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ORGANIZACIÓN DE LA TESIS 

Esta tesis doctoral está basada en el estudio de la vacunación oral frente a la 

tuberculosis (TB) en el principal reservorio silvestre de esta enfermedad en la península 

ibérica, el jabalí (Sus scrofa), y en su forma doméstica, el cerdo. En los diferentes 

capítulos, se describen las respuestas del cerdo y del jabalí frente a la vacuna tradicional 

viva BCG (bacilo Calmette Guérin, un mutante atenuado de Mycobacterium bovis) y frente 

a una nueva vacuna inactivada (Mycobacterium bovis patógeno inactivado por calor, 

vacuna MdR).  Además, se recopila información sobre diversos aspectos relativos a la 

seguridad del uso de ambas vacunas en jabalí. 

 

La tesis se ha estructurado de la siguiente manera: 

 En primer lugar, consta de una Introducción en la que se revisan los 

conocimientos actuales acerca de la vacunación en el jabalí. Seguidamente, se describen la 

Hipótesis y los Objetivos del trabajo.  

En el Capítulo 1, se presentan los resultados de un experimento de vacunación con 

vacunas BCG y MdR en jabalíes, y posterior reto con una cepa de campo M. bovis.  

En los Capítulos 2 y 3 se muestran las respuestas obtenidas en jabalíes (Capítulo 

2) y cerdos (Capítulo 3), tras una vacunación oral con MdR, revacunación, y reto con M. 

bovis. Adicionalmente, en el Capítulo 2 se estudia el mecanismo de protección inducido 

por esta vacuna.  

En el Capítulo 4, se aborda la bioseguridad de la vacuna viva atenuada BCG, 

aportando nuevos datos tanto de experimentos realizados en el laboratorio como de 

ensayos de campo. 

Finalmente, se llega a una Síntesis general y Conclusiones.    
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STRUCTURE OF THE THESIS 

 This doctoral dissertation is based on the study of the oral vaccination against 

tuberculosis (TB) in its main wildlife reservoir in the Iberian Peninsula, the wild boar (Sus 

scrofa), but also in its domestic type, the pig. The following chapters describe pig and wild 

boar responses against both the traditional live BCG vaccine (Bacille Calmette Guérin, a 

Mycobacterium bovis attenuated strain) and a new inactivated vaccine (heat-inactivated 

Mycobacterium bovis, MdR vaccine). In addition, data on various safety aspects relating to 

the use of BCG and MdR vaccines in wild boar are compiled.  

 

 The thesis is structured as follows: 

 First of all, an Introduction, in which we review the current knowledge about wild 

boar vaccination. Subsequently, the Hypothesis and Objectives of the work. 

 Chapter 1 shows the results of a BCG and MdR wild boar vaccination experiment, 

and subsequent challenge with a M. bovis field strain challenge.  

 Chapter 2 and 3 describe the wild boar (Chapter 2) and pig (Chapter 3) 

responses after an oral MdR vaccination, revaccination and challenge with M. bovis. 

Additionally, Chapter 2 examines the mechanism of protection induced by this vaccine. 

 Chapter 4 provides new data concerning biosafety of the attenuated BCG vaccine 

obtained through laboratory and field assays. 

 Finally, leads to a General Synthesis and Conclusions. 



 

 

P

 

Progre

Beatri

http://

Progreso e

r

Progress 

ess in  or al va c

iz Beltrán-Beck

/dx.doi.org/10.1

INT

en la vacu

reservorio 

in oral va

reserv

ccination a gain

k, Cristina Ball

1155/2012/9785

TRODUC

unación or

silvestre e

accination

voir in Ibe

nst tube rculosi

lesteros, Joaqu

501. 

 

CCIÓN/IN

ral frente 

en la pení

n against t

eria, the E

 

is in its main 

uín Vicente, Jos

NTRODUC

a la tuber

ínsula ibé

tuberculos

Eurasian w

wildlife re serv

sé de la Fuente

Introduc

CTION 

rculosis en

érica, el ja

sis in its m

wild boar 

voir in Ibe ria, 

e, Christian Gor

cción/Introduc

n su princ

abalí 

main wildl

the Eura sian 

rtázar. 2012.Ve

3 

I ction 

cipal 

life 

wild boa r. 

Vet Med Int: 



  

4 
 

I Introducción/Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5 
 

I Introducción/Introduction 

Resumen 

 
El jabalí (Sus scrofa) es el principal reservorio silvestre de tuberculosis (TB) en la 

península ibérica. Esta revisión recopila la información disponible en la actualidad en 

relación a la vacunación frente a la TB en esta especie, incluyendo aspectos tales como: 

desarrollo de cebos, forma de distribución y selectividad de estos cebos en una vacunación 

en campo; respuesta del jabalí tras la vacunación tanto con vacuna Bacillus Calmette-

Guérin (BCG) como con vacuna inactivada Mycobacterium bovis (MdR); y por último, 

temas concernientes a la bioseguridad de la vacuna así como también perspectivas de 

futuro. La vacunación oral en jabalíes con vacuna BCG ha inducido niveles significativos 

de protección frente a la infección experimental con M. bovis. También se ha desarrollado 

una nueva vacuna M. bovis inactivada por calor con la que se han obtenido protecciones y 

respuestas similares a la vacuna BCG. Por otro lado, el estudio de las interacciones 

hospedador-patógeno ha permitido la identificación de ciertos biomarcadores de 

resistencia/susceptibilidad a la TB en jabalíes tales como el componente 3 del 

complemento (C3) y metilmalonil CoA mutasa (MUT), de utilidad en el desarrollo de 

vacunas. Finalmente, se han diseñado diferentes métodos selectivos de distribución de 

cebos para grupos de edades diferenciados. En la actualidad, la investigación continúa con 

trabajos experimentales combinando vacunas vivas e inactivadas, y pruebas de campo para 

el control de la TB en jabalíes.  
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Abstract 

 
Eurasian wild boar (Sus scrofa) is the main wildlife reservoir for tuberculosis (TB) in 

Iberia. This review summarizes the current knowledge on wild boar vaccination including 

aspects of bait design, delivery and field deployment success; wild boar response to 

vaccination with Bacillus Calmette-Guérin (BCG) and inactivated Mycobacterium bovis; 

and wild boar vaccination biosafety issues as well as prospects on future research. Oral 

vaccination with BCG in captive wild boar has shown to be safe with significant levels of 

protection against challenge with virulent M. bovis. An oral vaccination with a new heat 

killed M. bovis vaccine conferred a protection similar to BCG. The study of host-pathogen 

interactions identified biomarkers of resistance/susceptibility to tuberculosis in wild boar 

such as complement component 3 (C3) and methylmalonyl coenzyme A mutase (MUT) 

that were used for vaccine development. Finally, specific delivery systems were developed 

for bait-containing vaccines to target different age groups. Ongoing research includes 

laboratory experiments combining live and heat-killed vaccines and the first field trial for 

TB control in wild boar. 
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Introduction 
 

Total eradication of an infectious agent shared between wild and domestic animals 

is almost impossible if a native wildlife host is able to serve as a natural reservoir of the 

pathogen [1-3]. Tuberculosis (TB) is a chronic disease caused by infection with 

Mycobacterium bovis and closely related members of the Mycobacterium tuberculosis 

complex (MTC). TB affects not only cattle but also a range of other livestock, companion 

animals and wild animals. Humans are also susceptible; hence control of the risks of 

zoonotic infection is a driver for disease control in animal hosts. As TB prevalence has 

been reduced in livestock, the relative epidemiological and socio-economic importance of 

wildlife reservoirs has increased and there is a corresponding need for disease management 

strategies to reflect this effect [4]. 

Disease control through vaccination of wildlife reservoirs has advantages over other 

approaches. When dealing with disease maintenance by native wildlife, vaccination -as 

opposed to culling-, is a non-destructive method of controlling disease that is more 

acceptable to the public [5,6]. The primary goal of a wildlife vaccine would be to reduce 

the prevalence of infection in the wildlife reservoir or to change the expression of the 

disease and limit the rate of M. bovis excretion [7]. Indeed, vaccination is nowadays is 

being explored as an option for TB control in all major wildlife reservoir hosts such as the 

brushtail possum (Trichosurus vulpecula) in New Zealand, Eurasian badger (Meles meles) 

in the United Kingdom and the Republic of Ireland, and white-tailed deer (Odocoileus 

virginianus) in the USA, among others [8].  

In Mediterranean habitats of the south-western Iberian Peninsula, the abundant and 

widespread native Eurasian wild boar (Sus scofa) is an important driver in M. bovis 

epidemiology [9], thus the need for TB control in this species. Since uninfected 2–4-

month-old wild boar piglets are the preferred age-class for vaccination [10], an oral 
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delivery system that targets piglets is needed for field application of oral tuberculosis 

vaccines in wild boar. After briefly introducing the role of the wild boar in tuberculosis 

(TB) epidemiology and the options for TB control, this review summarizes the current 

knowledge on wild boar vaccination including aspects of bait design, delivery and field 

deployment success; wild boar response to vaccination with BCG and inactivated 

Mycobacterium bovis; and wild boar vaccination biosafety issues as well as prospects on 

future research.  

 

Tuberculosis in Eurasian wild boar 

The Eurasian wild boar is the ancestor of the domestic pig. It is native to Eurasia 

and the north of Africa and has been introduced, pure or crossbred, to many other regions 

worldwide. TB is one of the main infections shared between wild boar and other wild and 

domestic animals [4]. TB has a complex epidemiology involving multiple hosts and is 

influenced by climate, habitat and management factors. Consequently, the role of wild and 

domestic hosts in TB epidemiology varies among regions [11].  

Despite the success of compulsory test and slaughter campaigns in cattle, bovine 

TB (bTB) is still present in the Iberian Peninsula, and the role of wildlife reservoirs is 

increasingly recognized [4,11,12]. In Mediterranean habitats of southern Portugal and 

south-western Spain MTC transmission occurs among three wild ungulate species, wild 

boar, red deer (Cervus elaphus), and fallow deer (Dama dama), cattle and to a lesser extent 

other domestic and wild animals such as goats, pigs, and Eurasian badgers [4,13,14].  

Nevertheless, there is consensus in defining the wild boar as the single most 

important TB reservoir host in this region [9,13,15-17]. Extremely high densities and high 

contact rates within social groups and at waterholes or focal food sources might contribute 

to the high TB prevalence, often over 40% prevalence [12,13,16,18-20]. Wild boar 
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experience higher levels of exposure than deer [18], and are at greater infection risk as a 

result of feeding on tuberculous carrion [13]. Finally, wild boar are more likely than deer 

to push their way under fences, facilitating contact with livestock [12]. Work on TB time 

trends in Iberian wild boar has shown a stable prevalence with local variability, as well as 

an apparent expansion of the infection to new sites [21]. Moreover, wild boar TB has 

already been described in at least ten European countries (Bulgaria, Croatia, France, 

Germany, Hungary, Italy, Portugal, Slovakia, Spain and the UK), and evidence as wildlife 

reservoirs is growing beyond the peculiar high-density and intense-management systems of 

south-central Iberia [4].  

Naturally MTC infected wild boar show visible lesions in over 80% of the cases 

and only microscopic lesions in another 9% [22]. The distribution of lesions is generalized 

in two thirds of the cases, meaning that they are evident in more than one anatomic region. 

The mandibular lymph node (mLN) is the most frequently affected organ while large 

generalized and lung lesions are more frequent among 1 to 2 year old sub-adults, which 

have the highest potential to excrete mycobacteria and can die due to the disease [22]. 

Prevalence increases with age, < 6 month-old piglets showing a mean of 10% prevalence 

[15].  

In contrast to wild boar, the role of feral pigs as MTC reservoirs is questioned [23-

25]. However, domestic pigs and free-ranging Sus scrofa are MTC hosts in southwestern 

Spain [26], the Mediterranean islands of Corsica, Sardinia and Sicily [27-29], and the 

Hawaiian island of Molokai [30]. In Argentina, a wild boar derived M. bovis strain proved 

more pathogenic than the reference cattle-derived strain in a cattle challenge model [31]. 

Hence, the role of suids in the maintenance of MTC deserves more attention worldwide. 
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Options for TB control in wild boar 

The first requisite for any disease control in wildlife is establishing a proper 

monitoring scheme [32]. Then, actions towards disease control can be critically assessed. 

TB control in wildlife reservoir hosts can eventually be achieved by different means, 

including (1) the improvement of biosecurity and hygiene, (2) population control through 

random or selective culling or through habitat management, and (3) vaccination. Ideally, 

tools from all three fields should be combined in an integrated control strategy.  

In this context, wildlife vaccination to reduce MTC infection prevalence emerges as 

a valuable alternative or complementary tool in TB control [33]. Capturing wild animals to 

vaccinate them individually is expensive, time consuming and difficult [34]. Therefore, the 

most feasible approach to deliver vaccines to wildlife is the use of oral baits.   

Oral vaccination against rabies was the first successful attempt to control a disease 

in wildlife through vaccination [35]. Thus, oral bait vaccination has also been considered 

for controlling other diseases such as classical swine fever in wild boar in Europe [36,37] 

or TB in several wildlife hosts worldwide [38].  

 

Bait design, selective delivery and field deployment success 

The effective and efficient field vaccination of wildlife requires the development of 

baits that are stable under field conditions, safe for target and non-target species as well as 

the environment, and effective in reaching the target species [39-41]. A wide variety of 

baits have been developed in order to deliver pharmaceuticals to wild species. Lipid-based 

baits have been tested to deliver BCG vaccine against TB in wild animal species that act as 

reservoirs hosts such as badgers in United Kingdom and Republic of Ireland [34], possums 

in New Zealand [42-44] and while-tailed deer in USA [45]. 
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For free-ranging Sus scrofa, three different baits have been developed and used for 

the oral delivery of vaccines and pharmaceuticals (Table 1).  All of them are made with a 

cereal-based matrix containing a capsule or blister to deliver the vaccine or 

pharmaceutical. The palatable ingredients used for the bait matrix composition stimulate 

chewing to open the capsules contained in the baits and releasing their content inside the 

oral cavity [46]. 

Table 1. Characteristics of commercial, registered or patented baits designed for the delivery of vaccines or 

pharmaceuticals to wild boar and feral pigs. Disadvantages include particularly their suitability for vaccine 

delivery to piglets. 

Bait Shape and size Use Advantages Disadvantages References 

RiemserTM Square shape 
(4x4x1.5 cm) 

Delivery of 
vaccines against  
classical swine 
fever in Europe 

Resistant to 
water and 
moisture 

Not resistant to 
warm 
temperatures 
Not completely 
consumed by < 
4.5 month-old 
wild boar piglets 

[36,47,48] 

IREC, 
Spain 

Hemispherical 
shape ( Ø3.4 x 
1.6 cm; Figure 
1A,1B) 

Delivery of 
vaccines against 
Mycobacterium 
bovis in Spain 

Resistant to 
high 
temperatures 
Well accepted 
by 2-4 month-
old wild boar 
piglets 

Not resistant to  
water and 
moisture 

[10,46,49,50] 

PIGOUTTM Cylindrical 
shape (9x5 cm) 

Delivery of 
toxicants or 
pharmaceuticals to 
feral pigs in 
Australia and USA 

Resistant to 
high 
temperatures 

Large size would 
not be suitable 
for piglets 

[51-54] 
 

 

For TB vaccination, wild boar piglets (rather than already infected adults) are the 

main target [10]. If BCG was used, accidental bait uptake by cattle needs to be avoided 

[55]. Hence, purpose-designed baits and oral delivery systems selective for piglets are 

needed. The three baits developed for free-ranging Sus scrofa have been found to be highly 

attractive and readily ingested by animals [36,46,49,51,52]. However, both Spanish and 

PIGOUT TM baits have been found to be not target-specific enough in those areas where 
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other wildlife species can also have access to the baits [10,53,54]. No data concerning 

target-specificity of RiemserTM baits has been published. 

Field assessment of the proportion of target and non-target individuals that 

consume baits is crucial to evaluate the success of a baiting campaign. Therefore, marking 

agents are incorporated into baits to enable identification of consuming individuals  [56]. 

Iophenoxic acid (α-ethyl-2-hydroxy-2,4,6-triiodebenzenpropanoic acid) and its derivatives 

have been used successfully to investigate baits and baiting strategies to deliver orally 

vaccines, contraceptives and toxicants [53,57-61], since they bind to protein in the blood 

plasma and elevate the protein-bound iodine of animals which consume them. So, these 

markers can be detected in the serum of animals consuming IPA-marked baits for a long 

time after their ingestion [62]. In the case of wild boar, Ballesteros et al. [63] found that 

ethyl and propyl- iophenoxic acids could be detected in animal serum up to 18 months 

after their consumption when doses of 5 and 15 mg/kg were delivered. 

Bait consumption rate and host specificity depend directly on the delivery method 

employed [10,55]. To date, three delivery systems have been designed to allow free-

ranging Sus scrofa  access to baits while preventing bait consumption by non-target 

species: the Boar-Operated-System [64-66], the HogHopper [67,68], and portable selective 

wild boar piglet feeders of Spanish patent [49]. The BOS consists of a metal pole onto 

which a round perforated base is attached. A metal cone with a wide rim slides up and 

down the pole and fully encloses the base onto which the baits are placed. This system has 

been tested in United Kingdom [66] and the United States [65] showing low bait 

consumption by non-target species. However, a possible disadvantage to this system is its 

cost [65]. The Hog-Hopper is a new box-shaped bait delivery device designed to allow 

feral pigs to access poison baits in the station, and restrict other species (such as Australian 

native species and livestock) from taking bait. The door of the device is easily raised by 
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The success of vaccination programs is also determined by the timing of bait 

delivery. For example, early summer would be the best timing for TB vaccine bait delivery 

to wild boar piglets in south-central Spain [10]. In addition, bait consumption by wild boar 

or feral pigs is better if the pre-baiting period lasts longer (e.g. feeding corn weekly for 

three weeks) so that animals get accustomed to feed in the place where baits will be 

delivered [49,69,70]. Other factors such as baiting and/or free-ranging Sus scrofa densities 

can affect bait consumption by target species [49]. Ballesteros et al. [49] found marked-

bait consumption by up to 73% wild boar piglets at a bait density of 30 baits/km2 and using 

one piglet feeder per 2 km2. These baiting densities were lower than those used in previous 

studies in other countries (e.g., 68 to 489 baits/km2 [53,57]. Therefore, in future TB 

vaccination experiments it would be desirable to use higher baiting densities to target a 

higher percentage of the wild boar population.  

 

Tuberculosis vaccines in wildlife 
 

Live vaccines are believed to confer more protection against mycobacterial 

infections than killed vaccines [71]. This is the case of the attenuated live strain of M. bovis 

BCG [72], which is currently the only vaccine approved for vaccination of humans against 

TB [73,74]. Since 1921, BCG has been used worldwide and reports of adverse reactions 

arising from the use of this vaccine have been relatively uncommon [75]. Also, BCG is the 

most widely used vaccine for TB control in wildlife reservoirs. Experiments in controlled 

environments have been carried out in several host species such as badgers [76], brushtail 

possums [77], cape buffalo (Syncerus caffer) [78], white-tailed deer [45,79], wild boar 

[50], and ferrets (Mustela furo) [80]. In addition, recent reports on field vaccination of 

badgers in the UK [81] and possums in New Zealand [44] encourage the use of BCG for 

TB control in wildlife. Additionally, due to its long and widespread use in different 
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species, licensing BCG for field use in wild animals is easier than licensing a newly 

developed vaccine [81,82]. 

