting tuberculosis [21].

Clearly, the consequences of the M. bovis infections in cattle and buffaloes in South 
Africa are far-reaching and potentially devastating, if left unchecked. Despite 
initial successes of the BTB control scheme, constraints on government resources 
have seriously hampered its effectiveness since the mid-1990s [15]. In pastoral 
communities, poor access to veterinary services and lack of adequate infrastructure 
in rural localities [23], as well as the fact that the tuberculin skin test (TST) requires 
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two farm visits and heavily relies on farmer compliance, are important factors [3]. 
Undoubtedly, the complex transmission cycle of the pathogen at the interface also 
plays a role in this and spillback from wildlife-to-cattle has been demonstrated in 
the Mnisi community next to the KNP [24]. Therefore, control efforts should strive 
to reduce BTB prevalence in cattle and buffaloes, whilst simultaneously limiting the 
(risk of ) transmission at the interface in all directions. Currently known diagnostic 
and control tools can no longer achieve the goal of BTB eradication in countries 
with such complex multi-host systems and novel strategies are prompted to integrate 
the use of vaccination of reservoir species in order to tackle BTB.

This thesis explored the two pillars of disease control: diagnostic tools and 
vaccination. It described the use of existing, established diagnostic approaches in 
cattle for the detection of M. bovis infections in African buffaloes in Chapters 2 
& 3 and investigated the efficacy of inactivated vaccine candidates against BTB 
in domestic cattle in Chapters 4-6. As a contribution to further insight into how 
diagnostic tools and vaccination can most optimally be used in the BTB control 
strategy in African buffaloes and cattle in South Africa.

Test performance of BTB diagnostics for cattle, applied in African 
buffaloes

The tools most commonly used for BTB diagnosis in cattle (the TST and BOVIGAM® 

assay) are also frequently used in buffaloes. The TST, in fact, is the prescribed 
diagnostic assay for the official BTB control strategy in buffaloes in South Africa 
and the BOVIGAM® assay may be used as an ancillary test [17]. These assays, which 
were developed specifically for use in cattle, are known to have a highly variable test 
performance in cattle [25]. Our first study (Chapter 2; [26]) therefore assessed the 
sensitivity (Se) of the TST, the first and second generation of the BOVIGAM® assay 
(B1G and B2G), and the cattle IDEXX M. bovis Ab test (TB ELISA) in a known 
infected buffalo population in the Hluhluwe-iMfolozi Park (HiP) in KwaZulu-
Natal (South Africa). It was evident that, overall, the sensitivity of the cell-mediated 
immunity (CMI)-based tests using the standard PPDs, was far greater than that of 
the humoral immunity (HI)-based test, as the positive responder frequency of the 
SICTT was 100% and the sensitivities of the B1G and B2G were 100% and 75%, 
respectively, while the sensitivity of the TB ELISA was only 37.5%. Furthermore, 
while test agreement was found to be moderate to high between CMI-based assays 
and particularly strong between the TST and B1G (κ=0.878), it was poor between 
CMI- and HI-based assays, which is an obvious consequence of the complicated 
(immuno)pathogenesis of BTB [27]. The finding that CMI-based tests outperform 
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HI-based tests, was in agreement with earlier studies in various species [28] and the 
general belief that CMI plays a more important role in protective immunity to (B)
TB [29]. The purpose of the control program in the HiP is to reduce the prevalence 
of BTB in the park, which requires high sensitivity of the testing program. The 
highest Se was found when parallel testing was employed and the inclusion of the 
B1G in the testing scheme proved crucial to achieving a high Se. Bernitz et al. 
[30] later corroborated these findings when they demonstrated improved sensitivity 
through parallel application of the TST and certain interferon gamma release assays 
(IGRAs) in buffaloes, in line with previous findings in cattle [31-33]. The use of the 
(combination of the) TST and B1G may not be sustainable in the long term, from a 
financial aspect, as both assays are costly, but also due to practical considerations as 
the TST requires substantial infrastructure and is detrimental to the well-being of, 
particularly free-ranging, buffaloes, as it necessitates the animals to be immobilized 
twice and confined in a boma for at least 72 hours. Injuries and even death of animals 
placed under stress as in these circumstances are unfortunately not uncommon. 
While the BOVIGAM® assay only requires a once-off immobilization which would 
be preferred, its application in rural locations that are far removed from veterinary 
services and laboratories is complicated as blood is perishable, needs to be processed 
within 8 hours [33], and kept at between 10°C and 26°C [34]. In contrast, the use 
of serological assays can overcome some of these issues, as they require only once-off 
immobilization and serum can be frozen and stored before being used in an assay.

For the assessment of test performance of various assays for BTB in buffaloes, 
studies commonly rely either on the TST as a true reference test directly [35, 36], 
or on post-mortem investigation with or without mycobacterial culture [30], like in 
Chapter 2 [26]. While the latter method is the current gold-standard for BTB, its 
use drastically restricts the set of samples available, which is often already limited 
in wildlife studies for ethical reasons, and also introduces bias as commonly only 
TST (and occasionally IGRA) positive animals are culled. For this reason, the 
methods used in our study in Chapter 3 were designed to reduce bias and provide 
an estimation of the test performance as accurately as possible, without the need to 
cull an unnecessarily large number of animals.

In order to test the usefulness of serology for BTB diagnosis in buffaloes, the TB 
ELISA, an M. bovis antibody (Ab) test developed for cattle [37], was applied in free 
ranging African buffaloes in the HiP (n=766) and Madikwe Game Reserve (MGR) 
(n=231) in Chapter 3. The test performance was found to be highly variable: the 
Se and Sp ranged between 0%-42.2% and 71.9%-98.4%, respectively. The poor 
sensitivity detected is in line with what has been described for other Ab tests for 
BTB in buffaloes and various other species, including cattle [28, 38, 39]. Similarly, 
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multiple testing of the same animal longitudinally did not appear to significantly 
increase confidence in the test.

The most profound finding was that the test performance was significantly different 
between cohorts of animals in low prevalence herds versus high prevalence herds. 
This effect was not unidirectional: low BTB prevalence was associated with low Se 
and high Sp in the HiP, while high BTB prevalence was associated with a significantly 
higher Se, but lower Sp in the HiP. The exact inverse relationship was detected in 
the MGR. While the exact underlying mechanism remains to be determined, this 
discordant result might be attributable to the historical presence of M. bovis and 
general epidemiological setting of the two parks. In the HiP, BTB has been present 
for decades, but the prevalence is kept at an overall low level through the use of 
a continuous monitoring and control program employing a test-and-cull strategy 
based on the TST, with occasional supplementary results from IGRAs. In the MGR 
on the other hand, although the M. bovis infection is fairly recent the prevalence is 
significantly higher as compared to the HiP, due to a lack of intervention.

While there have been studies evaluating the test performance of the TB ELISA [37, 
40-42], research into potential modulating factors in cattle has been limited [38], 
and absent in buffaloes. To our knowledge, our study was the first to address and 
describe the modulating effect of the BTB prevalence of the test performance of the 
TB ELISA. Notably, despite the high diversity of non-tuberculous mycobacteria 
encountered in both reserves, there was no evidence of a modulating effect on the 
TB ELISA test performance. This finding was encouraging as NTM are notorious 
for interfering with CMI-based BTB diagnostics through cross-reactive immune 
responses.

The findings strongly suggest the TB ELISA may not be an accurate tool for BTB 
detection in buffaloes. Particularly the fact that the assay was found to perform best 
when undiluted buffalo serum is used (unpublished data), as opposed to a 1/50 
dilution of cattle serum as recommended by the manufacturer (IDEXX), may point 
to poor species cross-recognition by the conjugate. In fact, the findings of Cloete 
[43] indicated very clearly that an anti-bovine conjugate showed significantly lower 
reactivity to buffalo sera as compared to a broadly cross-reactive conjugate (protein 
A/G). The development of a species-specific ELISA for buffaloes would be highly 
recommended. Similarly, it should be investigated whether MPB70 and MPB83 give 
rise to equally dominant immune responses in the African buffalo as they are believed 
to do in cattle, or whether more appropriate antigens may exist. Furthermore, given 
the much higher test performance, particularly Se, of CMI-based assays it is worth 
exploring whether novel diagnostic tools which combine CMI- and HI-based testing 



General discussion

Ch
ap

te
r 7

185

could be developed as was previously achieved by Corstjens et al. [44]. Particularly, 
the integration of such an approach into a point-of-care platform which could be 
employed directly in the field (such as the lateral flow assay for TB in humans [44, 
45] evaluated by Corstjens et al. [46], would be highly beneficial, given the ease of 
application, relatively low cost and the fact that it would require only a once-off 
immobilization and provide an answer almost immediately.

Vaccination against bovine tuberculosis
Despite having been discovered more than a century ago, live M. bovis BCG remains 
the only registered vaccine for tuberculosis and is exclusively used in humans, and 
to a limited extent in badgers in the UK [5]. As BCG elicits a highly variable level 
of protection in cattle and induces reactivity in the TST [47], use of this vaccine in 
cattle is not recommended, and is in fact prohibited in the EU [48]. To resolve these 
issues extensive studies have been conducted focusing on potentiating BCG through 
heterologous prime-boost strategies using sub-unit vaccine candidates [49-54], 
and in the field of development of DIVA (differentiating infected from vaccinated 
animals) protocols for diagnosis with BCG as an experimental vaccine [55-57]. 
Apart from the challenges described above, there are several other drawbacks to the 
use of BCG, being a live vaccine [15, 58, 59]: i) it requires a strict cold chain; ii) 
excretion of BCG by vaccinated animals could cause the vaccine strain to sensitize 
unvaccinated animals to the TST; and iii) it has been associated with disease (BCG-
osis) in immunocompromised humans. The studies described in the present thesis 
focused on the evaluation of inactivated vaccines against BTB. The rationale of 
using killed preparations of M. bovis is that the risk of propagation of the vaccine 
strain to other species is entirely mitigated, thereby providing increased safety and 
stability under field conditions, and thus increased suitability for application in the 
South African setting. Investigations into the use of formulations using inactivated 
M. bovis BCG [60, 61], as well as an inactivated field strain of M. bovis in various 
(wild) animal species [62-64], had previously shown promising results and our 
study aimed to evaluate these inactivated vaccines in cattle.

The study entailed a 16-week experiment during which the immune response 
profiles of 24 calves in 4 groups, respectively a live M. bovis BCG group, a formalin-
inactivated BCG group, a heat-killed M. bovis group and a control group, were 
monitored over time. The in-depth immune responses of the study animals were 
evaluated using a multitude of tools; the BOVIGAM® assay, TB ELISA and TST 
(Chapter 4, [65]), a proteomics approach (Chapter 5, [66] ), and ex vivo ELISpot 
and flow cytometric analyses (Chapter 6); after vaccination (T0), booster (T3; 
inactivated vaccine candidate groups only); skin test (T9) and challenge with live 
M. bovis BCG (T12).



Chapter 7

186

Live M. bovis BCG (Danish) was included in the study as a benchmark vaccine, as 
its experimental use has been well-described in cattle and any vaccine developed 
must confer protection at a comparable, if not better level than the experimental 
BCG vaccines used so far. Surprisingly, in our hands, BCG was not able to elicit 
significant immune responses as measured by the BOVIGAM® assay, TB ELISA 
and TST. As exposure to NTM was demonstrated in all groups of animals over the 
course of the experiment, this was the most likely cause of the low immunogenicity 
of BCG exhibited in this study. A similar observation was made in a study by de 
Klerk et al. [67] where BCG failed to protect buffaloes and NTM were isolated from 
their direct environment. The effect of prior NTM exposure on BCG vaccination 
has been previously discussed and appears to fluctuate with the particular NTM 
species originally encountered [68]. The result of this pre-sensitization may be either 
beneficial or detrimental to the outcome of subsequent vaccination with BCG and 
has been demonstrated in (experimental) studies in cattle [69, 70] and mice [71-73]. 
It is believed that the final outcome may be associated not only to the species and 
strain of NTM, and its pathogenicity, but also to the genetic relatedness and presence 
of individual antigen orthologues [68]. Even orthologues of ESAT-6 and CFP-10 
have been found in some NTM [74]. The precise mechanisms involved, however, 
have not been elucidated so far. While unplanned for and generally undesirable 
in an experimental setting, the natural NTM exposure in our study allowed for 
evaluation of the vaccine candidates under arguably rather authentic circumstances; 
at least as they may occur in South Africa, among many other tropical countries, 
where a high diversity of NTM occur ubiquitously in the environment [75].

Given that the same strain of BCG was used for the formalin-inactivated M. 
bovis BCG preparation, the concomitant low responses observed in this group 
were consequently not unexpected. Chambers et al. [60] showed that a formalin-
inactivated preparation of BCG Pasteur was able to protect guinea pigs. When this 
formulation was evaluated in cattle it was found to elicit a strong effector memory 
response, but a rather poor central memory response as compared to live BCG, 
which could partly be overcome by the use of the NAX687 adjuvant [61]. The 
importance of choosing an appropriate adjuvant was also emphasized in a study 
by Haile et al. [76] who showed that a heat-killed BCG (Copenhagen) (H-kBCG) 
vaccine in combination with the Eurocine™ L3 adjuvant performed better than 
H-kBCG alone. Further studies into the use of inactivated BCG vaccines are 
warranted as besides the added safety aspect, these candidates could potentially be 
used in combination with novel DIVA diagnostic protocols.
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While BCG efficacy appeared to be diminished in our study, it was encouraging 
to find that the heat-killed M. bovis vaccine demonstrated very promising results. 
Animals vaccinated with the heat-killed M. bovis vaccine mounted an early and 
sustained cell-mediated (CMI) and humoral immune (HI) response after vaccination 
as measured by the BOVIGAM® assay, TST, and TB ELISA. These responses were 
significantly higher compared to the control group and both BCG groups and 
clearly demonstrated excellent vaccine uptake and immunogenicity of the vaccine in 
cattle. Similar cell-mediated immune responses to were demonstrated in goats [77, 
78] and wild boar [62] after parenteral administration of the heat-killed M. bovis 
vaccine, and animals in these studies exhibited lower lesion scores as compared to 
unvaccinated controls after challenge. While not a true correlate of protection, post-
vaccination IFN-γ responses have been correlated to protection in some studies 
and vaccines that do not elicit such a response invariable fail [79]. Therefore, the 
CMI responses to vaccination demonstrated in the heat-killed M. bovis group are 
a very positive first indicator and render this vaccine a good candidate for further 
investigation in cattle, and initial vaccination trials in buffaloes. Furthermore, 
given the exposure to NTM that was demonstrated in the study and believed to 
have negatively affected BCG efficacy, the apparent lack of a detrimental effect on 
the inactivated M. bovis vaccine is highly promising, particularly considering that 
countries which have difficulty controlling BTB commonly also share a high NTM 
prevalence [80].

The strong humoral response detected in our study animals was also found in wild 
boar [62], but conflicting results were obtained in two separate studies of the vaccine 
in goats [77, 78]. The reason for this discrepancy is unclear, given that the vaccine 
was administered in the same dose and route and the goat kids were of approximately 
the same age [77, 78]. In both studies, the goats showed reduced lesion scores as 
compared to the controls [77, 78], while a HI response to vaccination was only 
present in the study by Arrieta-Villegas et al. [77]. These findings raise the question 
of what the precise role of humoral immunity in protection against tuberculosis is. 
Conflicting evidence in this matter has been reported before in mice [76], cattle 
[50] and wild boar [63]. Interestingly, in badgers the humoral response does appear 
to correlate with advanced disease [81] and was delayed in vaccinated animals 
which showed reduced lesion scores [82]. As such, it was suggested that the time 
to seroconversion might be used as a surrogate for vaccine-elicited protection in 
badgers [82]. Similarly, a prominent role of the antibody response may be present in 
suids as it was found to correlate positively with lesion score in a study in wild boar 
[62], and can be used to discriminate between infected and uninfected warthogs 
[83]. Furthermore, in a vaccine study by Santema et al. [84] an association between 
high antibody titers and protection against paratuberculosis was observed in cattle. 
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Species differences might exist and further investigation in order to elucidate the 
precise role of antibodies in (B)TB could be beneficial not only for vaccine efficacy 
studies, but also for diagnostic purposes.