However, the use of BCG has some disadvantages, including (1) its variable 

efficacy in humans and cattle due to differences among BCG vaccine strains, trial 

methodology and prior host sensitization to a variety of environmental mycobacteria 

[71,83-87], (2) the possibility to cause disease or to infect non-target individuals and cause 

interference with TB diagnosis [88-92], and (3) its limited half-life in the environment and 

during vaccine preparation, shipment or storage [93]. 

The use of killed vaccines would eliminate the risk of causing TB and should limit 

the likelihood of diagnostic interference and make field vaccination protocols cheaper. 

Several authors have found experimental evidence indicating that nonviable bacilli are able 

to produce some degree of protection to TB in guinea-pigs [94-99], mice [100-103] and 

dogs [104]. In wildlife, only limited information exists regarding inactivated vaccines. 

Experiments with inactivated vaccines have been conducted in deer, brushtail possums, 

and recently in wild boar [105-107]. Deer were vaccinated with two doses of heat-killed 

BCG (5x107 cfu) in an oil adjuvant finding no protection against experimental challenge 

with virulent M. bovis [105]. In brushtail possums, the heat-inactivated M. vaccae was 

used to improve the effectiveness of live BCG to protect against bTB [106]. Recently, 

heat-inactivated M. bovis was found to confer protection against TB similar to BCG to 

wild boar [107]. 

 
Wild boar response to BCG vaccination  
 

The first results about wild boar response to BCG vaccination were documented in 

2009, after vaccinating seven animals by the intra-muscular route [108]. Later, a 

subsequent study by Ballesteros et al. [50] analyzed wild boar responses to oral BCG 

vaccination and challenge with a M. bovis field strain. Purpose-designed oral baits were 
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used for the experiment [46]. The oropharyngeal route was found appropriate for wild boar 

experimental infection since lesions recorded resembled those of natural mycobacterial 

infections [109]. This research allowed defining the infection model and a lesion scoring 

system for wild boar TB [50], while further experiments increased the information on wild 

boar response to BCG vaccination [107].   

In captive wild boar, BCG has shown significant levels of protection against 

challenge with a virulent M. bovis field strain. Culture scores and lesion scores of orally 

BCG-vaccinated wild boar were consistently lower in vaccinated than in control non-

vaccinated animals [50,107]. In addition, the reduction of the lesion and culture scores in 

the thoracic organs has been between 67% and 90% as compared to unvaccinated controls 

[107]. Vaccinated wild boar exposed to low or medium doses of M. bovis (102 cfu or 104 

cfu) by the oropharyngeal route generally remain either uninfected or develop only limited 

lesions [50]. 

Antibody responses of wild boar against M. bovis have been detected reliably with 

specific serologic tests [21,110,111]. This enzyme-linked immunosorbent assay uses M. 

bovis purified protein derivative (bPPD ELISA test). Antibodies to bPPD increase only 

slightly and late after challenge and correlate with the total lesion scores of BCG 

vaccinated and M. bovis challenged wild boar [107]. Additionally, an innovative dual-path 

platform test (DPP test) using MPB83 and CFP10/ESAT-6 antigens has also been used to 

monitor antibody production in vaccination experiments in captive wild boar [107,111]. 

Also, IFN-gamma production in response to bPPD has been detected in both BCG 

vaccinated and unvaccinated wild boar after M. bovis challenge [107].  

 

Wild boar response to vaccination with heat-inactivated M. bovis 

Recently, a heat-killed M. bovis vaccine for oral and parenteral use was develop 
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 and tested in wild boar [107]. Each oral dose contained 6x106 bacteria in 2 ml of PBS, and 

each parenteral dose contained the same number of bacteria in 1 ml Montanide ISA 50 V 

(Seppic, Castres, France).  

The first study incorporating this new inactivated vaccine showed that oral or 

parenteral vaccination with heat-inactivated M. bovis conferred a similar protection after 

challenge when compared to oral vaccination with BCG, and that the response of wild boar 

to both vaccines was similar. Although a high challenge dose was used (106 cfu), this 

vaccination protocol reduced the number and severity of lesions and the infection burden, 

particularly in the thoracic region [107].  

The dynamics of antibody production, IFN-gamma response and gene expression 

were similar in oral BCG- and inactivated M. bovis-vaccinated animals. Wild boar 

parenterally vaccinated with the inactivated vaccine responded to the MPB83 antigen but 

not to bPPD immediately after vaccination, suggesting potential use of these ELISAs to 

distinguish between parenterally vaccinated and exposed wild boar [107]. 

 

Wild boar-pathogen interactions and protection against TB 

The study of host-pathogen interactions allowed identifying biomarkers of 

resistance/susceptibility to tuberculosis in wild boar and using these biomarkers for 

vaccine development [63,107,108,112-115]. The expression of some of these genes such as 

complement component 3 (C3) and methylmalonyl coenzyme A mutase (MUT) were 

shown to correlate with resistance to natural M. bovis infection and protection against M. 

bovis challenge in BCG-vaccinated wild boar [9,50,107,108,116]. In these experiments, C3 

and/or MUT mRNA levels were higher in non-tuberculous than in tuberculous adult wild 

boar naturally exposed to mycobacterial infection, decreased after M. bovis infection and 

increased with BCG vaccination, with higher mRNA levels in protected animals 
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[9,50,107,108,113,114,116,117]. Additionally, MUT may be genetically associated with 

resistance to tuberculosis in wild boar [113,116,117].  

The mechanisms by which C3 and MUT expression contributes to resistance to 

mycobacterial infection remain unknown. The complement system has been shown to be 

involved in mycobacterial pathogenesis and M. tuberculosis activates the alternative 

pathway of complement and binds C3 protein, resulting in enhanced phagocytosis by 

complement receptors (CR3) on human alveolar macrophages [118,119]. A similar 

mechanism may occur with M. bovis in which C3 opsonophagocytosis of mycobacteria by 

macrophages may result in the inhibition of host bactericidal responses and pathogen 

survival [118]. Consequently, higher levels of C3 in wild boar may allow increased 

binding of C3 to CR3 to promote phagocytosis and effective killing of bacteria, while 

interfering with CR3-mediated opsonic and nonopsonic phagocytosis of mycobacteria 

[114]. For MUT, a hypothesis was recently discussed to suggest that host genetically-

defined higher MUT expression levels result in lower serum cholesterol concentration and 

tissue deposits that increase the protective immune response to M. bovis, thus resulting in 

resistance to tuberculosis and better response to BCG vaccination [117].  

The mechanism of protection from BCG vaccination involves a reduction of the 

haematogenous spread of mycobacteria from the site of primary infection. It protects 

against the acute manifestations of the disease, and reduces the lifelong risk of endogenous 

reactivation and dissemination associated with foci acquired from prior infection [120].  

It is tempting to speculate that BCG protection in wild boar would involve distinct 

systemic and mucosal populations of effector memory T cells. Immune genes with 

significant overexpression in non-tuberculous than in tuberculous adult wild boar naturally 

exposed to mycobacterial infection include RANTES (also known as Chemokine (C-C 

motif) ligand 5; CCL5), IFN-gamma and IL4 [108]. The mRNA levels of these genes also 
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increased after parenteral and oral BCG vaccination of wild boar [50,108], thus suggesting 

that IFN-gamma and activated RANTES-secreting CD8 (+) and/or CD4 (+) T lymphocytes 

may be key players in BCG-induced protective response in wild boar. However, although 

it is generally recognized that humoral immunity is not important for the control of 

tuberculosis [121], IL4 induced antibody response against M. bovis may be important for 

tuberculosis control in wild boar. IL4 overexpression in non-tuberculous and BCG-

vaccinated wild boar suggest that antibodies against mycobacterial proteins may be used 

for disease surveillance and treatment monitoring in this species [21,107,110,111] and 

underline the existence of host-specific responses to mycobacterial infection [122] as the 

increase in IL4 levels correlates with disease severity in humans [123] but not in wild boar. 

 Inactivated vaccines stimulate specific CD4 (+) cell populations that recognize the 

antigen versus a live vaccine that stimulates many T cell populations simultaneously. 

While antibody and IFN-gamma responses increased after vaccination in parentally BCG-

vaccinated wild boar, in orally BCG and inactivated M. bovis vaccinated wild boar only 

MUT mRNA levels correlated with protection [107]. These results are difficult to explain 

before further experiments help to characterize the mechanism by which vaccination with 

the inactivated vaccine protects against tuberculosis in wild boar. Taken together, these 

results suggest different protective mechanisms between parenteral and oral inactivated 

mycobacterial vaccines and at least for MUT, expression levels could be a marker of 

protection against tuberculosis and may be used to characterize host response to BCG 

vaccination in wild boar. 

 

Wild boar vaccination biosafety issues  
 

Four main biosafety issues must be considered before delivery of oral baits 

containing live vaccines such as BCG to wild boar: (1) potential effects of high vaccine 
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doses (e.g. ten times the normal dose) on wild boar health; (2) potential survival of M. 

bovis BCG in vaccinated wild boar; (3) potential excretion of M. bovis BCG by vaccinated 

wild boar; (4) vaccine-containing bait uptake by non-target species, particularly by cattle.  

Regarding point (1), it is highly important to determine that high doses of vaccine 

do not affect the animal’s health since it is likely that few individuals can gain access to a 

high number of baits during field vaccination campaigns. In the case of wild boar, no 

adverse effects that can be attributed to the vaccine have been detected in vaccinated 

individuals [50,107,108]. Moreover, wild boar treated with high vaccine doses of up to 

3.0x106 cfu did not show any adverse effect after BCG administration [50].  

Concerning point (2), M. bovis BCG has never been isolated from tissues of 

vaccinated wild boar, despite the occasionally high doses used (The authors, unpublished 

information). However, in other species such as brushtail possum and deer, BCG was 

isolated in tissues of oral BCG vaccinated animals after necropsy [124,125].  

Regarding point (3), the potential of faeces from vaccinated wild boar to lead to the 

accidental exposure of non-target species to BCG, shedding of BCG following bait 

ingestion has been tested under laboratory conditions over a period of seven days post 

vaccination. The analyses yielded no BCG isolates (unpublished data). In other TB hosts, 

BCG is detected in faeces only for a short period of time after ingestion [43,125].  

Finally, point (4), it is necessary to consider the possibility of bait consumption by 

non-target species. Oral baits developed by Ballesteros et al. [46] were found highly 

palatable to both wild and domestic animals [55]. This fact could have negative effects in 

areas where cattle and wild reservoirs coexist since accidental consumption of BCG-

containing baits by cattle could interfere in the TB test and slaughter campaigns. However, 

this risk can be reduced by using deployment strategies that assure that only target species 

gain access to bait such as selective feeders [10,49]. Moreover, the scheduled preliminary 
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field experiments are taking place in sites without cattle [49]. In addition, the research 

towards the development of BCG-specific blood tests for cattle, and the relatively short 

duration of BCG-induced reactivity in livestock contribute to limit the concerns [126]. 

Further information regarding BCG biosafety is needed to satisfy regulatory and 

licensing requirements for release of oral bait vaccines to wildlife [82,125]. Therefore, new 

laboratory experiments will be conducted in order to assess the potential oral or nasal 

excretion of BCG by vaccinated wild boar. In addition, cattle will be exposed to BCG-

containing baits under controlled conditions to assess the likeliness of developing a 

positive skin test. Other important information regarding biosafety will be derived from the 

first controlled field experiments starting soon in Southern Spain. Furthermore, the recent 

development of an inactivated M. bovis vaccine would significantly reduce the safety 

issues, since no viable organisms are used [107]. 

 

Conclusions and future research directions 
 

During the last decade, research on TB epidemiology and oral vaccine development 

and characterization in wild boar allowed considering oral vaccination among available TB 

control tools. The continued applied and basic research on integrated TB control at the 

wildlife-livestock interface will hopefully yield even more significant advances in the 

future.  

Future research on TB vaccination in wild boar will include both new controlled 

laboratory and field experiments (Fig. 2). Results obtained in experiments comparing the 

efficacy of inactivated M. bovis and BCG vaccines encourage testing combinations of 

these vaccine preparations. The characterization of the immune mechanisms that support 

protection against tuberculosis after vaccination with BCG and inactivated vaccines are 
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essential to advance in the development of new improved vaccines and/or vaccination 

schemes. 

A controlled and replicated experimental oral vaccination trial will start soon in 

southern Spain. The goals of this first field trial are assessing the response of wild boar to 

oral BCG and heat-killed M. bovis vaccination under field conditions, gathering 

information on safety aspects and analyzing the cost-effectiveness of vaccination for TB 

control in wild boar. This includes modeling the outcome of vaccination as compared to 

population control.  

Regarding models, preliminary data gathered from individual-based models suggest 

that vaccinating piglets over a long-term period has the potential to successfully eradicate 

bTB from wild boar reservoirs in southern Spain. Further research into the transmission 

rates between bTB hosts and the efficacy of the vaccine itself, but also on the cost-

effectiveness of wild boar vaccination as compared to population control (and their 

combinations) will add important reinforcements to these initial findings. 
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HIPÓTESIS 

La vacunación de suidos mediante la vacuna viva BCG y vacuna inactivada MdR, 

induce una respuesta protectora frente a la tuberculosis. 

 

OBJETIVOS 

Objetivo general: El estudio de la respuesta inmune y el mecanismo de protección 

inducidos tras la vacunación en jabalíes y cerdos, como base para el desarrollo de una 

vacuna eficaz y segura para el control de la TB en suidos. 

   

Objetivos específicos: 

1. Describir las respuestas de anticuerpos, gamma-interferón, y expresión génica, de 

jabalíes vacunados con BCG o vacuna inactivada frente al reto con una cepa de 

campo de Mycobacterium bovis.  

2. Describir las respuestas y los mecanismos de protección inducidos por la vacuna 

oral inactivada en jabalíes tras la vacunación, revacunación, y reto con una cepa de 

campo de M. bovis. 

3. Evaluar experimentalmente la respuesta de cerdos a la vacunación oral con MdR, 

revacunación, y reto con una cepa de campo de M. bovis. Identificar el papel de las 

tonsilas en la respuesta inmune, comparando los resultados obtenidos en cerdos 

tonsilectomizados/no-tonsilectomizados. 

4. Valorar los posibles riesgos asociados al uso de cebos con vacuna BCG o MdR 

teniendo en cuenta: reacciones adversas en el jabalí; riesgos debidos a la 

supervivencia de la cepa vacunal o a su excreción por los individuos vacunados; 

consumo de cebos por parte de especies no diana.  
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HYPOTHESIS 

Vaccination with both live BCG and heat-inactivated MdR vaccines produces protective 

responses against tuberculosis (TB) in suids. 

 

AIMS OF THE STUDY  

General aim: The study of the immune responses and the protection mechanisms induced 

by vaccination in wild boar and pigs, as a basis for the development of a safe and effective 

vaccine for TB control in suids. 

 

Specific aims: 

1. Describe antibody and IFN-gamma responses, as well as gene expression, against 

challenge with a M. bovis field strain in both BCG or MdR vaccinated wild boar  

2. Describe the wild boar responses and the protection mechanisms induced by an oral 

heat-killed vaccine after vaccination, revaccination and challenge with a M. bovis 

field strain. 

3. Evaluate in an experimental trial the response of pigs to oral vaccination and 

revaccination with MdR, and challenge with a virulent field strain. Identify the role 

of the tonsils, comparing the obtained results in tonsilectomized / non-

tonsilectomized pigs. 

4. Assess the associated risks with the BCG or MdR bait deployment taking into 

account: adverse reactions in the target host; risks related to the BCG survival or the 

excretion by vaccinated individuals; bait consumption by non-target species. 
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Resumen 

La tuberculosis (TB), causada por Mycobacterium bovis y otros miembros del 

complejo Mycobacterium tuberculosis, sigue afectando mundialmente a seres humanos y 

animales. Su control requiere la vacunación de especies silvestres reservorio, tales como 

por ejemplo el jabalí (Sus scrofa). Hasta el momento, los estudios realizados en relación a 

la vacunación para el control de la TB en fauna silvestre se han basado en el uso de la 

vacuna viva atenuada BCG oral. Sin embargo, este es el primer artículo en el que se 

describe el uso de una vacuna oral M. bovis inactivada (MdR) para prevenir la TB en fauna 

silvestre. En este trabajo, se asignó un tratamiento diferente a 4 grupos de jabalíes 

constituidos por 5 animales cada uno. Los animales fueron vacunados con vacuna MdR por 

vía oral o intramuscular, con vacuna oral BCG, o no se vacunaron (grupo control). Todos 

los grupos fueron posteriormente infectados con una cepa de campo M. bovis. Los 

resultados obtenidos en la respuesta de gamma-IFN, los niveles de anticuerpos en suero, el 

cultivo de M. bovis, el nivel de lesiones de TB, y la expresión de los genes C3 y MUT se 

compararon entre los cuatro grupos. Estos resultados apuntan a que tanto la vacunación 

mediante la vacuna inactivada M. bovis como la vacunación mediante la vacuna BCG 

confieren cierta protección frente a la tuberculosis en el jabalí, e incitan a realizar nuevos 

experimentos combinando la vacuna BCG y la vacuna MdR. El uso de las vacunas 

inactivadas M. bovis para el control de la tuberculosis en la fauna silvestre, tendría como 

ventaja una mayor seguridad ambiental y estabilidad en condiciones de campo comparado 

con el uso de las vacunas vivas de BCG. La respuesta de anticuerpos y los niveles de 

expresión del gen MUT podrían ser una herramienta para ayudar a diferenciar entre 

animales vacunados e infectados, y son indicadores de una respuesta protectora en 

animales vacunados. Nuevos estudios de vacunación en jabalíes silvestres usando MdR y 
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BCG permitirán revelar todo el potencial de protección frente a la tuberculosis en esta 

especie. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

43 
 

1 Capítulo I/Chapter I 

Abstract 

 
Tuberculosis (TB) caused by Mycobacterium bovis and closely related members of 

the Mycobacterium tuberculosis complex continues to affect humans and animals 

worldwide and its control requires vaccination of wildlife reservoir species such as 

Eurasian wild boar (Sus scrofa). Vaccination efforts for TB control in wildlife have been 

based primarily on oral live BCG formulations. However, this is the first report of the use 

of oral inactivated vaccines for controlling TB in wildlife. In this study, four groups of 5 

wild boar each were vaccinated with inactivated M. bovis by the oral and intramuscular 

routes, vaccinated with oral BCG or left unvaccinated as controls. All groups were later 

challenged with a field strain of M. bovis. The results of the IFN-gamma response, serum 

antibody levels, M. bovis culture, TB lesion scores, and the expression of C3 and MUT 

genes were compared between these four groups. The results suggested that vaccination 

with heat-inactivated M. bovis or BCG protect wild boar from TB. These results also 

encouraged testing combinations of BCG and inactivated M. bovis to vaccinate wild boar 

against TB. Vaccine formulations using heat-inactivated M. bovis for TB control in 

wildlife would have the advantage of being environmentally safe and more stable under 

field conditions when compared to live BCG vaccines. The antibody response and MUT 

expression levels can help differentiating between vaccinated and infected wild boar and as 

correlates of protective response in vaccinated animals. These results suggest that vaccine 

studies in free-living wild boar are now possible to reveal the full potential of protecting 

against TB using oral M. bovis inactivated and BCG vaccines. 