Further analyses of immune responsiveness by ex vivo ELISpot and flow cytometric 
analyses could not be used to support the findings of Chapter 4 [65], this should not 
be considered discouraging, as the immune response detected in those experiments, 
although clearly elicitable by mitogen stimulation, were most likely reduced as a 
result of lesser viability of the cells after long-term storage. The results did indicate 
a low level of responsiveness to vaccination and challenge, which we expect would 
have been more profound if cell viability had been optimal. Assessment of true 
correlates of protection (such as the central memory T cell response) should be 
carried out in future to investigate this further. Alternatively, vaccine efficacy could 
be evaluated through challenges with virulent M. bovis. In our studies this was not 
feasible, but the ‘surrogate’ challenge using an intranodular BCG injection in the 
prescapular lymph node (as developed by Villarreal-Ramos et al. [85]) suggested that 
the animals in the heat-killed M. bovis group exhibited a more protective immune 
profile as compared to the control group. This was manifested by two findings; 
first, the fact that the post-challenge CMI responses in this group remained lower 
than pre-challenge levels, in contrast with the strong CMI responses demonstrated 
after challenge in the other groups, which are associated with lower vaccine efficacy 
and higher lesion scores [86]; and second, although not statistically significant, 
the bacterial counts of BCG recovered from animals in the heat-killed M. bovis 
group were lower as compared to the control group, as well as in both BCG groups. 
Proteomics analysis aimed to identify proteins involved in the disparate immune 
responses exhibited in the heat-killed M. bovis and control groups in response to 
vaccination and challenge, and the results provide novel insights into the resulting 
alterations of the bovine white blood cell proteome. Notably several proteins that 
form part of the Janus Kinase (JAK)-signal transducer and activator of transcription 
(STAT) (JAK-STAT) and protein kinase C (PKC) pathways, which have previously 
been shown to be associated with susceptibility to mycobacterial infection [87, 
88] and evasion of the host’s immune system [89], were differentially represented 
between the two groups at several time points. Of special interest were the immune 
response proteins that were over- or underrepresented at T12 as these constitute 
proteins involved in the prospective differential outcome of challenge in control vs. 
IV vaccinated animals and thus might be involved in potential protective responses. 
This comparison revealed a potential role for the complement factors C8α and 
C8β, and the toll-like receptors (TLR) TLR4 and TLR9. As described in detail in 
Chapter 5, proteins of the complement system [63, 90, 91] and several TLRs [92-
94] have also previously been found in relation to the host response to mycobacterial 
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infection. Elucidation of their precise role could help further understanding of their 
importance and potentially help identify novel biomarkers for protection against 
BTB in cattle.

One of the key factors in the reluctance of authorities to allow live M. bovis BCG 
vaccination of cattle, is the well-documented interference with the tuberculin skin 
test, the cornerstone of BTB control. Skin test positivity in response to the heat-
killed M. bovis vaccine was demonstrated after parenteral vaccination in cattle in our 
study and that by Jones et al. [95] as well as in goats [78]. This fact, in combination 
with the notion that the majority of DIVA protocols make use of antigens present 
on the RD1 region of the M. bovis genome (present in M. bovis, absent from BCG), 
make parenteral application of this candidate problematic, unless novel DIVA 
approaches are designed. Notably, this major hurdle seems to be overcome when 
the vaccine is applied orally. In fact, oral administration of the inactivated M. bovis 
vaccine has been investigated in a number of species and favorable results have been 
obtained in red deer [64], goats [96] and cattle [95] as sensitization to the TST 
or whole blood IGRAs did not occur. While protective efficacy has successfully 
been demonstrated for oral vaccination in wild boar [62, 63] and red deer [91], 
the efficacy of oral administration of the heat-killed vaccine in goats and cattle 
still requires investigation. Disappointingly, no protection was observed after oral 
vaccination of sheep [97], and this finding stresses the need to evaluate the efficacy 
thoroughly in each target species. The potential of using a vaccine formulated for 
oral administration would furthermore be particularly advantageous for vaccination 
of wildlife as it would allow for the use of baiting strategies. Beltran-Beck et al. [98] 
investigated this potential and reported that there were no adverse effects due to 
the vaccine and the vaccine demonstrated excellent stability in the environment. 
Importantly, potential uptake of the vaccine by non-target species would likely not 
sensitize these ‘bystander’ species to the TST (see discussion above). Furthermore, 
the effect of re-vaccination through uptake of >1 bait, as is likely to occur under 
field conditions, was not found to be detrimental [99]. Should protective efficacy of 
the heat-killed M. bovis vaccine be proven in other key species, it would be a major 
step forward in the quest for a new vaccine candidate for BTB.
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Concluding remarks and recommendations for the future

There is a clear need to address the control of bovine tuberculosis in South Africa 
through an integrated holistic approach targeted at cattle and African buffaloes, using 
the two pillars of disease prevention and control: diagnostic tools and vaccination.

Since the majority of existing diagnostic tools for BTB were developed for cattle, 
the use of these assays when employed in African buffaloes was investigated in this 
thesis. It was evident from our studies that, similar to cattle, CMI-based assays 
provide the most reliable diagnosis for M. bovis infection in African buffaloes. 
The findings furthermore clearly emphasized the need to carefully consider the 
epidemiological setting of the population that is to be tested and to clearly define 
the aim of the testing exercise. Importantly, the BTB prevalence was found to have 
an influence on the test performance of the TB ELISA. This finding is of great 
concern when applying the test in a population of unknown BTB status, and results 
should be interpreted with caution. Simultaneously, it could be advantageous when 
the test is applied in populations with a known BTB prevalence. Overall, the single 
use of the TB ELISA cannot be recommended, and it should only be applied in a 
parallel testing scheme with well validated CMI based assays. However, given the 
high level of infrastructure required and financial implications that the TST, and to 
a lesser extent IGRAs bring about, a clear gap was defined for the development of 
novel assays that may offer reliable diagnosis of M. bovis infections at a reduced cost 
and greater ease of application. Particularly, species-specific point-of-care assays that 
could simultaneously detect CMI and HI responses would be of immense value and 
should be investigated with urgency.

The use of conventional control strategies alone may no longer be enough to tackle 
BTB. The fact that test-and-cull operations are not suitable for local conditions in 
terms of affordability and cultural acceptability in cattle, and for ethical reasons in 
buffaloes, has emphasized the need to address the inclusion of vaccination in BTB 
control programs. Over the years, great strides have been made in the development 
of novel vaccine candidates for bovine tuberculosis in a number of species. Given 
the epidemiological setting of the majority of countries that are struggling to 
control BTB, often battling with existing wildlife reservoirs of the disease and 
multi-directional transmission at a complex interface between livestock, wildlife, 
and humans, a disease control strategy which includes the use of a killed vaccine 
would be most desirable. The studies in this thesis have shown that the heat-killed 
M. bovis vaccine was able to elicit strong and sustained cell-mediated and humoral 
immune responses, despite pre-exposure to NTM, and furthermore induced various 
immune pathways and proteins related with protection against mycobacteria in 
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other species. The heat-killed M. bovis vaccine is therefore a promising candidate 
for future efficacy studies, not only in cattle but also African buffaloes. Although not 
addressed in this project, particularly the use of oral administration of this vaccine 
should be investigated, as there is evidence demonstrating that delivery via that route 
would prevent interference with the TST. Although a long road lies ahead before 
the safety, efficacy and absolute lack of interference with the TST can irrefutably 
be proven, the mere prospect is exciting. A tremendous advancement in the control 
of BTB could potentially be achieved if this vaccine could be implemented and 
integrated into existing control strategies for cattle and buffaloes in South Africa, 
and other key species globally.
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English summary

The overarching aim of the studies presented in this thesis was to contribute to 
the understanding of the role of diagnostic tools and vaccination in the control of 
bovine tuberculosis (BTB) in the two most important host species in South Africa, 
African buffaloes (Syncerus caffer) and domestic cattle (Bos taurus).