 

 

 

 



 

44 
 

1 Capítulo I/Chapter I 

Introduction 

 
Tuberculosis (TB) caused by Mycobacterium bovis and closely related members of 

the Mycobacterium tuberculosis complex (MTBC) is a chronic disease that causes huge 

losses to the cattle industry [1], has consequences on wildlife management and 

conservation [2], and is a zoonosis affecting millions of people, mainly in developing 

countries where it causes 10% of human TB cases [3]. The increase in the incidence of 

bovine TB in some developed countries is thought to be due, at least in part, to wildlife 

reservoirs of M. bovis [1,4]. The native Eurasian wild boar (Sus scrofa) is regarded as one 

of the main wildlife reservoirs of MTBC in the Iberian Peninsula [5–6]. Moreover, wild 

boar TB is increasingly recorded in other parts of its geographical range [7–8], and feral 

pig TB is also a concern in countries such as New Zealand and USA [9]. Complete 

depopulation is normally not an option in the native range of this species, and culling has 

only transient effects on infection prevalence (unpublished results). Effective wild boar 

proof fencing of livestock pastures is costly and might cause conflicts with conservationists 

due to the barrier effect [10]. Hence, wildlife vaccination to reduce MTBC infection 

prevalence could become a valuable alternative or complementary tool in TB control [11]. 

 Wildlife vaccination for TB control is being studied worldwide in several host 

reservoir models, including the brushtail possum (Trichosurus vulpecula), ferret (Mustela 

furo) and red deer (Cervus elaphus) in New Zealand [12–14], White-tailed deer 

(Odocoileus virginianus) in the USA [15], African buffalo (Syncerus caffir) in South 

Africa [16] and Eurasian wild boar (Sus scrofa) in Spain [17], among others. In the United 

Kingdom and the Republic of Ireland, vaccination of Eurasian badgers (Meles meles) is 

seen today as a key element in a long-term strategy to eradicate the disease from cattle 

[18]. The vaccine used in all these experiments is BCG (Bacille Calmette–Guérin), an 

avirulent live strain of M. bovis. In wild brushtail possums, BCG was found to prevent 



 

45 
 

1 Capítulo I/Chapter I 

infection and had high (69–95%) protective efficacy [14,19]. Badgers have also been 

successfully vaccinated in the field by administering BCG by the intramuscular route. 

Vaccination reduced the incidence of positive serological test results by 74% [20]. In 

African buffaloes, oral BCG produced 33% reduction in lesion scores in a study carried out 

in an open-air enclosure [16]. The oral delivery of baits containing BCG to wild boar in 

experimental conditions allowed reduction of M. bovis infection by 50% and lesion scores 

by 56% after challenge with M. bovis [17]. At the molecular level, oral BCG immunization 

of wild boar resulted in the upregulation of immunoregulatory genes such as interferon 

gamma (IFN-gamma), regulated on activation, normal T expressed and secreted cytokine, 

also known as CCL5 (RANTES), methylmalonyl coenzyme A mutase (MUT), 

complement component 3 (C3) and interleukin 4 (IL-4) that may be associated with 

protective response to M. bovis infection in this species [17,21–23]. 

Vaccination against TB has been studied in human tuberculosis and in several 

animal models with live mycobacteria such as BCG, BCG recombinants and other mutant 

strains, DNA or protein subunit vaccines, and inactivated (heat- or formalin-killed) 

vaccines [24–27]. Several organisms including M. bovis BCG, the leprosy vaccine 

Mycobacterium w, and Mycobacterium vaccae have also been used in the form of 

inactivated vaccines [28–32]. In guinea pigs, formalininactivated BCG mixed with non-

phospholipid liposome adjuvants and administered as a single subcutaneous inoculation 

conferred a significant survival advantage against lethal aerogenic challenge with M. bovis 

[28]. In cattle however, killed BCG in a mineral-oil adjuvant did not evoke protective 

immunity [12]. In possums it has been tested if oral killed BCG would adversely affect 

subsequent vaccination with live BCG, finding that protection was not adversely affected 

compared to live BCG administered orally [29]. 

Regarding M. w, significantly higher IFN-gamma production was observed in mice 



 

46 
 

1 Capítulo I/Chapter I 

 immunized with heat-killed organisms by the subcutaneous route than in unvaccinated 

controls [30]. However, both IFN-gamma production and protection levels were 

consistently better in live M. w vaccinated mice than in those vaccinated with heat-killed 

M. w [30]. A vaccination study with heat-killed M. w in India provided evidence 

suggesting protective efficacy of M. w against pulmonary TB in humans [31]. Preventive 

immunization with whole inactivated M. vaccae conferred protection against HIV-

associated TB in BCG-immunized human adults [32]. However, intradermal vaccination 

with 109 heat-killed M. vaccae did not protect cattle against an experimental challenge with 

M. bovis and induced only weak cell-mediated immune responses to bovine PPD [33]. 

Heat-inactivated killed M. vaccae administered intranasally/intraconjunctivally to possums 

induced minimal protection compared to the combination of killed M. vaccae and live 

BCG by the same route [34]. However, to the best of our knowledge there is no peer-

reviewed information regarding the single use of oral inactivated vaccines for controlling 

TB in wildlife. These vaccine formulations for TB control in wildlife would have the 

advantage of being environmentally safe and more stable under field conditions when 

compared to live BCG vaccines. 

In this study, we hypothesized that wild boar orally and parenterally immunized 

with inactivated M. bovis will produce an antibody response similar to oral live BCG 

vaccination and natural M. bovis infection, but that protection against a challenge with an 

M. bovis field strain, as well as the gene expression and IFN-gamma response would be 

different using inactivated M. bovis and BCG. To test this hypothesis, four groups of 5 

wild boar each were vaccinated with inactivated M. bovis by the oral and intramuscular 

routes, vaccinated with oral BCG, or left unvaccinated as controls. All groups were later 

challenged with a field strain of M. bovis. The results of the IFN-gamma response, serum 

antibody levels, M. bovis culture, TB lesion scores, and the expression of C3 and MUT 
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 genes were compared between these four groups. 

 
 

Materials and Methods 

 
1. Animals and experimental design 

 
Twenty 3-4-month-old wild boar piglets were bought in a commercial farm known 

to be free of mycobacterial lesions at slaughter and with a fully negative ELISA test [35]. 

The animals were housed in class III bio-containment facilities where they had ad libitum 

food and water. Wild boar piglets were randomly assigned to one of four treatment groups: 

Group 1, unvaccinated controls; Group 2, parenterally vaccinated with heat-inactivated M. 

bovis; Group 3, orally vaccinated with heat-inactivated M. bovis; Group 4, orally 

vaccinated with live BCG. Oral vaccines were delivered in baits designed for wild boar 

piglets [36]. For the challenge, 5 ml of a suspension containing 106 colony forming units 

(cfu) of an M. bovis field strain were administered by the oropharyngeal route as described 

in previous experiments [17,37]. 

The animals were handled nine times during the experiment, including the 

vaccination (T1, day 1), the challenge two months after vaccination (T2, day 60), and the 

necropsy four months after challenge and six months after vaccination (T3, day 189). In 

addition to T1, T2 and T3, blood samples were taken at days 8, 21, and 49 post-vaccination 

(pv), and after challenge at days 74, 83, 104 and 133 pv. 

Handling procedures and sampling frequency were designed to reduce stress and 

health risks for subjects, according to European (86/609) and Spanish laws (R.D. 

223/1988, R.D. 1021/2005). The protocol was approved by the Committee on the Ethics of 

Animal Experiments of the Regional Agriculture Authority (Diputación Foral de Vizcaya,  

Permit Number: 2731-2009). 
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2. Preparation of inactivated vaccines 
 
The M. bovis strain used was a first passage level culture isolated from a naturally 

infected wild boar in Coletsos medium. The isolate was propagated in Middlebrook 7H9 

broth enriched with OADC for 2–3 weeks. Cells were harvested by centrifugation at 2500 

x g for 20 minutes and washed twice in PBS. The bacterial pellet was re-suspended in PBS 

and declumped using a fine needle syringe. The turbidity of this suspension was adjusted 

to an optical density of 1 McFarland unit. Before inactivation, tenfold serial dilutions were 

prepared and plated in agar-solidified 7H9 with OADC in quadruplicate to assess the 

number of cfu in the inoculum. The inoculum was then inactivated in a water bath at 80uC 

for 30 minutes. Animals in ‘‘parenteral inactivated vaccine’’ and ‘‘oral inactivated 

vaccine’’ groups were administered with approximately 6x106 bacteria according to cfu 

counts. The parenteral vaccine (1 ml) was prepared using Montanide ISA 50 V, an oily 

adjuvant of mannide oleate and mineral oil (Seppic, Castres, France). The oral vaccine 

consisted of 0.2 ml of PBS containing the inactivated mycobacteria. This inactivated 

vaccine was again cultured in duplicate to assure absence of viable M. bovis. 

 
 

3. BCG vaccine 
 

The M. bovis BCG Danish reference strain (CCUG 27863) was kindly provided by 

C. Martín (Universidad de Zaragoza, Spain). It was cultured on Coletsos medium 

(Biomerieux, France), an egg yolk medium without glycerol, and colonies from the slant 

were scraped and transferred to a sterile tube containing 8–10 glass beads. The suspension 

was mixed in a vortex for a few seconds and sterile distilled water was added. Then it was 

allowed to settle for 5 min. The supernatant was adjusted with water to turbidity equal to 

1.0 McFarland standard. To calculate the amount of BCG cfu per bait, dilutions from 10-1 

to 10-6 were prepared and 0.150 ml from each dilution were cultured in Coletsos medium 
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in duplicate. The tubes were cultured at 37ºC and cfu readings were taken after 5 weeks. 

Each bait contained 0.150 ml of the 1.0 McFarland standard. 

 

4. Necropsy, sample collection and histopathology 
 
Wild boar were anesthetized by intramuscular injection of zoletil, and euthanized 

by captive bolt. A thorough postmortem examination was done to detect the presence of 

macroscopic lesions. Samples for culture were immediately processed and copies frozen at 

-80ºC for mRNA isolation. After taking out pieces for mRNA, all main lymph nodes (LNs) 

and the tonsils were serially sliced into 1–2 μm thick slices and carefully inspected for 

visible TB-compatible lesions. Visceral organs were also carefully inspected, and each 

lung lobe was considered separately. These TB-compatible lesions were classified based 

on lesion distribution and lesion intensity, and scored as previously described [17]. 

Samples of individual tissues were fixed in 10% buffered formalin, embedded in 

paraffin, sectioned at 4 μm, and stained with hematoxylin–eosin by use of standard 

procedures. An additional section of those tissues with lesions indicative of tuberculosis 

was stained by Ziehl–Neelsen (ZN) procedure to detect the presence of acid-fast organisms 

(AFO). 

 

5. Microbiology 
 

The tissues collected were as follows: head lymphoid tissues including the 

oropharyngeal tonsil and both mandibular, parotid, and retropharyngeal lymph nodes 

(LNs); lung (each lobe), tracheobronchial LNs and mediastinal LN; spleen, ileocaecal 

valve, and mesenteric and hepatic LNs. When suspicious lesions were observed in liver, 

kidney and LNs from other locations, samples from these tissues were also cultured. 

Samples were thoroughly homogenized in sterile distilled water (2 g in 10 ml or 
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equivalently). Five ml of this suspension was decontaminated and processed following the 

instructions of the manufacturer to inoculate BBL MGIT tubes supplemented with BBL 

MGIT PANTA and BACTEC MGIT growth supplement (Becton Dickinson). BBL tubes 

were incubated for 42 days in a BACTEC MGIT 960 System. The remaining 5 ml were 

decontaminated in hexadecyl-pyridinium chloride at a final concentration of 0.75% (w/v) 

for 12–18 h. Samples were centrifuged at 2500 x g for 5 min and pellets cultured in 

Coletsos tubes (bioMèrieux) at 37ºC for 4 months. All isolates were spoligotyped in order 

to confirm the strain [38]. 

We defined a culture score for M. bovis infection in wild boar, as the number of 

lymph node or organ samples yielding a M. bovis isolate, of the total number of culture 

attempts (N≥17 samples cultured per wild boar; score range 0–17). Infection level of 

samples was categorized according to the number of colonies per tube as follows: less than 

10 colonies, between 10 and 50 colonies and more than 50 colonies. 

 

6. bPPD ELISA test 
 

Serum samples were tested for anti-PPD immunoglobulin G (IgG) antibodies by 

means of an in-house ELISA using bovine tuberculin purified protein derivative (bovine 

PPD; CZ Veterinaria SL, Porriño, Lugo, Spain) as antigen and protein G horseradish 

peroxidase (Sigma-Aldrich Química SA, Madrid, Spain) as a conjugate applying the 

protocol described by Boadella et al. [35]. Sample results were expressed as an ELISA 

percentage (E%) that was calculated using the formula [Sample E% = (sample OD/2 x 

mean negative control OD) x100]. Samples with E% >100 were considered positive. 

 

7. Dual-path platform (DPP) TB test 

The DPP technology was developed by Chembio Diagnostic Systems, Inc. using  



 

51 
 

1 Capítulo I/Chapter I 

selected M. bovis antigens. Serum samples were tested as previously described [39] and 

results were read 20 minutes after adding sample buffer. The presence and intensity of 

either of the 2 separate test lines (T1, MPB83 antigen; T2, CFP10/ESAT-6 fusion protein) 

were evaluated by a DPP optical reader (in relative light units, RLU) [35]. 

 

8. Interferon gamma test 
 

Blood samples were collected into tubes with lithium heparin and shipped to the 

laboratory at room temperature. Stimulation of whole blood with PBS (nil control), and the 

avian and bovine purified protein derivative (PPD; CZ Veterinaria, Porriño, Spain) was 

performed within 8 h of collection as described for other species [40–42]. Detection of 

IFN-gamma in the supernatant was performed using a quantitative ELISA (Pierce 

Endogen, Rockford, IL, USA) following manufacturer’s recommendations. 

 

9. Gene expression analysis by real-time RT-PCR 
 

The immunoregulatory genes, complement component 3 (C3) and methylmalonyl-

CoA mutase (MUT) were selected for analysis based on their association with wild boar 

resistance to natural M. bovis infection and protection against M. bovis challenge in BCG-

vaccinated wild boar [6,17, 21–22]. 

Total RNA was extracted from peripheral blood mononuclear cells (PBMC) using 

TriReagent (Sigma, Madrid, Spain) following manufacturer’s recommendations. The RNA 

yield and quality were assessed using the Experion Bioanalyzer (Bio-Rad, Madrid, Spain). 

Gene-specific oligonucleotide primers were designed and used for quantitative real-time 

RT-PCR (qRT-PCR) [17]. The qRT-PCR was performed in 25 μl reaction volumes with 

12.5 μl SYBR Green iScriptH (Bio-Rad). Amplification conditions consisted of 95ºC for 1 

min, followed by 40 cycles of 95ºC for 15 s and 55ºC for 60 s. A dissociation curve was 
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run at the end of the reaction to ensure that only one amplicon was formed and that the 

amplicon denatured consistently in the same temperature range for every sample [43]. 

All reactions were performed in triplicate. Oligonucleotide primers were used to 

amplify the S. scrofa cyclophilin (Genbank accession number AY008846) as a control 

gene to normalize expression data [21]. Control reactions were performed using the same 

procedures, but without RT to monitor DNA contamination in the RNA preparations and 

without RNA added to monitor contamination of the PCR reaction. The mRNA values 

were normalized against S. scrofa cyclophilin gene expression using the 2-DDCt method 

[44]. 

The normalized expression was calculated at each time point and the mean of 

triplicate values was used to compare data between vaccinated and control groups. 

 

10. Statistical analyses 
 

Normal data such as body weight, head and body length, and kidney fat were 

compared by analysis of variance (ANOVA) followed by a series of Tukeys post-hoc tests 

for pair comparisons (p = 0.05). Regression was used to analyze the relation between 

lesion scores and serum antibody levels. Chi square tests were used to compare 

proportions. Lesion scores and culture scores were compared among groups with the non-

parametric median test. 

 

Results 
 

1. Clinical signs and body condition 
 

 All animals were observed daily throughout the experiment and TB signs were not 

detected. At necropsy, all wild boar were measured, weighted, and the kidney fat index 
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(KFI) calculated. Control wild boar consistently had the lowest values, and the difference 

among groups was significant for weight and for head and body length, but not for the KFI 

(Table 1). 

Table 1: Body weight, head and body length, and kidney fat index (KFI) at necropsy for wild boar 

belonging to four experimental groups (mean ± SE).  

Group Body weight (kg) Body length (cm) KFI (%) 

Control 18.42 ± 2.5 88.86 ± 2.6 19.52 ± 7.4 

Parenteral inactivated 25.67 ± 2.5 102.54 ± 2.6 25.41 ± 6.6 

Oral inactivated 28.04 ± 2.3 103.50 ± 2.9 31.76 ± 6.6 

Oral BCG 20.66 ± 2.3 93.58 ± 2.6 29.91 ± 6.6 

 

Differences among groups were significant for weight (F3, 14= 3.4, p<0.05) and for head and body 

length (F3, 15= 6.9, p<0.01), but not for the KFI (F3, 15= 0.6, p>0.05). Post hoc Tukey tests revealed 

significant differences only for head and body length between the control group and the two inactivated 

vaccinated groups (p=0.01). 

 

2. Pathology 
 

Total lesion, head lesion and thorax lesion scores were highest in the control group 

(Figure 1). The mean lesion score for control wild boar was 18 ± 3. In the parenteral 

inactivated, oral inactivated and oral BCG groups we observed a reduction of the mean 

lesion score by 43.3%, 43.3% and 52.2%, respectively. One control wild boar presented 

the most severe lung lesions showing extensive areas of pneumonia involving the cranial, 

middle and right caudal and left middle lobes, along with both tracheobronchial LNs 

(Table 2). The reduction of the mean thorax lesion score as compared to the controls was 

of 84.8%, 75.7% and 69.7%, respectively. 
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Table 2: Summary of pathology findings expressed as number of animals showing macroscopic lesions, 

number of animals showing only microscopic lesions, and number of animals with AFO in Ziehl-Neelsen 

stained sections, separated by bars 

            a LN: lymph node; b nd: not done 

 

3. M. bovis isolation 
 

 Total culture scores and thorax culture scores were again highest in the control 

group (4.4 ± 0.7 and 0.6 ± 0.2, respectively). All isolates belonged to the field M. bovis 

strain used for challenge. In the parenteral inactivated, oral inactivated and oral BCG 

groups we observed almost no reduction of the mean culture score: 4.5%, 9% and 9%, 

 Group 

Organ Control 
Parenteral 

inactivated 

Oral 

inactivated 
Oral BCG 

Tonsil 1/0/0 2/1/1 3/0/0 0/1/0 

Mandibular LNa 5/0/5 5/0/3 5/0/2 5/0/2 

Retropharyngeal LN 3/0/0 3/0/2 2/0/1 3/1/0 

Parotid LN 1/1/0 2/0/0 1/0/1 0/1/0 

Lung  2/0/1 0/1/0 2/0/1 1/1/0 

Tracheobronchial LN 4/1/2 3/1/0 2/1/0 3/0/0 

Mediastinal LN 1/0/0 0/0/nd 1/0/0 0/0/nd 

Liver 0/0/nd 0/0/nd 0/0/nd 1/0/0 

Spleen 0/0/nd 0/0/nd 0/0/nd 0/0/nd 

Kidney 0/0/nd 0/0/nd 0/0/nd 0/0/nd 

Ileocecal valve 0/1/0 0/0/nd 0/0/nd 0/0/nd 

Hepatic LN 0/0/nd 0/0/nd 0/0/nd 1/0/0 

Ileocecal LN 0/0/nd 2/0/1 0/0/nd 0/0/nd 

Mesenteric LN 0/0/nd 2/0/0 0/0/nd 2/0/0 



 

56 
 

1 Capítulo I/Chapter I 

respectively. However, the reduction of the mean thorax culture score as compared to the 

controls was of 66.7%, 33.3% and 66.7%, respectively. Moreover, massive M. bovis 

growth on solid media (>50 colonies) was observed among 3/5 controls, 2/5 parenterally 

vaccinated, and none of 5 oral inactivated and 5 oral BCG vaccinated wild boar, 

respectively. Tissues where massive growth occurred included thoracic LNs in the three 

controls (tracheobronchial LN in two cases and mediastinic LN in one), but only head LNs 

(mandibular and retropharyngeal) in the parenterally vaccinated ones (Figure 1). 

Differences in total and thorax culture scores were not significant (Median test, Chi2 

≤2.42; p>0.05). 

 

4. Serum antibody response 
 

Figure 2 presents the mean antibody responses per treatment group. Regarding 

bPPD, antibody levels were consistently low during the experiment and increased only late 

after challenge in all groups except the oral BCG one (time F6, 112 = 6.92, p<0.001; group 

F3, 112 = 2.62, p>0.05; interaction F18, 112 = 0.72, p>0.05). DPP-T1 reactivity changed 

significantly in time (F6, 112 = 23.7, p<0.001) and among groups (F3, 112 = 45.2, p<0.001), 

and the interaction between time and group was also significant (F3, 112 = 2.62, p<0.05), 

essentially because the parenterally inactivated vaccinated wild boar responded to MPB83 

antigen immediately after vaccination, in contrast to the orally vaccinated ones and the 

controls. No significant differences were observed regarding antibody reactivity with 

CFP10/ESAT-6 in the DPP assay (F<2, p>0.05 in all cases). Thus, the serologic tests 

allowed differentiating vaccinated not challenged from vaccinated challenged wild boar 

after a period of time post inoculation, if the vaccine was administered parenterally. The 

former responded to MPB83 and not to bPPD, while the latter (after challenge) responded 

to both bPPD and MPB83. 
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Figure 2: Serum antibody response after vaccination and after challenge. Mean serum antibody response 

(n = 5 for each point and group) as measured by the bPPD ELISA (in ELISA percentage, E%) and the 

MPB83 dual-path platform test (DPP-T1, in relative light units, RLU). 

 

At necropsy, the differences among groups in serum antibody levels were not 

significant (bPPD: F3, 16 = 0.87; DPP-T1: F3, 16= 1.68; DPP-T2: F3, 16 = 1.37; p>0.05). 

However, the oral BCG group tended to have the lowest responses to bPPD and to 

CFP10/ESTA-6 antigen, while the parenteral inactivated vaccine group had the highest 

T3
 T1 T2

T2  T3 T1 
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responses to bPPD and to MPB83 protein. Control wild boar had the highest response to 

CFP10/ESAT-6 antigen in DPP assay (Table 3). 

 

Table 3: Serum antibody levels at necropsy for 20 wild boar belonging to four experimental groups (mean ± 

SE), as measured by the bPPD ELISA (in ELISA percentage, E%) and the dual-path platform tests (DPP, in 

relative light units, RLU; DPP test 1: MPB83; DPP test 2: CFP10/ESAT-6). 

 

Group 

bPPD ELISA   

%E (+/-) 

Chembio DPP test 1 

 RLU (+/-) 

Chembio DPP test 2  

RLU (+/-) 

Control 247.02  ± 104 (3/2) 83.36  ±  20.7 (4/1) 31.68  ± 11.9 (2/3) 

Parenteral inactivated 265.31  ± 104 (4/1) 129.74  ± 20.7 (5/0) 11.80  ± 11.9 (1/4) 

Oral inactivated 195.24  ± 104 (2/3) 68.22  ± 20.7 (4/1) 4.7  ± 11.9 (2/3) 

Oral BCG 50.25  ± 104 (0/5) 105.28  ± 20.7 (5/0) 0  ± 11.9 (0/5) 

Chi2  3 d.f. 7.07 p>0.05 2.22 p>0.05 7.2 p>0.05 

 

We observed a statistically significant positive relationship between the bPPD 

ELISA values and total lesion scores of the 20 challenged wild boar (R2= 0.38, p<0.01; 

Figure 3). 
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lesser extent. One week after challenge, the picture remained as after vaccination. 

However, at day 21 after challenge all wild boar showed high IFN-gamma responses which 

were maintained until necropsy at T3 (OD>0.291). Again, the mean response stayed 

highest in the parenterally vaccinated group (F3,16 = 3.88, p<0.05). Post hoc Tukey tests 

revealed significant differences only between parenterally vaccinated and oral BCG 

vaccinated wild boar (p = 0.02). The IFN-gamma OD at T3 was correlated with the 

number of ZN positive tissues (rs = 0.44, n = 20, p<0.05). We found no other correlation 

between IFN-gamma responses and culture or lesion scores (p>0.05). 

 

6. Gene expression response to vaccination 
 

The C3 and MUT mRNA levels were analyzed in PBMC at time points T1 (before 

vaccination), T2 (2 months after vaccination and before challenge) and T3 (at the end of 

the experiment 4 months after challenge; Figures 5A and 5B). MUT expression was 

similar between wild boar orally-immunized with BCG and inactivated M. bovis and was 

significantly higher (p<0.05) when compared to controls at T2 (Figure 5A). For these 

groups, MUT expression levels were significantly (p<0.05) higher at T2 than at T1 and T3 

(Figure 5A). MUT expression levels in wild boar parentally-immunized with inactivated 

M. bovis were similar to controls at all-time points (Figure 5A). Although the C3 

expression levels were significantly (p<0.05) higher at T2 than at T1 and T3 for wild boar 

orally-immunized with BCG, differences were not observed between groups at any time 

point analyzed. 

Discussion 
 
 The number of wild boar tested was necessarily low, and this limited the statistical 

significance of the results. However, data presented herein suggest that vaccines based on  
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In order to obtain uniform results, we used a high challenge dose of 106 cfu of M. 

bovis [17]. As a consequence, all vaccinated wild boar subjected to experimental challenge 

became infected. However, vaccination reduced the number and severity of lesions and the 

infection burden, particularly in the thoracic region, similar to BCG vaccination results in 

other wildlife species (e.g. in badgers challenged with 104 M. bovis CFU by the 

endobronchial route; [18,20]). Thus, given the severity of the challenge, the estimated 

protection is likely to be an underestimate of the true vaccine effect [18]. 

Protection levels, antibody levels, IFN-gamma response and MUT and C3 gene 

expression varied among treatments. Unvaccinated controls responded after challenge with 

both antibody and IFN-gamma production. At the time of necropsy, controls had the 

poorest condition scores and the highest mean lesion and culture scores, more thoracic 

tissues with AFO, as well as the highest mean antibody response to the CFP10/ESAT-6 

fusion protein. The lesions recorded in this control group were similar to those observed in 

previous experiments in captivity [17], and to those recorded in the field [45]. The finding 

of lower condition scores in controls as compared to vaccinated animals contrasts with 

results obtained in badgers [18]. However, badgers used for the vaccination and challenge 

experiments were field-captured adults while we used more uniform farm-bred wild boar 

piglets. 

It is remarkable that all wild boar responded to MPB83 (DPPT1) immediately after 

challenge and before antibodies against bPPD raised in the ELISA test. Both techniques 

can potentially be complementary to differentiate animals with recent infection (and 

probably without visible lesions) from animals with more advanced lesions. Whether the 

MPB83 increase is transient or not needs to be investigated. 

In contrast to all other treatments, the group vaccinated parenterally with 

inactivated M. bovis had an almost immediate MPB83 and IFN-gamma response after 
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vaccination. This group maintained the highest IFN-gamma levels at necropsy. In badgers, 

most individuals were also positive to IFN-gamma after parenteral BCG vaccination [20] 

and in wild boar a transient increase in IFN-gamma mRNA and serum levels were 

observed 5 weeks after parenteral BCG vaccination [21]. The early and robust IFNgamma 

and MPB83 serum antibody responses, in contrast to the less prominent responses to the 

bPPD ELISA test, would allow using a combination of these tests to distinguish between 

parenterally vaccinated and parenterally vaccinated/M. bovis-infected wild boar in the 

field, at least until 4 months after challenge. In vaccinated mice and possums, IFN-gamma 

is considered a correlate of protective immunity [30,46]. However, in this study we 

observed no correlation between IFN-gamma response and lesion scores, except for the 

number of ZN positive tissues. This lack of correlation between post vaccination cellular 

immune responses and levels of protection was also observed in orally BCG vaccinated 

badgers, but was not associated with a failure of the vaccine to protect against M. bovis 

[18]. 

The group vaccinated orally with inactivated M. bovis responded in a very similar 

way to the group vaccinated with oral BCG. Lesion and culture scores were similar, 

although slightly lower in the BCG group. Regarding serum antibodies and IFN-gamma 

production, both groups responded only after challenge, as in orally BCG vaccinated 

badgers [18]. The BCG group had the lowest bPPD and CFP10/ESAT-6 antibody levels, 

suggesting less advanced disease and/or less stimulation of the antibody response against 

M. bovis. Serum antibodies have been used as a surrogate for BCG-mediated protection 

against experimental [47] and natural M. bovis infection in badgers [20]. Furthermore, our 

results confirmed that the bPPD ELISA results correlate with the lesion score in wild boar 

(Figure 3). These results suggest that this ELISA may be used not only for prevalence 

studies, but also for classifying infected animals as showing a more or less advanced 
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disease, for instance during field experiments to test the effect of vaccination for the 

control of TB in wild boar. 

M. bovis infection affects gene expression in wild boar [22–23,48–50]. Some of 

these genes such as C3 and MUT were shown to correlate with resistance to natural M. 

bovis infection and protection against M. bovis challenge in BCG-vaccinated wild boar 

[6,17,21–22]. As in previous experiments [17,21–23,50], MUT mRNA levels increased 

with BCG vaccination and decreased after M. bovis infection. However, the increase in 

MUT expression after vaccination was significant for orally-immunized wild boar only, 

suggesting differences between orally and parentally immunized animals at least with 

respect to MUT expression. Although the C3 expression profile in wild boar orally-

immunized with BCG was similar to that shown before in parentally and orally BCG 

immunized wild boar [17,21], no significant differences were observed between groups. 

These results provided additional evidences for the role of MUT expression in protection 

against M. bovis infection in wild boar. Although the mechanism by which MUT 

expression contributes to resistance to mycobacterial infection are unknown, a hypothesis 

was recently discussed to suggest that host genetically-defined higher MUT expression 

levels result in lower serum cholesterol concentration and tissue deposits that increase the 

protective immune response to M. bovis, thus resulting in resistance to bovine TB and 

better response to BCG vaccination [51]. The observation that both orally vaccinated 

groups had a clear increase in MUT expression after vaccination suggested that MUT 

expression, in combination with serum antibody tests, could be used to distinguish between 

unvaccinated/uninfected, orally vaccinated, and infected or orally vaccinated/infected wild 

boar in the field. However, a major flaw of using killed M. bovis as vaccine would be that 

(parenteral) vaccination will induce responses to antigens like ESAT6 and CFP-10. These 

antigens have been suggested as DIVA antigens for BCG vaccination [27]. Hence, wild 
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boar immunization experiments with killed BCG or other M. bovis variants should 

eventually be considered. 

 

Conclusions 

The results reported here showed that wild boar respond similarly to BCG and to 

vaccination with heat-inactivated M. bovis. These results also encourage to test 

combinations of BCG and inactivated M. bovis to vaccinate against TB in wild boar, as 

tested in possums by Skinner et al. [34] with M. vaccae. Vaccine formulations using heat-

inactivated M. bovis for TB control in wildlife would have the advantage of being 

environmentally safe and more stable under field conditions as compared to live BCG 

vaccines. Tools for the selective and effective delivery of baits to wild boar piglets have 

been set up and field-tested with dummy vaccines [36,52–54]. The ELISA and MUT 

expression tests shown here can help differentiating between vaccinated and infected 

animals and as correlates of protective response in vaccinated wild boar. Hence, studies in 

free-living wildlife under conditions of natural M. bovis transmission are now possible and 

will hopefully reveal the full potential of protecting wild boar against TB using oral M. 

bovis inactivated and BCG vaccines. 
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Resumen  

 
La tuberculosis (TB) en la actualidad continúa siendo una pandemia que afecta a millones 

de personas a nivel mundial, incrementando la necesidad del desarrollo de nuevas vacunas 

como herramienta de control frente a esta enfermedad. Para alcanzar este objetivo, es 

esencial definir los factores relacionados con la protección que son inducidos por la 

vacuna. En este estudio, utilizamos el modelo de infección  y enfermedad por 

micobacterias en jabalí, para distinguir los mecanismos de protección inducidos por una 

nueva vacuna Mycobacterium bovis inactivada por calor (MdR). La vacunación oral 

mediante vacuna inactivada resultó en una reducción significativa del grado de lesión y 

número de cultivos positivos, en particular en la zona torácica, sugiriendo que la vacuna 

podría constituir una nueva herramienta para el control de la tuberculosis, con especial 

énfasis en la prevención de la enfermedad pulmonar (una de las limitaciones de las vacunas 

actuales). Además, la vacunación oral con vacuna inactivada indujo una respuesta de 

anticuerpos adaptativa y una activación de la respuesta inmune innata que incluía el 

componente 3 del complemento (C3) y el inflamasoma. El DNA/RNA micobacteriano no 

participó en la activación del inflamasoma, pero incrementó la producción de C3 por un 

mecanismo aún desconocido. Adicionalmente, estos resultados sugirieron un mecanismo 

de protección mediado por la activación de IFN-g produciendo células T CD8 por células 

dendríticas presentadoras del antígeno MHC1 (DCs) en respuesta a la vacunación, sin un 

papel claro para las células T CD4+. Estos resultados respaldan el papel de las células 

dendríticas en la inducción de la respuesta inmune frente a la vacuna inactivada a través de 

un mecanismo similar a la respuesta fagocitaria de PAMPs, con un papel principal para C3 

en la protección frente a la infección por micobacterias. Unos niveles altos de C3 podrían 

producir una mayor opsonofagocitosis y una eliminación de micobacterias más efectiva, al 

interferir con la fagocitosis opsónica y no-opsónica mediada por C3 de la micobacteria, un 
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proceso que podría ser incrementado por anticuerpos específicos frente a algunas proteínas 

micobacterianas inducidas a través de la vacunación con vacuna inactivada. Estos 

resultados sugieren que la vacuna inactivada actúa a través de nuevos mecanismos de 

protección frente a la TB en jabalí.  
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Abstract 

Tuberculosis (TB) remains a pandemic affecting billion people worldwide, thus stressing 

the need for new vaccines. Defining the correlates of vaccine protection is essential to 

achieve this goal. In this study, we used the wild boar model for mycobacterial infection 

and TB to characterize the protective mechanisms elicited by a new heat inactivated 

Mycobacterium bovis vaccine (MdR). Oral vaccination with the MdR resulted in 

significantly lower culture and lesion, particularly in the thorax scores, suggesting that the 

MdR might provide a novel vaccine for TB control with special impact on the prevention 

of pulmonary disease, which is one of the limitations of current vaccines. Oral vaccination 

with the MdR induced an adaptive antibody response and activation of the innate immune 

response including the complement component C3 and inflammasome. Mycobacterial 

DNA/RNA was not involved in inflammasome activation but increased C3 production by a 

still unknown mechanism. The results also suggested a protective mechanism mediated by 

the activation of IFN-g producing CD8+ T cells by MHC I antigen presenting dendritic 

cells (DCs) in response to vaccination with the MdR, without a clear role for Th1 CD4+ T 

cells. These results support a role for DCs in triggering the immune response to the MdR 

through a mechanism similar to the phagocyte response to PAMPs with a central role for 

C3 in protection against mycobacterial infection. Higher C3 levels may allow increased 

opsonophagocytosis and effective bacterial clearance, while interfering with CR3-mediated 

opsonic and nonopsonic phagocytosis of mycobacteria, a process that could be enhanced 

by specific antibodies against mycobacterial proteins induced by vaccination with the 

MdR. These results suggest that the MdR acts through novel mechanisms to protect against 

TB in wild boar.  
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Introduction 

 
 Tuberculosis (TB) caused by mycobacteria of the Mycobacterium tuberculosis 

complex affects more than 2.5 billion people worldwide with approximately 9 million new 

cases reported every year [1]. The Bacillus Calmette–Guérin (BCG) vaccine has been 

widely used for TB control [2]. However, BCG and other first-generation vaccines do not 

prevent infection nor achieve sterile eradication, but rather prime and/or boost infection 

control. Therefore, the development of new vaccines is required to achieve full protection 

in some areas and age groups and particularly to protect against infection rather than from 

active TB [2]. Additionally, the correlates of protection for TB and BCG vaccines are 

poorly defined and constitute essential information for the development of improved 

vaccines [2,4-6]. 

 Recently, we developed a model for mycobacterial infection and TB using wild 

boar (Sus scrofa) [7,8]. Boar is susceptible to mycobacterial infection and reproduces some 

of the clinical symptoms observed in human TB cases such as lung pathology and latent 

infection [9,10]. Molecular characterization of host-pathogen interactions identified S. 

scrofa genes such as methylmalonyl CoA mutase (MUT), complement component 3 (C3) 

and other innate and adaptive immune response genes involved in resistance to 

mycobacterial infection [11-16].  

 Wild boar are natural reservoir hosts for Mycobacterium bovis in some regions and 

thus vaccination strategies are being developed for TB control in this species [7,8,10]. 