Application and performance of well-known immunodiagnostic assays for detection 
of Mycobacterium bovis (M. bovis) infections in cattle were evaluated for use in 
African buffaloes (Chapter 2). The use of single application as well as parallel 
testing of the tuberculin skin test (TST), first and second generation BOVIGAM® 
assays (B1G and B2G) and the IDEXX M. bovis Ab test (TB ELISA) in the field 
was addressed, with the purpose of achieving high sensitivity (Se) (in line with the 
test purpose in the Hluhluwe-iMfolozi Park (HiP), aiming at a reduction in BTB 
prevalence). Single test application resulted in a positive responder frequency of 
100% for the TST and a Se of the B1G and B2G of 100% and 75%, respectively, 
whereas the sensitivity of the TB ELISA was only 37.5%. Parallel test combinations 
yielded the highest Se and the inclusion of the B1G in such a testing strategy proved 
essential. The use of the TST and B1G in African buffaloes, however, has limitations 
in terms of practicality as well as well-being of the animals, given the need for 
repeated immobilisations. Serological assays may overcome these issues, provided 
test performance, Se and specificity (Sp), can be established similar to those of the 
TST-B1G combination. For that purpose, we established the BTB prevalence in 
an unbiased manner based on the TST as a reference (using estimated Se and Sp of 
the TST in buffaloes) in free-ranging populations of buffaloes in the HiP and the 
Madikwe Game Reserve (MGR) (Chapter 3) and applied it to estimate the test 
performance of the TB ELISA. Furthermore, the influence of the prevalence of BTB 
and exposure to non-tuberculous mycobacteria (NTM) on the test performance 
of the TB ELISA, applied once-off and longitudinally, was investigated. The BTB 
prevalence was found to be significantly higher in the MGR (28.4%) as compared 
to the HiP (13.5%) which was attributed to the fact that an effective control 
program has been in place in the HiP since 1999, whereas the first interventions 
in the MGR only took place in 2016. Highly variable test performance was shown 
however: Se ranged between 0% and 42.2%, while Sp varied between 71.9% and 
98.4%. Notably, the BTB prevalence affected the Se and Sp of the TB ELISA as 
these variables were found to be significantly different in cohorts of low versus high 
BTB prevalence. Despite the high diversity of NTM species found in both parks 
in the study, influence on the TB ELISA performance could not be confirmed. The 
studies clearly showed that the use of the present serological assay as a stand-alone 
test cannot be recommended for the detection of M. bovis infections in buffaloes. 
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Moreover, they emphasized the need for development of innovative, species-specific 
assays. Particularly, point-of-care assays providing a simultaneous measure of the 
cell-mediated (CMI) and humoral immune (HI) response, that are additionally 
easy-to-use and cost effective, would be highly useful.

The application of conventional control schemes based on test-and-cull strategies 
are not suitable in South Africa in regard to affordability and cultural acceptability 
in domestic livestock and on account of ethical considerations in wildlife. As a 
consequence, there is need for vaccination as a BTB control tool. Given the 
epidemiological setting of South Africa with a vast human-wildlife-livestock 
interface and a high burden of TB and HIV, there is a concern for the safety of 
vaccination of livestock with a live vaccine candidate, like BCG. For that reason, 
the studies presented here focused on evaluation of the host immune responses 
to vaccination with inactivated vaccine candidates as compared to the existing 
experimental live M. bovis BCG vaccine and a control group. First, the responses 
to vaccination and mycobacterial challenge were assessed with assays measuring 
CMI (TST and BOVIGAM® assay) and HI (TB ELISA), and bacterial culture was 
employed to evaluate a surrogate of protection after intranodular challenge with live 
M. bovis BCG (Chapter 4). The formalin-inactivated M. bovis BCG preparation 
exhibited poor immunogenicity and was therefore not considered a suitable 
candidate and excluded from further evaluation. In our hands the live M. bovis 
BCG vaccine induced less responsiveness than expected, potentially due to prior 
exposure to NTM as demonstrated in the study animals. The heat-inactivated M. 
bovis vaccine, on the other hand, demonstrated early and sustained cell-mediated 
and humoral immune responses, significantly stronger as compared to the control 
group, in spite of similar exposure of the animals to NTM. Animals vaccinated 
with heat-killed M. bovis did not exhibit strong, detrimental, IFN-g responses 
post-challenge, that were evident in the other vaccinates as well as the controls, 
and bacterial counts recovered from the injected prescapular lymph node tended 
to be lower in this group. Given the promising results of the heat-inactivated M. 
bovis vaccine, more in-depth examination of immune responsivity and putative  
correlates of protection as defined in literature (central and effector memory T 
cells; Chapter 6) as well as potential novel biomarkers (Chapter 5) was carried out. 
Although none of the differences in the cell-mediated immune response between 
any of the groups or time points observed in Chapter 6 were statistically significant, 
a low level of responsivity was observed in the vaccinated animals after vaccination 
and challenge with BCG, which was absent from control animals. In order to 
identify potential novel biomarkers, a quantitative proteomics approach (Chapter 
5) was used to elucidate the immune proteins and pathways involved in the response 
to vaccination and mycobacterial challenge in these calves. Reverse-phase liquid-
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chromatography tandem mass spectrometry was used to identify the white blood 
cell proteome of heat-inactivated M. bovis vaccinated animals versus unvaccinated 
controls. Gene ontology (GO) of the biological processes of the immune system 
proteins detected in this study, revealed that the most overrepresented molecular 
functions and cellular components included those related to kinase and receptor 
activity, and extracellular matrix, Golgi apparatus and the endosome, respectively. 
Specific proteins and pathways that were found to potentially play a role in the 
immune response to vaccination and mycobacterial challenge were complement 
factor C8a and C8b, toll-like receptor 4 (TLR4) and TLR9 proteins, and the 
Janus kinase (JAK) signal transducer and activator of transcription (STAT) (JAK-
STAT) and protein kinase C (PKC) pathways. In conclusion, given the high 
immunogenicity, particularly in terms of the CMI response, of the heat-killed M. 
bovis vaccine observed in these studies, it was found to be an excellent candidate 
for future vaccine studies in cattle as well as African buffaloes. The prospect of 
potentially including this vaccine in future control strategies is exciting as it could 
bring about an enormous advancement of BTB control in South Africa, and the 
world.

This thesis provided novel insights into the test performance of key diagnostic tools 
for BTB in cattle when applied in African buffaloes and furthermore demonstrated 
the high potential of an inactivated vaccine candidate for BTB; potentially paving 
the way to a more integrated, comprehensive control scheme for BTB in these 
species.
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Nederlandse samenvatting

De studies gepresenteerd in dit proefschrift hadden als doel een bijdrage te leveren aan 
de huidige kennis over het belang van diagnostische strategieën en vaccinatie voor de 
controle van rundertuberculose (BTB) in de twee meest belangrijke gastheersoorten 
in Zuid-Afrika, de Afrikaanse buffel (Syncerus caffer) en het gedomesticeerde rund 
(Bos taurus).

De toepassing en het diagnostisch vermogen van bekende immuundiagnostische 
testen, ontwikkeld voor de detectie van Mycobacterium bovis (M. bovis) infecties in 
runderen, werden geëvalueerd voor gebruik in Afrikaanse buffels (Hoofdstuk 2). 
De enkelvoudige alsmede de parallelle toepassing, in het veld, van de tuberculine 
huidtest (TST), de eerste en tweede generatie BOVIGAM® testen (B1G en B2G) 
en de IDEXX M. bovis Ab ELISA (TB ELISA) werden onderzocht, met als streven 
het bereiken van een hoge sensitiviteit (Se) (conform het doel van testen in het 
Hluhluwe-iMfolozi-Park (HiP): reductie van de BTB-prevalentie). Het gebruik 
van de individuele testen resulteerde in een frequentie van test-positieve dieren van 
100% voor de TST en een Se van de B1G en B2G van respectievelijk 100% en 
75%, terwijl de Se van de TB ELISA slechts 37.5% bedroeg. Parallel gebruik van 
verschillende testen leverde de hoogste Se op, waarbij de opname van de B1G in 
een dergelijk protocol essentieel bleek. Het gebruik van de combinatie TST en B1G 
in Afrikaanse buffels heeft echter beperkingen met betrekking tot de praktische 
uitvoerbaarheid alsook het dierenwelzijn, gezien de noodzaak van herhaaldelijke 
immobilisatie. Serologische toetsen kunnen deze problemen deels voorkomen, mits 
het diagnostische vermogen, de Se en specificiteit (Sp), op vergelijkbaar niveau zijn 
als die van de combinatie TST-B1G. Met dat doel voor ogen, werd op objectieve 
wijze, met de TST als referentie (op basis van de geschatte Se en Sp van de TST 
in buffels), de BTB-prevalentie vastgesteld in wilde buffelpopulaties in het HiP 
en het Madikwe wildreservaat (MGR) (Hoofdstuk 3), en vervolgens gebruikt om 
het diagnostisch vermogen van de TB ELISA te bepalen. Tevens werd de invloed 
van de prevalentie van BTB en blootstelling aan mycobacteriën die geen (“non”) 
tuberculose veroorzaken (NTM) op het diagnostisch vermogen van eenmalige of 
longitudinale toepassing van de TB ELISA onderzocht. Aangetoond werd dat de 
BTB-prevalentie significant hoger was in het MGR (28.4%) vergeleken met het HiP 
(13.5%), toe te schrijven aan het feit dat er in het HiP al sinds 1999 een effectief 
controleprogramma plaatsvindt, terwijl in het MGR de eerste interventies in 2016 
plaatsvonden. Het diagnostische vermogen van de TB ELISA bleek zeer variabel: 
de Se varieerde van 0% tot 42.2%, en de Sp van 71.9% tot 98.4%. Opvallend was 
de bevinding dat de BTB-prevalentie de Se en Sp van de TB ELISA beïnvloedde, 
aangezien deze variabelen significant verschilden in de cohorten van lage versus 
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hoge prevalentie. Ondanks de hoge diversiteit van NTM soorten, aangetroffen in 
beide wildparken in deze studie, kon de invloed op de TB ELISA niet worden 
vastgesteld. De studies toonden duidelijk aan dat het gebruik van deze serologische 
test, opzichzelfstaand, niet kan worden aanbevolen voor de diagnose van M. bovis 
infecties in buffels. De noodzaak van ontwikkeling van innovatieve, diersoort-
specifieke testen werd daardoor benadrukt. Zogenaamde “point-of-care testen”, 
die tegelijkertijd de celgemedieerde (CMI) en humorale (HI) immuniteit meten 
en tevens gebruiksvriendelijk en kosteneffectief zijn, zouden bijzonder nuttig zijn.