Recently, parenteral and oral vaccination with a heat-inactivated M. bovis vaccine (MdR) 

protected boar against TB with special reduction in thorax tuberculous lesions [8]. These 

results suggested that oral vaccination with the MdR might constitute a novel approach for 

TB control with the aim of preventing or drastically reducing acquisition and establishment 

of infection. However, as for other vaccines for TB control, the protection mechanisms 
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elicited by the MdR remain unclear and are the focus of this study. In these experiments, 

we did not focus on a preconceived mechanism, but rather explored the hypothesis that 

different mechanisms including adaptive and innate immune responses may constitute 

possible correlates of protection for the MdR. 

 

Materials and Methods 

1. Preparation of the MdR 
 
 The M. bovis field isolate Neiker 1403 (spoligotype SB0339) originally obtained 

from a naturally infected wild boar was used for MdR preparation. The isolate was 

cultivated for 2-3 weeks in Middlebrook 7H9 medium enriched with OADC. Cells were 

obtained after centrifugation at 2,500 x g for 20 minutes at room temperature (RT) and 

after two washes in PBS, the pellet was resuspended in PBS and passed through an insulin 

syringe for declumping. The optical density of the suspension was adjusted with PBS to 5 

McFarland units. Prior to inactivation, ten-fold serial dilutions were seeded in 

quadruplicate on 7H9 plates with OADC solidified with agar in order to quantify the 

number of colony forming units (cfu) in the inoculum. The inoculum was inactivated in a 

shaking water bath at 80°C for 30 minutes. The final MdR preparation was equivalent to 

107 cfu/0.2 ml PBS and was re-cultivated in duplicate to confirm the absence of viable 

mycobacteria.  

 

2. Purification and characterization of nucleic acids from the MdR 

 One ml of MdR was pelleted and resuspended in 500 µl of Tri Reagent (Sigma-

Aldrich St. Louis MO, USA).  The solution was sonicated during 1 hr in 6 cycles of 10 

minutes each and then immediately subjected to continuous vortex mixing for 30 min [17]. 

The lysate was left at room temperature for 4 hrs with intermittent vortex mixing every 15 
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min. Total RNA was extracted following manufacturer instructions. Two ml of MdR were 

treated with 40µl (80 units) of DNaseI in 0.2 ml of 10X DNase I Buffer (Ambion Life 

Technologies, Grand Island, NY, USA) and incubated at 37ºC for 1 hr. Six ml of water and 

0.8 ml of 10x RNAse ONE buffer were then added in order to provide suitable conditions 

for the RNAse ONE Ribonuclease enzyme (Promega, Madison WI, USA).  The reaction 

was incubated at 75 ºC for 10 min.  Subsequently, 95 µl of RNAse ONE (10 units/µl) were 

added to the reaction and incubated at 37 ºC for 3 hrs. Total RNA was used to synthesize 

cDNA using random primers and the Access RT-PCR system (Promega, Madison, WI, 

USA). Total RNA and MdR samples were characterized by RT-PCR using oligonucleotide 

primers Mycgen-F: 5’-AGAGTTTGATCCTGGCTCAG-3’ and Mycgen-R: 5’-

TGCACACAGGCCACAAGGGA-3’ that amplify 16S rRNA from Mycobacterium 

tuberculosis complex [18] and the Access RT-PCR system (Promega, Madison, WI, USA). 

Amplicons were cloned and six independent clones were sequenced for analysis. The 

evolutionary history was inferred using the Neighbor Joining method [19] in MEGA5 

(http://www.megasoftware.net). Blasting against nonredundant sequence database (nr) was 

done using blastn (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Nucleotide sequences were 

aligned using the program AlignX (Vector NTI Suite V 5.5, InforMax, North Bethesda, 

MD, USA). 

 To characterize the effect of mycobacterial DNA/RNA in the MdR, four mini pigs 

were randomly allocated to two groups of two animals each and orally vaccinated at days 1 

(T0) and 28 with 2 ml of the MdR depleted of mycobacterial DNA and RNA (MdR-

DNA/RNA) and MdR. One month after last vaccination (T1), animals were challenged 

with 5 ml of a suspension containing 105 cfu of an M. bovis field strain and then euthanized 

four months after challenge (T2) [7,8]. Oral mucosa and blood samples were collected to 

compare oral mucosa and peripheral blood mononuclear cells (PBMC; Buffy coat) C3 
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mRNA levels and serum C3 protein and cytokine levels between animals vaccinated with 

MdR and MdR-DNA/RNA. The protocol was approved by the Committee on the Ethics of 

Animal Experiments of the Regional Agriculture Authority (Comunidad de Madrid, 

18/01/2012). 

 

3. Wild boar vaccination and challenge 
 
 Fifteen 3-4-month-old wild boar piglets were bought in a commercial farm known 

to be free of mycobacterial lesions at slaughter and with a fully negative ELISA test [20]. 

The animals were housed in class III bio-containment facilities where they had ad libitum 

food and water. Wild boar piglets were randomly assigned to two treatment groups, 

vaccinated (N=7) and control (N=8). The MdR (107 cfu) was delivered in baits designed 

for wild boar piglets [21]. For challenge, 5 ml of a suspension containing 105 cfu of an M. 

bovis field strain (spoligotype SB0339) were administered by the oropharyngeal route as 

described in previous experiments [7,8]. The animals were vaccinated at T0, revaccinated 

at day 52, challenged at day 126 (T1) and necropsied at day 255 (T2). Handling procedures 

and sampling frequency were designed to reduce stress and health risks for subjects, 

according to European (86/609) and Spanish laws (R.D. 223/1988, R.D. 1021/2005). The 

protocol was approved by the Committee on the Ethics of Animal Experiments of the 

Regional Agriculture Authority (Diputación Foral de Vizcaya, Permit Number: 2731-

2009). 

 

4. Sample collection, necropsy and histopathology 
 
 Blood samples were collected at T0, T1 and T2 time points for RNA extraction 

from PBMC and serum preparation. Animals were anesthetized by intramuscular injection 

of zoletil, and euthanized by captive bolt. A thorough postmortem examination was done 
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to detect the presence of macroscopic lesions. Samples for culture were immediately 

processed and copies frozen at -80 ºC for RNA isolation. Tonsils, lymph nodes, lung (each 

lobe considered separately), spleen, and ileocecal valve were carefully inspected for TB-

compatible lesions and cultured. When suspicious lesions were observed in liver, kidney 

and lymph nodes from other locations, samples from these tissues were also cultured. TB-

compatible lesions were classified based on lesion distribution and lesion intensity, and 

scored as previously described [7]. Samples of individual tissues were fixed in 10% 

buffered formalin, embedded in paraffin, sectioned at 4 µm, and stained with hematoxylin–

eosin by use of standard procedures. Additional sections of tissues with lesions indicative 

of TB were stained by Ziehl–Neelsen procedure to detect the presence of acid-fast 

organisms. 

  

5. Microbiology	

 All samples were cultured and spoligotyped in order to confirm the strain as 

previously described [8]. We defined a culture score for M. bovis infection as the number 

of lymph nodes or organ samples yielding a M. bovis isolate, of the total number of culture 

attempts (N≥ 17 samples cultured per animal; score range 0-17). Infection levels in 

different samples were categorized according to the number of colonies per tube as 

follows: less than 10 colonies, between 10 and 50 colonies and more than 50 colonies [8]. 

 

6. Serological analyses 
 
 Antibody response: Serum samples were tested for antibodies against purified 

bovine tuberculin protein derivative (bovine PPD; CZ Veterinaria, Porriño, Spain) using an 

in-house ELISA with Protein G (Calbiochem, Merck KGaA, Darmstadt, 

Germany) conjugate as described by Boadella et al. [20]. Samples with E% (E%=(sample 
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O.D.450nm/2 x mean negative control O.D.450nm) x 100) >100 were considered 

positive. Antibodies against mycobacterial GAPDH, NADPAD, MPB83, Rv2623 

recombinant proteins were tested with the same ELISA described before but coating the 

plates with 1 μg/well. DPP®BovidTB and DPP®VetTB were used to test serum samples 

against DPP as previously described [22]. The presence and intensity of either the sole T 

band (a mixture of MPB70 and MPB83 proteins) of the DPP®BovidTB or the 2 separate 

test bands (T1, MPB83 antigen; T2, CFP10/ESAT-6 fusion protein) of the DPP®VetTB, 

were evaluated by a DPP optical reader (in relative light units, RLU). Reactivity above the 

cut-off value of 5.0 RLU in any of the test bands was considered a positive result for the 

presence of antibody [23]. 

 Complement component 3: For the quantitative determination of pig C3 protein 

concentration in serum samples, a commercially available sandwich ELISA was used (Pig 

Complement C3 ELISA kit, CUSABIO®, Wuhan, China). Serum samples and standards 

were analyzed following the manufacturer's instructions. Data was linearized by a standard 

curve and regression analysis was used to determine sample C3 concentrations in μg/ml.   

 Cytokines: The cytokine concentration in pooled sera was determined at T0, T1 and 

T2 using the Quantibody porcine cytokine array (RayBiotech Inc, Norcross, GA, USA), an 

array-based multiplex ELISA system for the simultaneous quantitative measurement of 

multiple cytokines. Using this system, standard cytokines and samples were assayed in 

each array simultaneously through a sandwich ELISA procedure, following the 

recommendations of the manufacturer. The signals were visualized using a Gene Pix 

4100A laser scanner (Molecular Devices, Sunnyvale, CA, USA) and data were extracted 

by GenePix Pro 6 software (Molecular Devices). Finally, the quantitative data analysis was 

performed using the Quantibody Q-Analyzer software (RayBiotech Inc). Cytokine 

concentration was expressed in pg/ml and two replicates were performed for each sample. 



 

82 
 

2 Capítulo II/Chapter II 

7. Identification of mycobacterial proteins recognized by vaccinated animals	

 The MdR proteins were analyzed using denaturing SDS-PAGE with a 12% 

PAGEgelTM SDS cassette gel (PAGE-gel Inc., San Diego, CA, USA) under reducing 

conditions. The bands were visualized by Expedeon’s InstantBlue staining. Electrophoretic 

transfer of proteins from gels to nitrocellulose membranes (Schleicher & Schuell, 

PROTRAN BA85, Dassel, Germany) for Western blot analysis was carried out in a Minie-

Genie Electroblotter semi-dry transfer unit (Idea Scientific, Corvallis, OR, USA) according 

to the manufacture’s protocol. Membranes were blocked with 5% (w/v) skim milk 

overnight at 4ºC, and then washed three times in TBS (100mM Tris-base, 150mM 

NaCl, pH 7.5) and incubated for 1 hr with boar sera (1:200 dilution in TBS). Membranes 

were then washed three times with TBS and incubated with anti-pig IgG peroxidase 

conjugate (Sigma-Aldrich, St. Louis, MO, USA) diluted 1:1000 for 1.25 hr at room 

temperature. After washing the membranes with TBS, color was developed using 

tetramethylbenzidine (TMB)-stabilized substrate for horseradish peroxidase (Promega, 

Madison, WI, USA).  

 Proteins recognized by sera from animals vaccinated with the MdR were visualized 

by Coomassie Brilliant Blue R-250 staining, excised, cut into cubes (2 x 2 mm) and 

digested overnight at 37ºC with 60 ng/µl trypsin (Promega, Madison, WI, USA) at 5:1 

protein:trypsin (w/w) ratio in 50 mM ammonium bicarbonate, pH 8.8 containing 10% (v/v) 

acetonitrile [24]. The resulting tryptic peptides from each band were extracted by 30 min 

incubation in 12 mM ammonium bicarbonate, pH 8.8. Trifluoroacetic acid was added to a 

final concentration of 1% and the peptides were finally desalted onto C18 ProteaTips 

(Protea Biosciences, Inc., Morgantown, WV, USA), dried-down and stored at 20ºC until 

mass spectrometry analysis. The protein digest was resuspended in 0.1% formic acid and 

analyzed by RP-LC-MS/MS using a Surveyor LC system coupled to an ion trap LCQ Fleet 
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mass spectrometer (Thermo Scientific, San Jose, CA, USA). The LCQ was programmed to 

perform a data-dependent MS/MS scan on the 3 most intense precursors detected in a full 

scan from 400 to 1600 amu, using an isolation width of 3 amu, normalized collision energy 

of 30%, and dynamic exclusion applied during 3 min periods. Protein identification was 

carried out using the SEQUEST algorithm (Proteome Discoverer 1.1, Thermo Scientific). 

Database search was performed against the Actinobacteria database downloaded from the 

Protein Knowledgebase (UniProtKB; http://www.uniprot.org). 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 1% false discovery rate (FDR) was the criteria used for 

acceptance of peptides assignments and subsequent protein identification. 

 

8. Cloning, expression and characterization of M. bovis recombinant proteins	

 The genes encoding for proteins identified by Western blot and proteomics analysis 

were amplified by PCR (Table 1), sequenced, cloned into the pTXB1 expression vector 

(New England Biolabs, Hitchin, Hertfordshire, UK) and expressed in Escherichia coli. 

Three independent clones were sequenced for analysis blasting against nonredundant 

sequence database (nr) using blastn (http://blast.ncbi.nlm.nih.gov/Blast.cgi). For 

production of recombinant proteins, each strain was propagated overnight in 10 ml cultures 

in 50-ml shaker flasks at 37ºC. The cells were harvested by centrifugation at 3900 × g for 

15 min at 4ºC and cell samples of 1 g wet weight were resuspended in 5 ml of lysis buffer 

(100 mM NaH2PO4, 10 mM Tris–HCl, 8M Urea, pH 7.0) and disrupted by sonication 

(Bandelin Sonoplus, Berlin, Germany). The cell lysate was dialyzed against column buffer 

(100 mM NaH2PO4, 10 mM Tris–HCl, 4M Urea, pH 7.0) and centrifuged at 10,000 x g for 
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15 min at 4ºC. The cell debris was discarded and the clarified cell extract was loaded into 

chitin-affinity purification columns (New England Biolabs). The elution was carried out 

with 3 column volumes of cleavage buffer (column buffer containing 50 mM DDT) for 16 

h at 4ºC. The eluted fractions were dialyzed in PBS, pH 8.0 to remove the excess of thiol 

reagent. Recombinant proteins were analyzed by SDS-PAGE and Western blot as 

previously described. 

 

Table 1. Oligonucleotide primers and PCR conditions for M. bovis (MdR isolate) genes. 

Gene (Genbank 

accession number) 
Upstream / downsteam primer sequences (5’-3’) 

PCR 

annealing 

temperature 

PCR 

product 

size 

(bp) 

NADP-dependent 

alcohol 

dehydrogenase C 

(NADPAD) 

(P0A4X1) 

GGTGGTCATATGAGCACTGTTGCCGCCTAC / 

GGTGGTTGCTCTTCCGCACAGGGCTGAGATGTCGATGAC 
56ºC 1,041 

glyceraldehyde-3-

phosphate 

dehydrogenase 

(GAPDH) (P64179) 

GGTGGTCATATGGTGACGGTCCGAGTAGGCATC / 

GGTGGTTGCTCTTCCGCAGAGCGACTTGCCGACCAGCGT 
66ºC 1,023 

MPB83 (ACD61707) 
GGTGGTCATATGATCAACGTTCAGGCCAAA / 

GGTGGTTGCTCTTCCGCACTGTGCCGGGGGCATCAGCAC 
42ºC 663 

Universal stress 

protein 

RV2623/MT2698 

(NP_337200) 

GGTGGTCATATGTCATCGGGCAATTCATCT / 

GGTGGTTGCTCTTCCGCAAGTCAGCGACTCGCGTGCCAC 
42ºC 894 

 

9. In vitro experiments 
 
 In vitro infection and analysis of M. bovis: The pig lung alveolar macrophage cell 

line 3D4/31 [25] was kindly donated by Juan José Garrido Pavón (University of Córdoba, 

Spain) and maintained at 37°C in a 5% CO2 atmosphere in RPMI 1640 supplemented with 

10% FCS and 0.1 mM Non-essential amino acids (Life Technologies, Paisley, UK). 
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Approximately 2x106 cells were experimentally infected with M. bovis (SB0339 strain) at 

5 multiplicities of infection (5 mycobacteria per cell). After a 3 h incubation, free bacteria 

were removed by washing with PBS, then cells were incubated for 48 h with different 

concentrations of C3 (without C3, 0 µg/ml; low C3 concentration, 26 µg/ml; and high C3 

concentration, 105 µg/ml) in the presence of 10% sera from control wild boar, MdR-

vaccinated wild boar and rabbit IgGs raised against recombinant mycobacterial proteins 

MPB83 and NADPAD. All treatments were tested in duplicate. Nucleic acids from cell 

cultures at zero and 48h post infection were extracted with Tri Reagent (Sigma Aldrich, St. 

Louis, MO) following manufacturer´s recommendations. DNA was used to determine 

mycobacterial infection levels by real-time PCR using two different targets. The major 

immunogenic protein MPB70, a highly conserved gene within the M. tuberculosis 

complex, was amplified using primers mpb70-F (5’-CTCAATCCGCAAGTAAACC-3’) 

and mpb70-R (5’-TCAGCAGTGACGAATTGG-3’). The insertion sequence IS6110 was 

amplified using the commercial TaqVetTM M. tuberculosis Complex Kit (LSI, Lissieu, 

France). The DNA values were normalized against S. scrofa cyclophilin using the 

genNorm ddCT method [26]. 

 Characterization of gene expression in pig DCs: Blood samples were collected from 

the retro-orbital venous sinus of healthy pigs in tubes with heparin. PBMC were purified 

by Lymphoprep (Axis-shield, Oslo, Norway) density gradient centrifugation as previously 

described [27]. Briefly, blood was diluted 1:2 in PBS (Life Technologies, Paisley, UK) and 

after centrifugation at 400 x g for 40 min, the mononuclear cell fraction was washed three 

times with PBS and then resuspended in RPMI 1640 medium (Life Technologies) 

supplemented with 20 mM HEPES buffer, l-glutamine (2 mM), penicillin (200 IU/ml), 

streptomycin (100 μg/ml), 2-mercaptoethanol (5×10−5 M) and 5% foetal calf serum (Life 

Technologies). 5 x 106 cells/ml were seeded into 25-cm2 flasks (Thermo Scientific, 
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Rockford, IL, USA) at 7 ml/flask. The flasks were incubated at 37°C for 3 h and 

nonadherent cells were removed. The adherent cell population was rinsed gently with 

medium before fresh medium with cytokines was added. The cytokines used were 

recombinant swine proteins GM-CSF at 50 ng/ml, IL-4 at 50 ng/ml and IFN-α at 0.8 U/ml 

(Invitrogen, Carlsbad, CA, USA). Cytokines were added on the first day of culture and one 

third of the culture volumes were replaced every second day. After 5 days of culture the 

majority of the cells had obtained a dendritic morphology. The cells were then removed 

from the flasks by 5–15 min incubation on ice, washed 1–2 times with culture medium and 

aliquoted in 24 well plates (7x105 cells/well). DCs were incubated for 48 h with different 

amounts of the IV (0, 106, 5x106, 107, 2x107, and 4x107 cfu/well; N=6 per treatment). After 

incubation, cells were collected, washed with PBS and total RNA extracted for gene 

expression analysis by real-time RT-PCR. 