De toepassing van conventionele controleschema’s, gebaseerd op het slachten van 
test-positieve dieren, is niet toepasbaar in Zuid-Afrika gezien de hoge kosten en 
het gebrek aan culturele acceptatie van deze maatregel voor rundvee en, daarnaast, 
vanwege ethische overwegingen als het om wilde diersoorten gaat. Als consequentie 
wordt vaccinatie als controlemiddel voor BTB noodzakelijk geacht. Gezien de 
epidemiologische setting in Zuid-Afrika, met een uitgebreid grensvlak tussen de 
leefgebieden van mensen, wilde dieren en vee, en een hoge infectiedruk van TB 
en HIV, baart de veiligheid van vaccinatie van vee met een levend vaccin, zoals 
BCG, zorgen. Om die reden, richtten de studies, hier gepresenteerd, zich op de 
evaluatie van de immuunrespons van de gastheer na vaccinatie met geïnactiveerde 
vaccin kandidaten, in vergelijking met het bestaande experimentele levende M. 
bovis BCG-vaccin en een controlegroep. Allereerst is de respons op vaccinatie en 
experimentele intranodulaire mycobacteriële infectie (challenge) in kaart gebracht 
door het meten van de CMI (TST en BOVIGAM® toets) en de HI (TB ELISA) en 
werd bacteriekweek gebruikt als surrogaat voor bescherming na de challenge met 
levend M. bovis BCG (Hoofdstuk 4). Het formaline-geïnactiveerde M. bovis BCG-
vaccin bleek zwak immunogeen, dus niet geschikt als vaccin kandidaat en werd 
uitgesloten van verder onderzoek. Het immunogene effect van levend M. bovis BCG 
bleek minder dan verwacht, mogelijk veroorzaakt door aan de studie voorafgaande 
blootstelling van de dieren aan NTM, die werd vastgesteld. Het hitte-geïnactiveerde 
M. bovis vaccin, daarentegen, induceerde vroege, aanhoudende, celgemedieerde en 
humorale immuunresponsen, significant hoger dan die in de controlegroep, ondanks 
de vergelijkbare blootstelling van alle dieren aan NTM. Dieren gevaccineerd met 
hitte-geïnactiveerde M. bovis, toonden in tegenstelling tot de overige gevaccineerde 
én controledieren, geen sterke schadelijke immuunrespons na challenge, en de 
aantallen bacteriën gekweekt uit de geïnjecteerde prescapulaire lymfeknoop waren 
lager in deze groep. Gezien de veelbelovende resultaten van het hitte-geïnactiveerde 
M. bovis vaccin, werd verder onderzoek naar de immuunresponsiviteit en mogelijke 
correlaten van bescherming zoals deze zijn gedefinieerd in de literatuur (centrale 
en effector memory T cellen; Hoofdstuk 6) alsmede potentiële nieuwe biomarkers 
(Hoofdstuk 5) uitgevoerd. Hoewel er in Hoofdstuk 6 geen statistisch significante 
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verschillen werden geobserveerd in de celgemedieerde immuunrespons tussen 
de verschillende groepen of tijdspunten, werden in de gevaccineerde dieren na 
vaccinatie en challenge met BCG, responsen waargenomen die ontbraken in de 
controle dieren. Om potentiële nieuwe biomarkers te identificeren, werd een 
kwantitatieve proteomics analyse van witte bloedcellen uitgevoerd (Hoofdstuk 5) 
om de betrokkenheid van diverse immuun-eiwitten en –responsmechanismen na 
vaccinatie en mycobacteriële challenge in kalveren te onderscheiden. Reverse-phase 
vloeistof-chromatografie en tandem massa spectrometrie werden gebruikt om het 
proteoom van responderende witte bloedcellen in dieren gevaccineerd met hitte-
geïnactiveerde M. bovis versus ongevaccineerde controledieren in kaart te brengen. 
Gen ontologische analyse (GO) van de biologische processen van de immuunsysteem 
eiwitten gevonden in deze studie, wees uit dat de meest over-gerepresenteerde 
moleculaire functies en cellulaire componenten respectievelijk betrokken waren in 
kinase en receptor activiteit, en de extracellulaire matrix, het Golgi-apparaat en 
het endosoom. Specifieke eiwitten en mechanismen die een potentiële rol spelen 
in de immuunrespons na vaccinatie en challenge waren complement factor C8a 
en C8b, toll-like receptor 4 (TRL4) en TLR9 eiwitten, en de Janus kinase (JAK) 
signal transducer and activator of transcription (STAT) (JAK-STAT) en protein 
kinase C (PKC). In conclusie, vanwege de aangetoonde hoge immunogeniciteit, 
met name betreffende de CMI-respons, wordt het hitte-geïnactiveerde M. bovis 
vaccin gezien als een uitstekende kandidaat voor meer diepgaande vaccin studies 
in zowel runderen als Afrikaanse buffels. Het vooruitzicht op mogelijke toepassing 
van dit vaccin in toekomstige controle strategieën is spannend, aangezien het een 
enorme verbetering van de BTB-controle zou betekenen, in Zuid-Afrika, en de rest 
van de wereld.

Dit proefschrift heeft geleid tot nieuwe inzichten in het diagnostisch vermogen van 
de belangrijkste diagnostische hulpmiddelen voor BTB in runderen, toegepast in 
Afrikaanse buffels, heeft daarnaast de grote potentie van een kandidaat geïnactiveerd 
vaccin voor BTB aangetoond, en de ontwikkeling van een meer geïntegreerd, 
alomvattend controleprogramma, voor BTB in runderen en buffels dichterbij 
gebracht.
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V.P.M.G., Michel, A.L. - Host immune response profiles of calves following 
vaccination with live BCG and inactivated  Mycobacterium bovis  vaccine 
candidates. Oral presentation at the 2016 Faculty Day of the Faculty of 
Veterinary Science, University of Pretoria, South Africa

2016: van der Heijden, E.M.D.L., Chileshe, J., Vernooij, J.C.M., Gortazar, 
C., Juste, R.A., Sevilla, I., Vordermeier, H.M., Crafford, J.E., Rutten, 
V.P.M.G., Michel, A.L. - Host immune response profiles of calves following 
vaccination with live BCG and inactivated  Mycobacterium bovis  vaccine 
candidates. Poster presentation at the 14th annual SASVEPM conference 
(Epidemiology on the Edge: Economics, Trade & Movement) in Cape 
Town, South Africa
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Conference presentations

2015: van der Heijden, E. M. D. L., Jenkins, A. O., Cooper, D. V., Rutten, V. P. 
M. G. & Michel, A. L. - Field application of immunoassays for the detection 
of Mycobacterium bovis infection in the African buffalo (Syncerus caffer). 
Oral presentation at the Onderstepoort Wildlife Symposium (African 
wildlife in a changing environment - Disease Diagnostics and Forensics), 
Faculty of veterinary Science, University of Pretoria, South Africa

2015: van der Heijden, E. M. D. L., Jenkins, A. O., Cooper, D. V., Rutten, V. P. 
M. G. & Michel, A. L. - Field application of immunoassays for the detection 
of Mycobacterium bovis infection in the African buffalo (Syncerus caffer). 
Oral presentation at the 13th annual SASVEPM conference (wildlife-
livestock-community-interface) in Bloemfontein, South Africa