 

10. RNA isolation and real time RT-PCR  

 Total RNA was extracted from wild boar and pig PBMC, pig oral mucosa and DCs 

using TRI reagent (Sigma, Madrid, Spain) and the RNeasy kit (Qiagen, Izasa, Madrid, 

Spain), respectively following manufacturer’s recommendations. RNA was used for real-

time RT-PCR analysis of mRNA levels of selected genes in individual samples. Selected 

genes are involved in innate immunity (complement component 3, C3; NLR family, pyrin 

domain containing 3, NLRP3; Toll-like receptor adaptor molecule 1, TRIF; myeloid 

differentiation primary-response protein 88, MYD88; interleukin 1-beta, IL-1b; interferon 

gamma, IFN-g; and interferon beta, IFN-b), mucosal immunity (Perforin, PERF and 

chemokine (C-C motif) receptor 7, CCR7), and methylmalonyl CoA mutase, MUT (Table 

1). Real-time RT-PCR was performed with gene-specific primers (Table 2) using the One-

Step RT-PCR Kit with SYBR Green and the CFX thermal cycler (Bio-Rad, Hercules, CA, 
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USA) following manufacturer’s recommendations. Control reactions were performed using 

the same procedures, but without RT to monitor DNA contamination in the RNA 

preparations and without RNA added to monitor contamination of the PCR reaction. A 

dissociation curve was run at the end of RT-PCR reaction to ensure that only one amplicon 

was formed and that the amplicon denatured consistently at the same temperature range for 

every sample [28]. The mRNA values were normalized against S. scrofa cyclophilin, β-

actin and GAPHD using the genNorm ddCT method [26].   

 

Table 2. Oligonucleotide primers and RT-PCR conditions for the analysis of mRNA levels. 

GenBank 
accesion 
number 

Gene Primer sequences (5´- 3´) 
PCR 
annealing 
conditions 

NM_214009 Complement component 3, C3 SsC3-L: acaaattgacccagcgtagg 
SsC3-R: gcacgtccttgctgtactga 

55ºC, 30s 

DQ913893 Interferon gamma, IFN-γ SsIFNg-L: ttcagctttgcgtgactttg 
SsIFNg-R: tcctttgaatggcctggtta 

55ºC, 30s 

NM_214055 Interleukin 1-beta, IL-1β SsIL1beta-L:ccaaagagggacatggagaa 
SsIL1beta-R: ttatatcttggcggcctttg 

55ºC, 30s 

NM_214405 Methylmalonyl CoA mutase, 
MUT 

SsMUT-L: gtttgccaacggtgaaaagt 
SsMUT-R: aatgagcttcaaggcagcat 

55ºC, 30s 

JN391525 Interferon beta, IFN-β 
 

Ss-IFNBF:  tcagaagctcctgggacagt  
Ss-IFNBR: atctgcccatcaagttccac  

55ºC, 30s 

AY373815 Perforin 1, PRF1  Ss-PerfF:  gctccaccctgagttcaaga 
Ss-PerfR: agtcctccacctccttggat  

57ºC, 30s 

NM_001001532 Chemokine (C-C motif) receptor 
7, CCR7 

Ss-CCR7F: tgtgcttcaagaaggacgtg  
Ss-CCR7R: aagggtcaggaggaagagga  

57ºC, 30s 

KF280280 Toll-like receptor adaptor 
molecule 1, TRIF 

Hs-TRIFF: caggagcctgaggagatgag  
Hs-TRIFR: ctgggtagttggtgctggtt  

55ºC, 30s 

KF280281 NLR family, pyrin domain 
containing 3 (NLRP3) 

Hs-NLRP3F: cttctctgatgaggcccaag  
Hs-NLRP3R: 
gcagcaaactggaaaggaag  

55ºC, 30s 

NM_001206359 Glyceraldehyde-3-phosphate 
dehydrogenase, GAPHD  

Ss-GAPHDF: gtcggttgtggatctgacct 
Ss-GAPHDR: agcttgacgaagtggtcgtt 

55ºC, 30s 

EU077229 Myeloid differentiation primary-
response protein 88, MYD88 

Ss-MyD88F: cggaggagatgaacttcgag 
Ss-MyD88R: actttcggcagtcctcttca 

56ºC, 30s 

DQ452569 β-actin Ss-BactinF: ggacctgaccgactacctca 
Ss-BactinR: ggcagctcgtagctcttcat 

55ºC, 30s 

AY008846 Cyclophilin SsCyclophilin-L: 
agcactggggagaaaggatt  
SsCyclophilin-R: 
cttggcagtgcaaatgaaaa 

55ºC, 30s 
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11. Flow cytometry     

Not coagulated wild boar whole blood (100 µl) was stained simultaneously with 1 µg 

each of FITC-conjugated anti-pig CD4 and PE-conjugated anti-pig CD8 monoclonal 

antibodies (BD Biosciences, Madrid, Spain) following the manufacturer recommendations. 

After staining, erythrocytes were lysed using BD FACS™ Lysing Solution (BD 

Biosciences) and washed.  Flow cytometry was performed on a FACScalibur flow 

cytometer (BD Biosciences). Peripheral blood leukocytes were identified by their 

characteristic scatter profile. The CD4+/CD8+ ratio was calculated as the number of CD4+ 

positive cells versus the number of CD8+ positive cells. 

 

12. Statistical analyses	

 Lesion scores, culture scores, mRNA levels (normalized Ct values), antibody levels 

(D.O.450nm), C3 protein levels (μg/ml) and cytokine levels (pg/ml) were compared 

between vaccinated and control groups or between more and less tuberculous animals at 

different time points by Student´s t-test with unequal variance (p = 0.05). M. bovis 

infection levels (normalized DNA Ct values) were compared between 0 and 48 h for each 

treatment by χ2-test (P=0.05). Regression was used to analyze the relation between lesion 

and culture scores and serum antibody levels or C3 mRNA and serum protein levels.  

 

Results and Discussion 

1. Oral vaccination with the MdR protects boar against mycobacterial infection 
 
 Oral vaccination with the MdR resulted in significant (p<0.005) lower lesion and 

culture scores in vaccinated wild boar (Figs. 1A and 1B).  

 

Figure 1. Oral vaccination with MdR protects wild boar against mycobacterial infection. (A) Lesion 

score, (B) culture score and (C) thorax culture score in vaccinated (N=7) and control (N=8) wild boar. Solid 

lines show the median values. Values were compared between groups by Student´s t-test with unequal 
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 Bands 1-4 were extracted from the gel and proteins identified by mass 

spectrometry. The results showed that band 1 corresponded to glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (Genbank accession number P64179), a cell surface ligand that 

may be involved in mycobacterial adherence to DCs and macrophages [29]. Band 2 was 

identified as NADP-dependent alcohol dehydrogenase C (NADPAD) (P0A4X1) [30]. 

Band 3 contained two proteins, MPB83 (ACD61707) and the universal stress protein 

Rv2623/MT2698 (NP_337200). MPB83 is a secreted glycoprotein with homology to 

MPB70 [31,32] that has been used for immunodiagnosis of M. bovis-infected cattle [33] 

and as a candidate vaccine antigen against TB [34,35]. The universal stress protein 

Rv2623/MT2698 is an ATP-binding protein involved in a pathway that promotes M. 

tuberculosis persistent infection [36] and its protein sequence is identical to the M. bovis 

hypothetical protein Mb2656 (NP_856302). Band 4 was identified as MPB70 

(ACD61706), a secreted protein used in ELISA for the diagnosis of cattle infected with M. 

bovis [33,37].  

 The genes encoding for proteins in bands 1-3 were cloned from the MdR isolate 

Neiker 1403, recombinant proteins produced in E. coli (Fig. 2B) and used in ELISA and 

Western blot analysis of sera from vaccinated and control animals (Figs. 2C and 2D). The 

results showed that sera from control and vaccinated animals recognized M. bovis 

recombinant proteins after infection at T2, suggesting a response to infection that for most 

proteins was enhanced after vaccination with the MdR. 

 Antibody titers against PPDb, DPP and GAPDH, NADPAD, MPB83, Rv2623 

recombinant proteins showed differences between vaccinated and control animals for 

NADPAD and MPB83 at T2 only (Fig. 2D). Interestingly, both NADPAD and MPB83 

antibody levels were higher in animals with lower lesion and culture scores (Figs. 2E and 
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2F). These results suggested that antibodies against these proteins might be involved in the 

protective response elicited by the MdR. 

  

3. Oral vaccination with the MdR activates innate immune response 	

 The next question on the possible protective mechanisms associated with the MdR 

focused on the innate immune response. Based on our previous results of differential gene 

expression in wild boar in response to M. bovis infection and vaccination and results from 

other groups [7,8,12,14,15,38,39], we selected for mRNA analysis genes involved in innate 

immunity (complement component 3, C3; NLR family, pyrin domain containing 3, 

NLRP3; Toll-like receptor adaptor molecule 1, TRIF; myeloid differentiation primary-

response protein 88, MYD88; interleukin 1-beta, IL-1b; interferon gamma, IFN-g; and 

interferon beta, IFN-b), mucosal immunity (Perforin, PERF and chemokine (C-C motif) 

receptor 7, CCR7), and methylmalonyl CoA mutase, MUT (Table 1). 

 The analysis of gene expression in wild boar PBMC showed that C3, IL-1b, TRIF, 

NLRP3 and MYD88 mRNA levels were higher after vaccination (T1) in vaccinated animals 

when compared to controls (Fig. 3A), with no effect of vaccination on IFN-g, IFN-b, 

PERF, CCR7 and MUT mRNA levels (data not shown). After infection (T2), only C3 

mRNA levels remained higher in vaccinated animals (Fig. 3A). Comparison of control 

animals with high (40-53; N=3) and low (15-23; N=5) tuberculous lesion score (Fig. 1A), 

showed that as in previous experiments with natural wild boar populations [13-15,40], C3 

and MUT mRNA levels were higher in less tuberculous animals at T1 (Fig. 3B). Serum C3 

protein levels did not show significant differences between vaccinated and control animals 

due to animal-to-animal variations (Fig. 3C), but a tendency towards increasing C3 levels 

after infection was observed in vaccinated but not in control animals (Fig. 3D).  
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and control animals, respectively) were higher in vaccinated animals at T1 (Fig. 3E), with 

no significant differences in the levels of IL-4, IL-8, IL-10, IL-12, GM-CSF, TGF-b1 and 

TNF-a (data not shown). These results together with the induction of TRIF, NLRP3 mRNA 

levels in vaccinated animals suggested the activation of the innate immune response 

including inflammasome in response to the MdR [39].  

 

4. The MdR contains mycobacterial DNA and RNA that increase C3 expression 

levels in vaccinated animals 

 The results presented here suggested inflammasome activation in response to the 

MdR. However, this protective mechanism has been mostly associated with live and not 

killed vaccines [39]. Recently, prokaryotic messenger RNA was identified as viability-

associated pathogen-associated molecular patterns (vita-PAMPs) involved in inflamasome 

activation and protection against live bacteria [39]. Although boar were vaccinated orally 

with inactivated mycobacteria, we characterized the presence and possible role of 

mycobacterial DNA and RNA in the MdR.  

The results showed that the MdR contains mycobacterial DNA and RNA (Figs. 4A 

and 4B). Total RNA extracted from the MdR was equivalent to 0.45 µg/ml (260nm/280nm 

ratio = 1.85). The sequence of the 16S rRNA amplicon had >99% identity (E=0.0) to other 

Mycobacterium spp. (Fig. 4C), but showed some distinctive single nucleotide 

polymorphisms (Fig. 4D). In a preliminary experiment, pigs were vaccinated with the 

MdR and the MdR depleted of DNA and RNA (MdR-DNA/RNA). The presence of only 

two animals per group precluded from comparing lesion and culture scores between 

animals vaccinated with the MdR and the MdR-DNA/RNA. The analysis of TRIF and 

NLRP3 mRNA levels did not shown any difference between animals vaccinated with the 

MdR and the MdR-DNA/RNA (data not shown), suggesting that bacterial DNA/RNA were 

not involved in inflammasome activation in response to the MdR. However, the finding of 
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5. IFN-g protein levels increased in response to oral vaccination with the MdR 

 The IFN-g production by CD4+ T cells has been shown to play a role in protection 

against TB after vaccination with BCG in humans, possums and mice [41-43]. IFN-g has 

been also shown to be involved in protection against TB in infected individuals [44]. In 

wild boar, IFN-g levels increase after parenteral BCG vaccination but no correlation with 

protection was observed [8]. Although IFN-g mRNA levels did not change in response to 

the MdR, we next focused on this mechanism due to its possible role in protection against 

TB.  

 In our experiments, serum IFN-g levels were higher in vaccinated animals at T1 

and T2 when compared to controls (Fig. 5A). This result suggested that, although 

differences were not detected at the mRNA level, IFN-g protein levels increased in 

vaccinated animals with the possible involvement of CD4+/CD8+ T cells [42,44].  The 

characterization of CD4+/CD8+ T cell populations in vaccinated and control wild boar at 

T1 (Fig. 5B) showed higher CD4+/CD8+ ratio in controls but a higher CD8+/CD4+ ratio 

in vaccinated animals (Fig. 5C). This result suggested a protective mechanism mediated by 

IFN-g producing CD8+ T cells in response to vaccination with the MdR, without a clear 

role for Th1 CD4+ T cells (Fig. 5D). This mechanism has been shown before in mice 

infected with M. tuberculosis [44] and recent results questioned the role previously 

attributed to IFN-g production by CD4+ T cells as a protective correlate for BCG [4]. As 

shown before, inflammasome activation in response to the MdR led to secretion of IL-1b 

that results in an acute inflammatory response inducing the production of downstream 

inflammatory cytokines such as IFN-g [45], suggesting an additional mechanism 

explaining the higher IFN-g levels in wild boar vaccinated with the MdR when compared 

to controls.  
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(A,C,E) Ave±S.D. or (B,D,F) the difference between 48 and 0 h (delta 48-0 h) and compared between 0 and 

48 hrs for each treatment by χ2-test (*P≤0.05; N=2). (G-I) Pig DCs were incubated for 48 h with different 

amounts of the MdR (0, 106, 5x106, 107, 2x107, and 4x107 cfu). After incubation, cells were collected, 

washed with PBS and total RNA extracted for C3, IL-1b, TRIF and NLRP3 gene expression analysis by real-

time RT-PCR. The mRNA levels were normalized against S. scrofa cyclophilin, β-actin and GAPHD and 

normalized Ct values were represented as Ave+S.D. and compared with the group incubated without the 

MdR by Student´s t-test with unequal variance (*P≤0.05: N=6). 

 

 However, sera from MdR vaccinated wild boar inhibited infection in the absence of 

C3 but infection increased at the highest C3 protein levels (Figs. 7C and 7D), again 

suggesting a role for C3 during mycobacterial infection and an inhibitory effect of anti-

MdR antibodies. When specific antibodies against recombinant M. bovis proteins 

recognized by MdR-vaccinated wild boar were incubated in combination with C3, a 

reduction in mycobacterial infection was obtained (Figs. 7E and 7F). Similar results were 

obtained targeting by PCR the mycobacterial gene MPB70 (Figs. 7A-7F) and of the 

insertion sequence IS6110 (data not shown). In summary, these results showed a role for 

C3 during M. tuberculosis infection in the absence of antibodies against mycobacterial 

proteins but suggested a role for antibodies against MdR proteins alone or in combination 

with C3 in protection against infection. 

 

7. Proposed mechanism for the protection elicited by the MdR against TB	
 
 After completing the experiments described before, our hypothesis was that the 

MdR induces a protective immune response triggered by dendritic cells (DCs) mimicking 

phagocyte response to PAMPs [47].  To test this hypothesis, pig DCs were incubated with 

different MdR doses to characterize the mRNA levels for genes known to be involved in 

cell response to PAMPs (TRIF, NLRP3, IL-1b and C3; [47]Blander and Sander, 2012), 

upregulated in MdR-vaccinated wild boar (TRIF, NLRP3, IL-1b and C3; Fig. 4A) and 

which expression correlated with protective response to the MdR (C3; Figs. 4B, 6A and 
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surface Toll-like receptor (TLR), which triggers signaling cascades that lead to the 

transcription of genes encoding pro-inflammatory cytokines such as pro-IL-1b and IL-6 

mediated by nuclear factor kB (NF-kB) activation through TLR adaptor, MYD88 and 

NLRP3 inflammasome activation through TLR adaptor, TRIF by a still unknown 

mechanism [47]. NLRP3 activation converts pro-IL-1b into its bioactive mature form, 

which in turns stimulates the production of C3 by DCs and other cells types [50-53]. 

 

Conclusions 

 In summary, C3 appears to play the central role in the protective response elicited 

by the oral vaccination with the MdR. C3 activation is required for both classical and 

alternative complement activation pathways [54]. The complement system has been shown 

to be involved in mycobacterial pathogenesis. Mycobacteria activate complement via 

classical, alternative and lectin pathways [55]. M. tuberculosis activates the alternative 

complement pathway and binds C3 protein, resulting in enhanced phagocytosis by 

complement receptors (CR3) on human alveolar macrophages [48,49]. This mechanism of 

C3 opsonophagocytosis by macrophages may result in the inhibition of bactericidal 

responses and pathogen survival [48,49]. However, recently, the complement receptor 

CR3-mediated nonopsonic phagocytosis of mycobacteria has been proposed as the critical 

step for invasion and colonization of macrophages during primary infection of inhaled 

mycobacteria [56-58].  

 The upregulation of C3 in lymph nodes and tonsils correlates with resistance to TB 

in wild boar [12,14,15]. As shown here, this mechanism may be enhanced by vaccination 

with the MdR to protect animals against mycobacterial infection [7,8]. M. tuberculosis 

acquire opsonic C3 peptides by at least two distinct mechanisms and can bind to CR3 at 

two distinct sites on the receptor [59]. Opsonized M. tuberculosis binds CR3 at its C3bi 
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binding domain, and nonopsonized M. tuberculosis uses its endogenous capsular 

polysaccharides to interact with the β-glucan binding site near the C-terminus of CD11b 

[59]. Higher C3 levels may allow increased opsonophagocytosis and effective bacterial 

clearance, while interfering with CR3-mediated opsonic and nonopsonic phagocytosis of 

mycobacteria, a process that could be enhanced by specific antibodies against 

mycobacterial proteins and/or lipids induced by vaccination with the MdR [55]. 

Additionally, the activation of IFN-g producing CD8+ T cells by MHC I antigen 

presenting DCs may also contribute to the protection elicited by the MdR in wild boar. 

 These results suggest that the MdR acts through novel mechanisms to protect 

against TB in wild boar. However, additional experiments are required to fully characterize 

these protective mechanisms. Some of these mechanisms may be common to different 

bacterial strains while others could be associated with genetic signatures present in the 

bacterial genome of the MdR strain [5]. Finally, the impact of the MdR for TB control in 

wild boar needs to be demonstrated in field trials to consider possible applications in other 

reservoir hosts and humans. 

  

Acknowledgments 
 
We thank Juan José Garrido Pavón (University of Córdoba, Spain) for providing pig 

macrophage cell line. This research was supported by Plan Nacional I+D+I AGL2011-

30041 from Ministerio de Economía y Competitividad (MINECO), Spain and FEDER. 

This is also a contribution to EU FP7 grant WildTBvac and the EU FP7 ANTIGONE 

project number 278976. R.C. Galindo was funded by MEC, Spain. B. Beltrán-Beck was 

supported by MINECO grant BES-2009-017401.  



 

104 
 

2 Capítulo II/Chapter II 

References 

[1] Parrish NM, Dick JD, Bishai WR (1998) Mechanisms of latency in Mycobacterium 

tuberculosis. Trends Microbiol 6: 107-112. 

[2] Ottenhoff THM, Kaufmann SHE (2012) Vaccines against tuberculosis: Where are we 

and where do we need to go? PLoS Pathog 8: e100260 

[3] Zar HJ, Udwadia ZF (2013) Advances in tuberculosis 2011-2012. Thorax 68: 283-287. 

[4] Abebe F (2012) Is interferon-gamma the right marker for bacille Calmette-Guérin-

induced immune protection? The missing link in our understanding of tuberculosis 

immunology. Clin Experimental Immunol 169: 213-219. 

[5] Behr MA (2002) BCG - Different strains, different vaccines? Lancet Infect Dis 2: 86-

92. 

[6] Koff WC, Burton DR, Johnson PR, Walker BD, King CR, et al. (2013) Accelerating 

next-generation vaccine development for global disease prevention. Science 340. 

[7] Ballesteros C, Garrido JM, Vicente J, Romero B, Galindo RC, et al. (2009) First data 

on Eurasian wild boar response to oral immunization with BCG and challenge with a 

Mycobacterium bovis field strain. Vaccine 27: 6662-6668. 

[8] Garrido JM, Sevilla IA, Beltrán-Beck B, Minguijón E, Ballesteros C, et al. (2011) 

Protection against tuberculosis in Eurasian wild boar vaccinated with heat-inactivated 

Mycobacterium bovis. PLoS ONE 6: e24905 

[9] Gil O, Díaz I, Vilaplana C, Tapia G, Díaz J, et al. (2010) Granuloma encapsulation is a 

key factor for containing tuberculosis infection in minipigs. PLoS ONE 5: e10030. 

[10] Naranjo V, Gortazar C, Vicente J, de la Fuente J (2008) Evidence of the role of 

European wild boar as a reservoir of Mycobacterium tuberculosis complex. Vet Microbiol 

127: 1-9. 

[11] Galindo RC, Ayoubi P, Naranjo V, Gortazar C, Kocan KM, et al. (2009) Gene 

expression profiles of European wild boar naturally infected with Mycobacterium bovis. 

Vet Immunol Immunopathol 129: 119-125.  

[12] de la Lastra JMP, Galindo RC, Gortázar C, Ruiz-Fons F, Aranaz A, et al. (2009) 

Expression of immunoregulatory genes in peripheral blood mononuclear cells of European 

wild boar immunized with BCG. Vet Microbiol 134: 334-339. Corrigendum 2009. Vet 

Microbiol 139: 209-210. 

[13] Naranjo V, Acevedo-Whitehouse K, Vicente J, Gortazar C, De La Fuente J (2008) 

Influence of methylmalonyl-CoA mutase alleles on resistance to bovine tuberculosis in the 

European wild boar (Sus scrofa). Anim Genet 39: 316-320. 



 

105 
 

2 Capítulo II/Chapter II

[14] Naranjo V, Ayoubi P, Vicente J, Ruiz-Fons F, Gortazar C, et al. (2006) 

Characterization of selected genes upregulated in non-tuberculous European wild boar as 

possible correlates of resistance to Mycobacterium bovis infection. Vet Microbiol 116: 

224-231. 

[15] Naranjo V, Höfle U, Vicente J, Martín MP, Ruiz-Fons F, et al. (2006) Genes 

differentially expressed in oropharyngeal tonsils and mandibular lymph nodes of 

tuberculous and nontuberculous European wild boars naturally exposed to Mycobacterium 

bovis. FEMS Immunol Med Microbiol 46: 298-312. 

[16] Naranjo V, Villar M, Martín-Hernando MP, Vidal D, Höfle U, et al. (2007) Proteomic 

and transcriptomic analyses of differential stress/inflammatory responses in mandibular 

lymph nodes and oropharyngeal tonsils of European wild boars naturally infected with 

Mycobacterium bovis. Proteomics 7: 220-231. 

[17] Patel BKR, Banerjee DK, Butcher PD (1991) Extraction and characterization of 

mRNA from mycobacteria: Implication for virulence gene identification. J Microbiol 

Methods 13: 99-111. 

[18] Boddinghaus B, Rogall T, Flohr T, Blocker H, Bottger EC (1990) Detection and 

identification of mycobacteria by amplification of rRNA. J Clin Microbiol 28: 1751-1759. 

[19] Saitou N, Nei M (1987) The neighbor-joining method: a new method for 

reconstructing phylogenetic trees. Mol Biol Evol 4: 406-425. 

[20] Boadella M, Lyashchenko K, Greenwald R, Esfandiari J, Jaroso R, et al. (2011) 

Serologic tests for detecting antibodies against Mycobacterium bovis and Mycobacterium 

avium subspecies paratuberculosis in Eurasian wild boar (Sus scrofa scrofa). J Vet Diagn 

Invest 23: 77-83. 

[21] Ballesteros C, Gortázar C, Canales M, Vicente J, Lasagna A, et al. (2009) Evaluation 

of baits for oral vaccination of European wild boar piglets. Res Vet Sci 86: 388-393. 

[22] Lyashchenko KP, Greenwald R, Esfandiari J, Chambers MA, Vicente J, et al. (2008) 

Animal-side serologic assay for rapid detection of Mycobacterium bovis infection in 

multiple species of free-ranging wildlife. Vet Microbiol 132: 283-292. 

[23] Greenwald R, Lyashchenko O, Esfandiari J, Miller M, Mikota S, et al. (2009) Highly 

accurate antibody assays for early and rapid detection of tuberculosis in african and asian 

elephants. Clin Vaccine Immunol 16: 605-612. 

[24] Shevchenko A, Tomas H, Havlis J, Olsen J V, Mann M (2006) In-gel digestion for 

mass spectrometric characterization of proteins and proteomes. Nat Protoc 1: 2856-2860. 

[25] Weingartl HM, Sabara M, Pasick J, Van Moorlehem E, Babiuk L (2002) Continuous 



 

106 
 

2 Capítulo II/Chapter II 

porcine cell lines developed from alveolar macrophages: Partial characterization and virus 

susceptibility. J Virol Methods 104: 203-216. 

[26] Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-

time quantitative PCR and the 2 -ΔΔCT method. Methods 25: 402-408. 

[27] Johansson E, Domeika K, Berg M, Alm GV, Fossum C (2003) Characterisation of 

porcine monocyte-derived dendritic cells according to their cytokine profile. Vet Immunol 

Immunopathol 91: 183-197. 

[28] Ririe KM, Rasmussen RP, Wittwer CT (1997) Product differentiation by analysis of 

DNA melting curves during the polymerase chain reaction. Anal Biochem 245: 154-160. 

[29] Carroll MV, Sim RB, Bigi F, Jäkel A, Antrobus R, et al. (2010) Identification of four 

novel DC-SIGN ligands on Mycobacterium bovis BCG. Protein Cell 1: 859-870. 

[30] Stelandre M, Bosseloir Y, De Bruyn J, Maes P, Content J (1992) Cloning and 

sequence analysis of the gene encoding an NADP-dependent alcohol dehydrogenase in 

Mycobacterium bovis BCG. Gene 121: 79-86. 

[31] Hewinson RG, Michell SL, Russell WP, McAdam RA, Jacobs Jr WR (1996) 

Molecular characterization of MPT83: A seroreactive antigen of Mycobacterium 

tuberculosis with homology to MPT70. Scand J Immunol 43: 490-499. 

[32] Michell SL, Whelan AO, Wheeler PR, Panico M, Easton RL, et al. (2003) The 

MPB83 antigen from Mycobacterium bovis contains O-linked mannose and (1 → 3)-

mannobiose moieties. J Biol Chem 278: 16423-16432. 

[33] Marassi CD, Medeiros L, McNair J, Lilenbaum W (2011) Use of recombinant 

proteins MPB70 or MPB83 as capture antigens in ELISAs to confirm bovine tuberculosis 

infections in Brazil. Acta Trop 118: 101-104. 

[34] West NP, Thomson SA, Triccas JA, Medveczky CJ, Ramshaw IA, et al. (2011) 

Delivery of a multivalent scrambled antigen vaccine induces broad spectrum immunity and 

protection against tuberculosis. Vaccine 29: 7759-7765. 

[35] Xue T, Stavropoulos E, Yang M, Ragno S, Vordermeier M, et al. (2004) RNA 

encoding the MPT83 antigen induces protective immune responses against Mycobacterium 

tuberculosis infection. Infect Immun 72: 6324-6329. 

[36] Drumm JE, Mi K, Bilder P, Sun M, Lim J, et al. (2009) Mycobacterium tuberculosis 

universal stress protein Rv2623 regulates bacillary growth by ATP-binding: Requirement 

for establishing chronic persistent infection. PLoS Pathogens 5: e1000460. Erratum in: 

PLoS Pathog 2009 5: 10.1371/annotation/2b1a4b06-9558-448b-a8e8-5e2d407816a0. 

 



 

107 
 

2 Capítulo II/Chapter II

[37] Radford AJ, Wood PR, Billman-Jacobe H, Geysen HM, Mason TJ, et al. (1990) 

Epitope mapping of the Mycobacterium bovis secretory protein MBP70 using overlapping 

peptide analysis. J Gen Microbiol 136: 265-272. 

[38] Johnson RP (2011) Vaccinology: Persistence pays off. Nature 473: 456-457. 

[39] Sander LE, Davis MJ, Boekschoten MV, Amsen D, Dascher CC, et al. (2011) 

Detection of prokaryotic mRNA signifies microbial viability and promotes immunity. 

Nature 474: 385-392. Corrigendum: Nature 478: 136. 

[40] de la Fuente J, Gortazar C, Vicente J, Villar M (2011) Host expression of 

methylmalonyl-CoA mutase and tuberculosis: A missing link? Med Hypotheses 76: 361-

364. 

[41] Gupta UD, Katoch VM (2009) Animal models of tuberculosis for vaccine 

development. Indian J Med Res129: 11-18. 

[42] Siegrist C-A (2008) Vaccine Immunology. In: Vaccines. Plotkin SA, Orenstein WA, 

Offit PA, Editors. Elsevier Health Sciences. pp. 17-37. 

[43] Wedlock DN, Aldwell FE, Keen D, Skinner MA, Buddle BM (2005) Oral vaccination 

of brushtail possums (Trichosurus vulpecula) with BCG: Immune responses, persistence of 

BCG in lymphoid organs and excretion in faeces. N Z Vet J 53: 301-306. 

[44] Tascon RE, Stavropoulos E, Lukacs KV, Colston MJ (1998) Protection against 

Mycobacterium tuberculosis infection by CD8+ T cells requires the production of gamma 

interferon. Infect Immun 66: 830-834. 

[45] Latz E, Xiao TS, Stutz A (2013) Activation and regulation of the inflammasomes. Nat 

Rev Immunol 13: 397-411. 

[46] Armstrong JA, D'Arcy Hart P (1975) Phagosome lysosome interactions in cultured 

macrophages infected with virulent tubercle bacilli. Reversal of the usual nonfusion pattern 

and observations on bacterial survival. J Exp Med 142: 1-16. 

[47] Blander JM, Sander LE (2012) Beyond pattern recognition: Five immune checkpoints 

for scaling the microbial threat. Nat Rev Immunol 12: 215-225. 

[48] Ferguson JS, Weis JJ, Martin JL, Schlesinger LS (2004) Complement Protein C3 

Binding to Mycobacterium tuberculosis Is Initiated by the Classical Pathway in Human 

Bronchoalveolar Lavage Fluid. Infect Immun 72: 2564-2573. 

[49] Velasco-Velázquez MA, Barrera D, González-Arenas A, Rosales C, Agramonte-

Hevia J (2003) Macrophage - Mycobacterium tuberculosis interactions: Role of 

complement receptor 3. Microb Pathog 35: 125-131. 



 

108 
 

2 Capítulo II/Chapter II 

[50] De Saint-Vis B, Fugier-Vivier I, Massacrier C, Gaillard C, Vanbervliet B, et al. (1998) 

The cytokine profile expressed by human dendritic cells is dependent on cell subtype and 

mode of activation. J Immunol 160: 1666-1676. 

[51] Moon MR, Parikh AA, Pritts TA, Fischer JE, Cottongim S, et al. (1999) Complement 

component C3 production in IL-1β-stimulated human intestinal epithelial cells is blocked 

by NF-κB inhibitors and by transfection with Ser 32/36 mutant IκBα. J Surg Res 82: 48-

55. 

[52] Moon MR, Parikh AA, Pritts TA, Kane C, Fischer JE, et al. (2000) Interleukin-1β 

induces complement component C3 and IL-6 production at the basolateral and apical 

membranes in a human intestinal epithelial cell line. Shock 13: 374-378. 

[53] van Kooten C, Fiore N, Trouw LA, Csomor E, Xu W, et al. (2008) Complement 

production and regulation by dendritic cells: Molecular switches between tolerance and 

immunity. Mol Immunol 45: 4064-4072. 

[54] Ofek I, Goldhar J, Keisari Y, Sharon N (1995) Nonopsonic phagocytosis of 

microorganisms. Annu Rev Microbiol 49: 239-276. 

[55] Carroll MV, Lack N, Sim E, Krarup A, Sim RB (2009) Multiple routes of 

complement activation by Mycobacterium bovis BCG. Mol Immunol 46: 3367-3378. 

[56] Le Cabec V, Carréno S, Moisand A, Bordier C, Maridonneau-Parini I (2002) 

Complement receptor 3 (CD11b/CD18) mediates type I and type II phagocytosis during 

nonopsonic and opsonic phagocytosis, respectively. J Immunol 169: 2003-2009. 

[57] Le Cabec V, Cols C, Maridonneau-Parini I (2000) Nonopsonic phagocytosis of 

zymosan and Mycobacterium kansasii by CR3 (Cd11b/CD18) involves distinct molecular 

determinants and is or is not coupled with NADPH oxidase activation. Infect Immun 68: 

4736-4745. 

[58] Villeneuve C, Gilleron M, Maridonneau-Parini I, Daffé M, Astarie-Dequeker C, et al. 

(2005) Mycobacteria use their surface-exposed glycolipids to infect human macrophages 

through a receptor-dependent process. J Lipid Res 46: 475-483. 

[59] Ernst JD (1998) Macrophage Receptors for Mycobacterium tuberculosis. Infect 

Immun 66: 1277-1281. 

 

 

 
 

 



 

 

Res

 

 

Respo

Beatri

Martín

Asensi

Gortáz

Respue

Mycobac

esponse to 

nse o f pigs to 

iz Be ltrán-Bec,

n, Ruth C. Gal

io, Javier Sici l

zar.2013.Subm

esta a la va

cterium bo

pigs to or

bov

oral vaccinat i

, Beatriz Ro me

lindo, José M. P

lia,  Konsta ntin

mitted

CAPÍTUL

acunación

ovis e infe

ral vaccin

vis and cha

ion with hea t-i

ero, Mariana B

Pérez de la Las

n Lyashchenko

LO III/CH

n oral con

ección con

nation with

allenge w

inactivated M y

Boadella, Carm

stra, Margarita

o, Lucas Domí

HAPTER 

n vacuna i

n una cepa

h heat-ina

ith a field

ycobacterium b

men Casal, Jav

a Villar, Joseba

ínguez, Ramón

Capítulo I

III 

inactivada

a de camp

activated M

d strain 

bovis and chal l

vier Bezos, Mar

a M. Garrido, I

n A. Juste, José

III/Chapter II

a por calo

po en cerd

Mycobact

llenge with a  f

aría Mazariegos

Iker A. Sevilla,

é de la Fuente

109 

3 II 

or 

dos 

erium 

field str ain. 

s, MariPaz 

, Fernando 

e, Christian 



 

110 
 

3 Capítulo III/Chapter III 



 

111 
 

3 Capítulo III/Chapter III 

Resumen 

 
El objetivo de este estudio fue describir la respuesta de cerdos tonsilectomizados y no 

tonsilectomizados ante una vacunación oral mediante la vacuna inactivada M. bovis 

(MdR), y posterior reto con una cepa de campo virulenta M. bovis. Paralelamente, también 

se evaluaron diferentes pruebas de diagnóstico, ELISA y DPP, como indicadores del 

estado de infección por M. bovis en cerdos. El número y tamaño de lesiones totales y 

torácicas, y número de cultivos positivos totales y torácicos, fueron a la necropsia un 20-

43% mayores en animales control que en animales vacunados.  No se encontró ninguna 

relación con las tonsilas en estos resultados, sugiriendo que las tonsilas no están envueltas 

en la respuesta protectora conferida por la vacuna MdR en cerdos. Se observó crecimiento 

masivo de M. bovis de muestras tisulares torácicas en 4 de 9 controles, pero en ninguno de 

los 10 cerdos vacunados. Los niveles de anticuerpos aumentaron significativamente tras el 

reto. En la necropsia, la sensibilidad estimada de los ELISA y DPP se mantuvo en un rango 

de 89 a 94%. En la mucosa oral no se observaron diferencias en el grupo control entre 

tonsilectomizados y no tonsilectomizados. En el grupo vacunado los niveles de RNAm de 

CCR7, IFN-b and MUT fueron superiores en cerdos no tonsilectomizados. Los niveles de 

RNAm del factor 3 del complemento (C3) en células mononucleares de sangre periférica 

(PMBC) aumentaron con la vacunación y disminuyeron tras el reto con M. bovis. Los 

resultados obtenidos en este primer experimento de vacunación oral en cerdos demuestran 

que ésta no interfiere con el serodiagnóstico, y que las respuestas a esta vacunación son 

similares a las de su ancestro silvestre. 
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Abstract 

 
The goal of this study was assessing the response of tonsilectomized and non-

tonsilectomized pigs to oral vaccination with heat-inactivated M. bovis and challenge with 

a virulent M. bovis field strain. We also evaluated the use of several ELISA tests and 

animal side (DPP) assays for assessing the M. bovis infection status in pigs. At necropsy, 

total lesion, thorax lesion, total culture and thorax culture scores were 20-43% higher in the 

controls when compared to vaccinated animals. No effect of the tonsils was observed on 

these scores, suggesting that tonsils are not involved in the protective response to heat-

inactivated M. bovis vaccine in pigs. Massive M. bovis growth from thoracic tissue samples 

was observed in 4 out of 9 controls, but in none of 10 vaccinated pigs. Serum antibody 

levels increased significantly only after challenge. At necropsy, the estimated sensitivity of 

the ELISAs and DPP assays ranged from 89% to 94%. In the oral mucosa, no differences 

were observed in the control group between tonsilectomized and non-tonsilectomized 

animals. IN the vaccinated group the mRNA levels for CCR7, IFN-b and MUT were 

higher in non-tonsilectomized pigs. Complement factor 3 mRNA levels in PBMC 

increased with vaccination and decreased after challenge with M. bovis. The results 

obtained in this first experiment show that oral vaccination does not interfere with 

serodiagosis in pigs and that the response of pigs to oral vaccination is similar to the one of 

its wild ancestor.  
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Introduction 

 
 Animal tuberculosis (TB) is caused by infection with Mycobacterium bovis and 

closely related members of the M. tuberculosis complex (MTC). Although in industrialized 

countries cattle are the main concern regarding animal TB, several other mammalian 

species including human beings can get infected [1-2]. 