2014: van der Heijden, E.M.D.L., Jenkins, A.O., Gcebe, N., Cooper, D.V., 
Rutten, V.P.M.G. & Michel, A.L - Comparative immunoassays for the 
detection of Mycobacterium bovis infection in the African buffalo (Syncerus 
caffer). Poster presentation at the 6th International M. bovis conference in 
Cardiff, Wales
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Appendix 1: Supplementary data of Chapter 3

Figure S1. Examples of lesions found during the post mortem investigation in the MGR May 2016. (A) 
Two large (±3x4cm) granulomatous, caseous tubercles in the right caudal lobe of the lungs; (B) mandibular 
lymph node totally full of caseous, necrotic lesions; (C) miliary tuberculosis in an African buffalo.
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Figure S2. Results of the multiplex PCR on DNA from tissue isolates. (A) Results of isolates obtained from 
tissue samples from animals in the MGR in May 2016; (B) results of isolates obtained from tissue samples 
from animals in the HiP in 2016 and 2017, as well as the MGR in Jan 2017. In both gel pictures a 100bp 
DNA ladder was used in order to identify the amplicon size. Nuclease-free water was used as a negative 
control in both panels. In panel A, DNA from a known M. bovis isolate was used as a positive control, 
whereas sample BSL371 was used as a positive control in panel B as it had previously tested positive on this 
PCR. In panel B, a no template control was also included.
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Figure S3. Results of the multiplex PCR on DNA from nasal swab isolates. Results of isolates obtained 
from nasal swabs from animals in the MGR in May 2016. A 100bp DNA ladder was used in order to 
identify the amplicon size. Nuclease-free water was used as a negative control. DNA from a known M. bovis 
isolate was used as a positive control.
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Figure S4. Alignment of obtained sequences. Sequences obtained from the isolates were cleaned, 

trimmed and aligned using the CLC Main Workbench (Qiagen Bioinformatics, Aarhus, Denmark). The 

isolate number as well as the species determined by BLAST analysis are listed. Sequences are ordered 

according to relatedness. 

Figure S4. Alignment of obtained sequences. Sequences obtained from the isolates were cleaned, trimmed 
and aligned using the CLC Main Workbench (Qiagen Bioinformatics, Aarhus, Denmark). The isolate 
number as well as the species determined by BLAST analysis are listed. Sequences are ordered according to 
relatedness.
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Figure S5. Phylogenetic tree of the isolates obtained in the study. The sequence of M. bovis GTC 602 was 
included as an outgroup species, while M. asiaticum ATCC 25276 and M. moriokaense CIP 105393 were 
included as representatives of SGM and RGM, respectively. The tree was constructed using the neighbour-
joining method with 1,000 bootstrap replicates (bootstrap values indicated at the nodes) using the CLC 
Main Workbench (Qiagen Bioinformatics, Aarhus, Denmark). As expected, the slow-growing mycobacteria 
(SGM) M. holsaticum, M. asiaticum, M. celatum, M. avium complex, M. colombiense/M. bouchedurhonense 
and M. vulneris/M. intracellulare [55-57] grouped with M. asiaticum ATCC 25276. Similarly, the 
rapid-growing mycobacteria (RGM) M. brasiliensis, M. moriokaense and M. moriokaense/M. barrassiae, 
M. flavescens, M. smegmatis/M. goodii, M. agri and M. rhodesiae [56-59] grouped with M. moriokaense 
CIP105393. Finally, a few isolates belonging to the Mycobacterium avium complex (MAC) (M. avium 
complex, M. colombiense/M. bouchedurhonense and M. vulneris/M. intracellulare) [60], as well as isolates 
belonging to the Mycobacterium moriokaense group (M. moriokaense, M.moriokaense/M. barrassiae and M. 
brasiliensis) [60, 61], also grouped together.
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Appendix 2: Supplementary data of Chapter 4

 

S1 Figure. Conventional PCR for the detection of Mycobacterium bovis. PCR targeting RD1, RD4 and 
RD9 as previously described. PCR products of +- 268bp (RD4 absent), +- 196bp (RD1 absent) and +- 
108bp (RD9 absent) indicate M. bovis BCG. Animals 18, 21 and 31 belong to group 1 (live M. bovis BCG), 
animals 2, 6, 7, 16 and 29 belong to group 2 (formalin-inactivated M. bovis BCG), animals 8, 9, 10, 11 and 
26 belong to group 3 (heat-killed M. bovis) and animals 12 and 15 belong to group 4 (control). R = right 
prescapular lymph node.

S1 Dataset. Tables containing the raw data of the immunological assays. 
Available online: https://doi.org/10.1371/journal.pone.0188448.s002.

S2 Dataset. Tables describing the statistical models and their outcomes. 
Available online: https://doi.org/10.1371/journal.pone.0188448.s003.
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Appendix 3: Supplementary data of Chapter 5
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Supplementary Figure S1. GO analysis of differentially represented proteins. Number of counts of over- 
and under-represented proteins grouped by (A) BP, (B) MF and (C) CC. Protein differential representation 
is shown in latest time when compared to earliest time for the same group, or in vaccinated cattle when 
compared to control animals.
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Supplementary Figure S2. Western blot analysis of buffy coat protein extracts of cattle. Western blot 

analysis results of (A) C8α, (B) TLR4 and C8β and (C) β-Actin and TLR9 with rabbit polyclonal antibodies. 

Arrows indicate the visible bands of the specific targets and their corresponding size. Some of the bands 

reacting with the antibodies with lower or higher molecular weight than the recombinant proteins likely 

correspond to degradation and polymerization products, respectively. 

Supplementary Figure S2. Western blot analysis of buffy coat protein extracts of cattle. Western blot 
analysis results of (A) C8α, (B) TLR4 and C8β and (C) β-Actin and TLR9 with rabbit polyclonal antibodies. 
Arrows indicate the visible bands of the specific targets and their corresponding size. Some of the bands 
reacting with the antibodies with lower or higher molecular weight than the recombinant proteins likely 
correspond to degradation and polymerization products, respectively.
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Supplementary Table S1. Results of immunological assays. Available online: https://ars.els-cdn.com/
content/image/1-s2.0-S0165242718301673-mmc4.xlsx

Supplementary Table S2. Proteomics results. Available online: https://ars.els-cdn.com/content/image/1-
s2.0-S0165242718301673-mmc5.xls. This supplementary data was deposited online at: http://www.
peptideatlas.org/PASS/PASS01083.

Supplementary Figure S3. Relative levels of β-Actin. The intensity of proteins bands was determined by 
densitometric analysis and represented as relative β-Actin levels in arbitrary units.

 252 

 

Supplementary Figure S3. Relative levels of β-Actin. The intensity of proteins bands was determined by 

densitometric analysis and represented as relative β-Actin levels in arbitrary units. 

 

Supplementary Table S1. Results of immunological assays. Available online: https://ars.els-

cdn.com/content/image/1-s2.0-S0165242718301673-mmc4.xlsx 

 

Supplementary Table S2. Proteomics results. Available online: https://ars.els-cdn.com/content/image/1-

s2.0-S0165242718301673-mmc5.xls. This supplementary data was deposited online at: 

http://www.peptideatlas.org/PASS/PASS01083. 
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Appendix 4: Supplementary data of Chapter 6

Table S1. Ex vivo ELISpot results. Mean SFC/10^6 PBMCs in response to stimulation before vaccination 
(T0), after vaccination (T4 and T9) and after challenge (T12) in the (A) control group; (B) live M. bovis 
BCG group; and (C) heat-killed M. bovis group. PWM = pokeweed mitogen (positive control); PPD-B = 
purified protein derivative of M. bovis; PPD-A = purified protein derivative of M. avium; ESAT-6/CFP-10 
= recombinant mycobacterial proteins; NIL = medium (negative control).
A.

Group Time point Stimulation Mean SFC/10^6 PBMCs
Range

Lower Upper

Control

0

PWM 825 640 1051

PPD-B 124 88 141

PPD-A 90 75 122

ESAT-6/CFP-10 138 110 176

NIL 175 101 235

4

PWM 1890 1084 2975

PPD-B 351 269 496

PPD-A 276 174 407

ESAT-6/CFP-10 313 144 432

NIL 374 220 547

9

PWM 1850 1162 2365

PPD-B 295 211 440

PPD-A 282 184 381

ESAT-6/CFP-10 345 179 528

NIL 320 161 437

12

PWM 1744 1124 2192

PPD-B 336 151 632

PPD-A 239 164 346

ESAT-6/CFP-10 224 168 312

NIL 341 181 590
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B.

Group Time point Stimulation Mean SFC/10^6 PBMCs
Range

Lower Upper

Live M. bovis BCG

0

PWM 519 391 651

PPD-B 81 72 96

PPD-A 78 60 107

ESAT-6/CFP-10 107 75 137

NIL 92 84 96

4

PWM 2301 1567 2975

PPD-B 277 107 416

PPD-A 228 96 333

ESAT-6/CFP-10 235 147 303

NIL 227 148 321

9

PWM 1586 973 2192

PPD-B 328 186 499

PPD-A 244 151 410

ESAT-6/CFP-10 250 176 420

NIL 267 165 328

12

PWM 3663 1436 7617

PPD-B 948 503 1393

PPD-A 1006 445 1874

ESAT-6/CFP-10 813 355 1431

NIL 801 344 1425
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C.

Group Time point Stimulation Mean SFC/10^6 PBMCs
Range

Lower Upper

Heat-killed M. bovis

0

PWM 1325 385 2751

PPD-B 262 155 368

PPD-A 193 117 304

ESAT-6/CFP-10 265 120 479

NIL 242 139 424

4

PWM 1910 721 2613

PPD-B 339 99 649

PPD-A 244 105 347

ESAT-6/CFP-10 275 79 584

NIL 222 80 387

9

PWM 2334 1292 2993

PPD-B 558 232 903

PPD-A 315 163 476

ESAT-6/CFP-10 274 195 425

NIL 265 181 412

12

PWM 1256 1178 1333

PPD-B 334 210 458

PPD-A 236 233 239

ESAT-6/CFP-10 260 220 300

NIL 303 250 356
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Table S2. LME models for ex vivo ELISpot analyses. Significant differences are in bold. The estimates are 
the multiplication factor rates (ratios) for each time point or group compared to the mean value of T0 or the 
control group: e.g. the estimate for the heat-killed M. bovis group in the model for the logratio of PPD-B 
over NIL is 1.58. Thus, at in this group the mean in this group is 1.58 times (95% confidence interval 1.31-
1.90) as large as the mean in the control group.

Outcome 
variable

Variable Estimate
95% confidence interval

Lower Upper

LME Model Outcome = a + b1 * group + b2 * time

log(PPD-B / 
NIL)

Live M. bovis BCG 1.24 1.03 1.49

Heat-killed M. bovis 1.58 1.31 1.90

T4 1.28 1.05 1.57

T9 1.41 1.15 1.73

T12 1.26 0.99 1.59

log(PPD-A / 
NIL)

Live M. bovis BCG 1.29 1.03 1.61

Heat-killed M. bovis 1.40 1.12 1.75

T4 1.33 1.08 1.63

T9 1.39 1.13 1.71

T12 1.36 1.06 1.75

LME Model Outcome = a + b1 * time

log(ESAT-6/
CFP-10/ NIL)

Live M. bovis BCG 1.11 0.94 1.31

Heat-killed M. bovis 1.19 1.01 1.41
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Table S3. Ex vivo flow cytometry results of panel 1. Mean proportion of CD4+, CD8+ and WC1+ T cell 
populations in response to stimulation before vaccination (T0), after vaccination (T4 and T9) and after 
challenge (T12) in the (A) control group; (B) live M. bovis BCG group; and (C) heat-killed M. bovis group. 
PWM = pokeweed mitogen (positive control); PPD-B = purified protein derivative of M. bovis; PPD-A 
= purified protein derivative of M. avium; ESAT-6/CFP-10 = recombinant mycobacterial proteins; NIL 
= medium (negative control). CD4 = CD4+ T cells; CD8 = CD8+ T cells; WC1 = WC1+ T cells (gamma 
delta cells).
A.

Group Time point Stimulation
T cell 
population

Mean 
Percentage

Range

Lower Upper

Control

0

PWM

CD4 32.7 9.7 61.9

CD8 4.8 1.7 8.2

WC1 9.7 2.1 29.3

PPD-B

CD4 28.1 16.8 51.1

CD8 5.1 1.7 7.7

WC1 6.6 2.5 14.3

PPD-A

CD4 28.6 16.4 51.2

CD8 5.5 1.9 8.4

WC1 7.3 3.2 14.4

ESAT-6/CFP-10

CD4 28.1 16.4 50.8

CD8 7.5 2.5 11.4

WC1 8.0 3.2 20.6

NIL

CD4 27.5 17.9 43.6

CD8 5.2 1.9 7.7

WC1 7.1 4.7 11.3

4

PWM

CD4 29.4 21.6 45.5

CD8 3.7 2.1 5.1

WC1 8.9 6.7 11.5

PPD-B

CD4 27.4 20.6 45.8

CD8 4.1 2.1 6.2

WC1 6.5 3.6 9.0

PPD-A

CD4 24.4 18.2 38.7

CD8 4.4 2.3 6.5

WC1 7.5 3.9 11.2

ESAT-6/CFP-10

CD4 22.0 16.2 36.8

CD8 5.3 2.4 7.2

WC1 8.9 5.1 11.2

NIL

CD4 24.4 18.3 34.4

CD8 4.0 2.4 5.7

WC1 7.1 4.8 9.0
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B.

Group Time point Stimulation
T cell 
population

Mean 
Percentage

Range

Lower Upper

Live M. 
bovis BCG

0

PWM

CD4 23.0 8.8 36.9

CD8 5.9 3.3 9.0

WC1 5.3 2.6 9.4

PPD-B

CD4 16.1 8.8 25.4

CD8 6.6 2.9 11.4

WC1 3.6 0.9 5.8

PPD-A

CD4 14.9 8.8 25.9

CD8 6.9 3.1 11.4

WC1 4.5 1.1 6.9

ESAT-6/CFP-10

CD4 19.2 13.3 27.5

CD8 8.9 4.9 13.7

WC1 4.0 0.9 7.0

NIL

CD4 16.5 8.4 31.5

CD8 6.4 3.4 11.2

WC1 3.2 0.9 5.4

4

PWM

CD4 31.1 20.8 43.2

CD8 5.0 3.1 6.7

WC1 12.1 3.7 22.2

PPD-B

CD4 29.7 16.9 41.9

CD8 5.5 3.3 7.7

WC1 8.4 2.7 17.2

PPD-A

CD4 26.5 19.3 33.5

CD8 5.9 3.6 8.0

WC1 9.4 2.9 18.2

ESAT-6/CFP-10

CD4 26.3 19.2 35.5

CD8 6.4 3.7 8.5

WC1 8.6 3.3 16.3

NIL

CD4 26.9 23.6 31.3

CD8 5.6 3.3 7.9

WC1 7.9 2.8 14.1
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C.

Group Time point Stimulation
T cell 
population

Mean 
Percentage

Range

Lower Upper

Heat-
killed M. 
bovis

0

PWM

CD4 14.9 10.2 24.4

CD8 7.3 3.4 9.3

WC1 7.8 6.7 9.0

PPD-B

CD4 16.4 10.5 29.2

CD8 6.5 3.7 9.9

WC1 5.7 3.4 9.4

PPD-A

CD4 15.6 10.6 23.9

CD8 6.9 3.4 9.2

WC1 5.9 3.8 7.1

ESAT-6/CFP-10

CD4 16.3 11.5 23.1

CD8 8.1 3.9 11.0

WC1 6.4 4.9 8.4

NIL

CD4 14.0 9.2 19.5

CD8 6.9 4.9 8.8

WC1 6.4 3.9 10.2

4

PWM

CD4 29.0 18.4 39.6

CD8 4.8 3.2 9.1

WC1 7.0 4.0 10.6

PPD-B

CD4 25.1 16.3 38.1

CD8 5.8 4.0 10.5

WC1 5.7 3.7 9.5

PPD-A

CD4 21.6 15.5 26.2

CD8 5.8 3.9 11.2

WC1 6.2 4.0 8.7

ESAT-6/CFP-10

CD4 22.7 14.4 31.4

CD8 6.8 4.5 12.6

WC1 5.9 2.9 9.1

NIL

CD4 23.1 16.8 28.5

CD8 5.4 3.7 9.6

WC1 5.5 3.5 7.1
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Table S4. LME models for ex vivo flow cytometry results of panel 1. Significant differences are in bold. 
The estimates are the multiplication factor rates (ratios) for each time point or group compared to the mean 
value of T0 or the control group, respectively: e.g. the estimate for T4 in the model for the logratio of 
PPD-B over NIL of the CD4+ response is 1.04. Thus, at in this group the mean in this group is 1.04 times 
(95% confidence interval 0.94-1.14) as large as the mean at T0.

Outcome variable Variable Estimate
95% confidence interval

Lower Upper

CD4+

LME Model Outcome = a + b1 * time

log(PPD-B / 
NIL) T4 1.04 0.94 1.14

log(PPD-A / 
NIL) T4 0.96 0.88 1.05

LME Model Outcome = a + b1 * group + b2 * time

log(ESAT-6/
CFP-10 / 
NIL)

Live M. bovis BCG 1.18 1.00 1.39

Heat-killed M. bovis 1.13 0.96 1.33

T4 0.84 0.74 0.94

CD8+

LME Model Outcome = a + b1 * time

log(PPD-B / 
NIL) T4 1.05 0.98 1.13

log(PPD-A / 
NIL) T4 1.04 0.93 1.16

LME Model Outcome = a + b1 * group + b2 * time + b3 * (group * time)

log(ESAT-6/
CFP-10 / 
NIL)

Live M. bovis BCG 1.03 0.80 1.32

Heat-killed M. bovis 0.81 0.62 1.05

T4 0.93 0.79 1.09

Live M. bovis BCG at T4 0.86 0.68 1.08

Heat-killed M. bovis at T4 1.18 0.93 1.50

WC1+

LME Model Outcome = a + b1 * time

log(PPD-B / 
NIL) T4 1.04 0.88 1.21

LME Model Outcome = a + b1 * group

log(PPD-A / 
NIL)

Live M. bovis BCG 1.11 0.97 1.27

Heat-killed M. bovis 1.08 0.95 1.24

log(ESAT-6/
CFP-10 / 
NIL)

Live M. bovis BCG 0.89 0.73 1.09

Heat-killed M. bovis 0.85 0.70 1.04
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Table S5. Ex vivo flow cytometry results of panel 2. Mean proportion of Tcm, Tem and Te cell populations in 
response to stimulation before vaccination (T0), after vaccination (T4 and T9) and after challenge (T12) in 
the (A) control group; (B) live M. bovis BCG group; and (C) heat-killed M. bovis group. PWM = pokeweed 
mitogen (positive control); PPD-B = purified protein derivative of M. bovis; PPD-A = purified protein 
derivative of M. avium; ESAT-6/CFP-10 = recombinant mycobacterial proteins; NIL = medium (negative 
control). Tcm = central memory T cells; Tem = effector memory T cells; Te = effector T cells.
A.

Group Time point Stimulation
T cell 
population

Mean 
Percentage

Range

Lower Upper

Control

0

PWM

Tcm 0.7 0.2 1.8

Tem 15.7 2.8 26.8

Te 24.6 19.9 28.8

PPD-B

Tcm 0.4 0.2 0.8

Tem 10.6 3.1 16.9

Te 27.9 11.9 32.6

PPD-A

Tcm 0.4 0.2 1.0

Tem 11.3 3.1 18.0

Te 28.0 23.1 29.8

ESAT-6/CFP-
10

Tcm 0.5 0.2 0.9

Tem 13.3 3.9 19.7

Te 25.1 20.6 28.3

NIL

Tcm 0.5 0.3 0.9

Tem 10.8 2.8 17.5

Te 27.4 23.9 31.7

4

PWM

Tcm 0.5 0.3 0.8

Tem 7.8 2.1 10.9

Te 36.8 30.7 44.9

PPD-B

Tcm 0.6 0.2 1.0

Tem 7.6 2.2 10.8

Te 37.1 31.5 48.5

PPD-A

Tcm 0.6 0.2 0.9

Tem 7.5 2.0 10.7

Te 38.4 30.6 49.7

ESAT-6/CFP-
10

Tcm 0.5 0.2 0.9

Tem 8.2 2.1 13.5

Te 37.2 31.2 40.7

NIL

Tcm 0.4 0.0 0.9

Tem 5.9 1.9 8.2

Te 39.9 34.2 44.4
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B.

Group Time point Stimulation
T cell 
population

Mean 
Percentage

Range

Lower Upper

Live M. 
bovis BCG

0

PWM

Tcm 1.9 0.8 3.6

Tem 14.2 7.7 20.3

Te 44.7 35.3 50.4

PPD-B

Tcm 0.8 0.8 0.9

Tem 10.0 4.9 15.3

Te 51.4 45.3 56.4

PPD-A

Tcm 0.8 0.7 1.0

Tem 10.0 5.5 14.4

Te 51.1 46.7 54.5

ESAT-6/CFP-10

Tcm 1.0 0.7 1.3

Tem 10.4 4.9 15.0

Te 53.9 47.1 72.7

NIL

Tcm 0.9 0.7 1.2

Tem 10.2 5.7 15.8

Te 51.9 48.2 56.2

4

PWM

Tcm 0.4 0.2 0.8

Tem 9.2 4.4 15.6

Te 35.6 28.3 46.2

PPD-B

Tcm 0.4 0.3 0.5

Tem 11.0 8.1 13.1

Te 36.5 29.9 44.0

PPD-A

Tcm 0.3 0.2 0.5

Tem 10.2 5.1 13.0

Te 37.1 31.9 43.9

ESAT-6/CFP-10

Tcm 0.4 0.3 0.6

Tem 10.7 5.5 14.2

Te 37.4 31.1 46.3

NIL

Tcm 0.4 0.3 0.6

Tem 10.7 8.7 12.1

Te 38.4 33.3 47.1
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C.

Group Time point Stimulation
T cell 
population

Mean 
Percentage

Range

Lower Upper

Heat-
killed M. 
bovis

0

PWM

Tcm 1.0 0.7 1.6

Tem 11.5 4.2 14.4

Te 46.7 44.1 51.3

PPD-B

Tcm 0.9 0.7 1.0

Tem 8.3 4.7 10.2

Te 52.6 50.0 55.9

PPD-A

Tcm 0.8 0.5 1.1

Tem 8.7 5.0 11.7

Te 53.0 47.7 58.0

ESAT-6/CFP-10

Tcm 1.0 0.8 1.3

Tem 9.4 4.8 11.6

Te 50.7 45.9 54.3

NIL

Tcm 0.8 0.7 0.8

Tem 8.7 4.2 11.3

Te 51.9 48.7 57.8

4

PWM

Tcm 0.4 0.2 0.7

Tem 5.6 1.8 9.3

Te 49.3 39.1 60.1

PPD-B

Tcm 0.5 0.2 0.8

Tem 5.7 1.7 9.0

Te 48.5 40.3 58.5

PPD-A

Tcm 0.5 0.3 0.6

Tem 5.7 3.4 9.0

Te 49.1 43.0 58.6

ESAT-6/CFP-10

Tcm 0.5 0.2 0.7

Tem 5.6 2.1 9.0

Te 49.9 42.5 57.9

NIL

Tcm 0.4 0.3 0.6

Tem 5.6 2.9 8.0

Te 50.3 42.6 57.3
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Table S6. LME models for ex vivo flow cytometry results of panel 2. Significant differences are in bold. 
The estimates are the multiplication factor rates (ratios) for each time point or group compared to the 
mean value of T0 or the control group, respectively: e.g. the estimate for T4 in the model for the logratio 
of PPD-B over NIL of the Te response is 0.95. Thus, at in this group the mean in this group is 0.95 times 
(95% confidence interval 0.91-0.99) as large (thus smaller) as the mean at T0.

Outcome variable Variable Estimate
95% confidence interval

Lower Upper

Tcm

LME Model Outcome = a + b1 * group + b2 * time

log(PPD-B / 
NIL)

Live M. bovis BCG 0.92 0.76 1.11

Heat-killed M. bovis 1.19 0.98 1.45

T4 1.19 0.93 1.52

LME Model Outcome = a + b1 * time

log(PPD-A / 
NIL) T4 1.20 0.90 1.58

log(ESAT-6/
CFP-10 / 
NIL)

T4 1.07 0.83 1.39

Tem

LME Model Outcome = a + b1 * time

log(PPD-B / 
NIL) T4 1.06 0.94 1.19

LME Model Outcome = a + b1 * group

log(PPD-A / 
NIL)

Live M. bovis BCG 0.91 0.81 1.03

Heat-killed M. bovis 0.96 0.84 1.09

LME Model Outcome = a + b1 * time

log(ESAT-6/
CFP-10 / 
NIL)

T4 0.91 0.79 1.05

Te

LME Model Outcome = a + b1 * time

log(PPD-B / 
NIL) T4 0.95 0.91 0.99

log(PPD-A / 
NIL) T4 0.98 0.94 1.02

log(ESAT-6/
CFP-10 / 
NIL)

T4 1.01 0.95 1.06
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