 Globally, M. bovis is one of the ten most important causes of pig losses [3]. Pigs 

can come in contact with other MTC hosts if raised in free range, open air or backyard 

systems with limited biosafety. Recent evidence from free-ranging domestic pigs in the 

Italian island Sicily showed that naturally infected pigs develop lung lesions and can 

contribute to M. bovis maintenance in mixed farming systems [4]. Evidence of M. bovis 

infection in domestic pigs is also available from other countries in Europe [5], Africa [6], 

and South America [7]. Moreover, feral pigs are M. bovis hosts in several regions 

worldwide [8-10]. This, along with the well-established role of its ancestor the native 

Eurasian wild boar (Sus scrofa) in MTC maintenance [11], makes pigs an important 

subject to study in relation with their response to MTC infection and the possibility of 

protecting them by vaccination. 

 Tonsils are known to play an important role in the detection and initiation of the 

immune response to pathogens trying to enter through the mouth and nares, and also in 

maintaining a systemic immune response by producing lymphocytes, cytokines and 

chemotactics [12-14]. The main pharyngeal mucosal-associated lymphoid tissues in swine 

are the tonsils of the soft palate, which constitute a portal of entry for micoorganisms [15]. 

 Precedent studies in wild boar have been focused in the analysis of the tonsils as a 

target organ for mycobacteria, demonstrating that: (1) gene expression differs among 

tuberculous and non-tuberculous animals and between tonsils and lymph nodes after 

natural exposure to M. bovis, but also between vaccinated and non-vaccinated animals 
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under experimental conditions, and (2) differentially regulated molecules of the 

mandibular lymph nodes and the tonsils are involved in stress/inflammatory responses to 

mycobacterial infection and may be used as markers for TB diagnostic in wild boar [16-

20].  

 In vivo detection of MTC infection in wild boar is possible through the detection of 

cell-mediated response [17, 21] and through the detection of specific antibodies by 

different ELISA and animal side DPP tests (e.g. [17, 22]). In pigs, tests based on cell-

mediated immunity are common use in some countries (e.g. Italy, [23]). However, 

antibody detection by ELISA and/or immunochromatographic tests is not frequent in pigs.  

 Based on the previous findings in vaccinated and challenged wild boar [17], we 

expected to find some protective response after challenge with a virulent field strain in pigs 

vaccinated with orally dosed heat-inactivated M. bovis, as compared to unvaccinated 

controls. Given the differential gene response pattern recorded in wild boar tonsil tissue in 

response both to natural infection and to vaccination [16-20], we hypothesized that 

tonsilectomized pigs would respond differently than non-tonsilectomized ones. The goal of 

this study was to experimentally assess the response of tonsilectomized and non-

tonsilectomized pigs to oral vaccination with heat-inactivated M. bovis and challenge with 

a virulent M. bovis field strain, and compare these results with those from unvaccinated 

tonsilectomized and non-tonsilectomized controls. In addition, we also aimed at evaluating 

the use of several ELISA and DPP tests for in vivo TB diagnosis in pigs, and verify if these 

serodiagnostic tests are influenced by vaccination. 

 

Material and methods 

1. Animals and experimental design 

 Twenty 3-4-month-old piglets were purchased from an animal experiment facility  
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(Centro de Cría y Suministro de Animales de Experimentación “La Chimenea”. IMIDRA. 

Madrid) known to be free of mycobacterial infections. All animals were tested by ELISA 

[22] on arrival yielding a fully negative result.  

 Tonsillectomy took place one month prior to the start of the vaccination and 

challenge experiment. The soft palate tonsils were removed at “Hospital General 

Universitario Gregorio Marañón” (Madrid, Spain). Premedication was performed using 

ketamine (15 mg/kg IM; Ketolar®, Pfizer Ireland Pharmaceuticals, Dublin, Ireland) and 

atropine (0.033 mg/Kg IM; Braun Medical SA, Rubí, Barcelona, Spain). Animals were 

monitorized using capnography, pulse-oximetry and electrocardiogram. Anesthetic 

induction was performed with propofol (1.66 mg/kg; Propofol Lipomed ®, Fresenius Kabi, 

Barcelona, Spain), fentanyl (3 mg/kg; Fentanest ®, Kern Pharma, Terrassa, Barcelona, 

Spain) and atracurium besilat (0.60 mg/kg; Inibsa, Llisà de Vall, Barcelona, Spain) 

intravenously through the auricular dorsal vein. Then, the animals were connected to a 

ventilator (SA 1; Dräger, Dräger Hispania S.A., Madrid, Spain). Anesthesia was 

maintained with continuous infusion of propofol (12 mg/kg/h), fentanyl (0.30 mg/kg/h; 

Fentanest ®, Kern Pharma, Terrassa, Barcelona, Spain) and atracurium besilat (0.05 

mg/kg/h). Animals received Ringer lactate solution® at (5-6 ml/kg/h; Braun, Rubí, 

Barcelona, Spain) as required. The oral cavity was opened and fixed with Tuffier rib 

spreaders (Aesculap®, Braun, Rubí, Barcelona, Spain). For the surgical approach, a cold 

light source connected to a column of endoscopy (Fiegert Endotech®, Xenon, Tutlingen, 

Germany) and laparoscopic equipment (Endoshears®, Autosuture, Covidien, Dublín, 

Ireland) providing sterile cautery (ME 200; Martin Medizin Technik, Tuttlingen, Germany) 

was introduced into the oral cavity to perform a perimeter incision in the area of the soft 

palate. The postoperative consisted in the administration of ceftriaxone (25 mg/kg; GES, 

Laboratorios Torlan S.A, Cerdanyola del Vallès, Barcelona, Spain) and Dexketoprofen (2 
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mg/kg; Enantyum®, Laboratorios Menarini, Badalona, Barcelona) intramuscularly for 3 

days. One piglet died during anesthesia.  

 The animals were housed in level III bio-containment facilities (BSL3) where they 

had ad libitum food and water. Piglets were randomly assigned to one of four treatment 

groups: Group 1, vaccinated and not tonsilectomized (V; N=5); Group 2, vaccinated and 

tonsilectomized (TE-V; N=5); Group 3, unvaccinated and not tonsilectomized (C; N=4); 

Group 4, unvaccinated and tonsilectomized (TE-C; N=5).  

 After one week of acclimatization to the BSL3 facility, the animals were handled 

and blood sampled five times during the experiment, including vaccination (T0, day 1), re-

vaccination (T1, day 28), challenge (T2, day 57), one bleeding (T3, day 111; 54 days after 

challenge), and necropsy (T4, day 195; 138 days after challenge). Handling procedures and 

sampling frequency were designed to reduce stress and health risks for subjects, according 

to European (86/609) and Spanish legislation (R.D. 223/1988, R.D. 1021/2005). The 

protocol was approved by the Committee on the Ethics of Animal Experiments of the 

Regional Agriculture Authority (Comunidad de Madrid, 18/01/2012). For the challenge, 2 

ml of a suspension containing 105 colony forming units (cfu) of an M. bovis field strain 

were administered by the oropharyngeal route as described in previous experiments [17, 

24]. 

 

2. Preparation of inactivated vaccine	

 The M. bovis strain used was a first passage level culture isolated from a naturally 

infected wild boar in Coletsos medium. The isolate was propagated in Middlebrook 7H9 

broth enriched with OADC for 2–3 weeks. Cells were harvested by centrifugation at 2500 

x g for 20 minutes and washed twice in PBS. The bacterial pellet was re-suspended in PBS. 

The turbidity of this suspension was adjusted to an optical density of 1 McFarland unit. 
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Before inactivation, ten-fold serial dilutions were prepared and plated in agar-solidified 

7H9 with OADC in quadruplicate to assess the number of cfu in the inoculum. The 

inoculum was then inactivated in a water bath at 80ºC for 30 minutes. Animals in Groups 1 

and 2 were administered with approximately 107 bacteria according to cfu counts, diluted 

in 2 ml of PBS. This inactivated vaccine was again cultured in duplicate to assure absence 

of viable M. bovis. 

 
3. Necropsy, sample collection and histopathology 

 
 Pigs were anesthetized by intramuscular injection of Zoletil®, and euthanized by 

captive bolt. A thorough post-mortem examination was done to detect the presence of 

macroscopic lesions. Samples for culture were immediately processed and duplicates were 

frozen at -80ºC for mRNA isolation. After collection of samples for mRNA analysis, all 

main lymph nodes (LNs) and the tonsils were serially sliced into 1–2 mm thick slices and 

carefully inspected for visible TB-compatible lesions. Organs were also carefully 

inspected, and each lung lobe was considered separately. TB-compatible lesions were 

classified based on lesion distribution and lesion intensity, and scored as previously 

described [24]. Samples of individual tissues were fixed in 10% buffered formalin, 

embedded in paraffin, sectioned at 4 µm, and stained with hematoxylin–eosin by use of 

standard procedures. An additional section of those tissues with lesions indicative of 

tuberculosis was stained by Ziehl–Neelsen (ZN) procedure to detect the presence of acid-

fast organisms (AFO). 

 

4. Microbiology 	

 The tissues collected were as follows: head lymphoid tissues including the soft 

palate tonsil (only Groups 1 and 3), oral mucosa lateral to the soft palate tonsil, and both 

mandibular, parotid, and retropharyngeal lymph nodes (LNs); lung (each lobe), 
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tracheobronchial LNs and mediastinal LN; spleen, ileocaecal valve, and mesenteric and 

hepatic LNs. When suspicious lesions were observed in liver, kidney and LNs from other 

locations were also cultured. Samples were thoroughly homogenized in sterile distilled 

water (2 g in 10 ml or equivalently) and decontaminated with hexadecylpyridinium 

chloride at a final concentration of 0.75% weight/volume (w/v) for 18h. Samples were 

centrifuged at 1500g for 30 min and pellets cultured onto Coletsos and 0.20% (w/v) 

pyruvate-enriched Löwenstein–Jensen media (Difco FSM, Madrid, Spain) at 37ºC. Culture 

media were checked weekly during 12 weeks for growth. All isolates were spoligotyped in 

order to confirm the strain [25].  

 We used a culture score for M. bovis infection, as defined in Garrido et al. [17] for 

wild boar. This score is the number of LN or organ samples yielding a M. bovis isolate out 

of the total number of culture attempts (N≥7 samples cultured per individual; score range 

0–7). Cultures with more than 50 colonies were considered as massive growth.  

 

5. Serum antibody detection	

 Serum samples were tested for anti-PPD immunoglobulin G (IgG) and 

immunoglobulin M (IgM) antibodies by means of an in-house ELISA using bovine 

tuberculin purified protein derivative (bovine PPD; CZ Veterinaria, Porriño, Spain) as 

antigen and anti-Pig IgG and anti-Pig IgM antibodies (Bethyl Inc., Montgomery, Texas) as 

conjugates,  applying the same protocol described by Boadella et al. [22]. Sample results 

were expressed as an ELISA percentage (E%) that was calculated using the formula 

[Sample E% = (sample OD/2 x mean negative control OD) x 100]. Samples with E%> 100 

were considered positive.  

 The DPP® technology was developed by Chembio Diagnostic Systems, Inc. using 

selected M. bovis antigens. Serum samples were tested with DPP®BrockTB assay 
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(previously called DPP BovidTB) and DPP®VetTB as previously described [26] and 

results were read 20 min after adding sample buffer for both tests. The presence and 

intensity of either the sole T band (a mixture of MPB70 and MPB83 protein) of the 

DPP®BrockTB or the 2 separate test bands (T1, MPB83 antigen; T2, CFP10/ESAT-6 

fusion protein) of the DPP®VetTB, were evaluated by a DPP optical reader (in relative 

light units, RLU). Reactivity above the cut-off value of 15.0 RLU in any of the test bands 

was considered a positive result for the presence of antibody [27]. 

 

6. Interferon gamma test	

 At T2 and T3, blood samples were collected into tubes with lithium heparin. Within 

8 h of collection, stimulation of whole blood with PBS (nil control), and the avian and 

bovine purified protein derivative (PPD; CZ Veterinaria, Porriño, Spain) was performed as 

described for other species [28-29]. In additon, we used ESAT-6/CFP-10 (EC) and 

Rv3615c antigens in a concentration of 55ug/ml. Detection of IFN-gamma in the 

supernatant was performed using a quantitative ELISA (Pierce Endogen, Rockford, IL, 

USA) following manufacturer’s recommendations.  

 

7. RNA isolation and real time RT-PCR 	

 Total RNA was extracted from peripheral blood mononuclear cells (PBMC; Buffy 

coat) and oral mucosa samples using TRI reagent (Sigma, Madrid, Spain) and the RNeasy 

kit (Qiagen, Izasa, Madrid, Spain), respectively, following manufacturer’s 

recommendations. RNA was used for real-time RT-PCR analysis of mRNA levels of 

selected genes in individual samples. Real-time RT-PCR was performed with gene-specific 

primers (Table 1) using the One-Step RT-PCR Kit with SYBR Green and the CFX thermal 

cycler (Bio-Rad, Hercules, CA, USA) following manufacturer’s recommendations. A 
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dissociation curve was run at the end of RT-PCR reaction to ensure that only one amplicon 

was formed and that the amplicon denatured consistently at the same temperature range for 

every sample [30]. The mRNA levels were normalized against S. scrofa cyclophilin, β-

actin and glyceraldehyde 3-phosphate deshydrogenase (GAPHD) using the genNorm ddCT 

method [31]. Normalized Ct values were compared between groups by Student´s t-test 

with unequal variance (p=0.05). 

 

Table 1. Oligonucleotide primers and RT-PCR conditions for the analysis of mRNA levels for selected 

genes. 

 

GenBank 

accesion number 

Gene Primers PCR annealing 

conditions 

NM_214009 Complement component 3, 

C3 

SsC3-L acaaattgacccagcgtagg 

SsC3-R gcacgtccttgctgtactga 

55ºC, 30s 

NM_214405 Methylmalonyl CoA mutase, 

MUT 

SsMUT-L gtttgccaacggtgaaaagt 

SsMUT-R aatgagcttcaaggcagcat 

55ºC, 30s 

AY373815 Perforin 1, PRF1  Ss-PerfF  gctccaccctgagttcaaga 

Ss-PerfR agtcctccacctccttggat  

57ºC, 30s 

NM_001001532 Chemokine (C-C motif) 

receptor 7, CCR7 

Ss-CCR7F tgtgcttcaagaaggacgtg  

Ss-CCR7R aagggtcaggaggaagagga  

57ºC, 30s 

NM_182919 Toll-like receptor adaptor 

molecule 1, TRIF 

Hs-TRIFF caggagcctgaggagatgag  

Hs-TRIFR ctgggtagttggtgctggtt  

55ºC, 30s 

NM_001243133 NLR family, pyrin domain 

containing 3 (NLRP3) 

Hs-NLRP3F cttctctgatgaggcccaag  

Hs-NLRP3R gcagcaaactggaaaggaag  

55ºC, 30s 

 

JN391525 Interferon beta, IFN-β 

 

Ss-IFNBF  tcagaagctcctgggacagt  

Ss-IFNBR atctgcccatcaagttccac  

55ºC, 30s 

DQ913893 Interferon gamma, IFN-γ SsIFNg-L ttcagctttgcgtgactttg 

SsIFNg-R tcctttgaatggcctggtta 

55ºC, 30s 

NM_214055 Interleukin 1-beta, IL-1β SsIL1beta-L ccaaagagggacatggagaa 

SsIL1beta-R ttatatcttggcggcctttg 

55ºC, 30s 

NM_001206359 Glyceraldehyde-3-phosphate 

dehydrogenase, GAPHD  

Ss-GAPHDF gtcggttgtggatctgacct 

Ss-GAPHDR agcttgacgaagtggtcgtt 

55ºC, 30s 

DQ452569 β-actin Ss-BactinF ggacctgaccgactacctca 

Ss-BactinR ggcagctcgtagctcttcat 

55ºC, 30s 

AY008846 Cyclophilin SsCyclophilin-L agcactggggagaaaggatt  

SsCyclophilin-R cttggcagtgcaaatgaaaa 

55ºC, 30s 
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We selected for mRNA analysis in oral mucosa at T4 genes involved in innate immunity 

(C3; NLR family, pyrin domain containing 3, NLRP3; Toll-like receptor adaptor molecule 

1, TRIF; interleukin 1-beta, IL-1b; interferon gamma, IFN-g; and interferon beta, IFN-b), 

mucosal immunity (Perforin, PERF and chemokine (C-C motif) receptor 7, CCR7), and 

methylmalonyl CoA mutase, MUT (Table 1) based on our previous results on differential 

gene expression in wild boar in response to M. bovis infection and vaccination and other 

studies [17-19, 24, 32-34]. The C3 mRNA levels of pigs were characterized from 

peripheral blood mononuclear cells (PBMC; buffy coat) before vaccination (T0), after 

vaccination and before challenge (T2) and at the end of the experiment (T4) in vaccinated 

and control animals, grouping together animals with and without tonsillectomy after 

observing that tonsils had no effect on C3 mRNA levels in PBMC and oral mucosa. 

  

8. Characterization of serum cytokine levels	

 The cytokine concentration in pooled pig sera was determined at T0, T2 and T4 

using the Quantibody® porcine cytokine array (RayBiotech Inc, Norcross, GA, USA), an 

array-based multiplex ELISA system for the simultaneous quantitative measurement of 

multiple cytokines. Using this system, standard cytokines and samples were assayed in 

each array simultaneously through a sandwich ELISA procedure, following the 

recommendations of the manufacturer. The signals were visualized using a Gene Pix 

4100A laser scanner (Molecular Devices, Sunnyvale, CA, USA) and data were extracted 

by GenePix Pro 6 software (Molecular Devices). Finally, the quantitative data analysis was 

performed using the Quantibody ® Q-Analyzer software (RayBiotech Inc). Two replicates 

were tested for each sample.  
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9. Statistical analyses  
 

 Lesion scores among groups were compared with the non-parametric U Mann-

Whitney and Median tests. Fisher´s tests were used to compare culture scores between 

controls and vaccinated pigs. Differences in antibody levels over time and between groups 

were analyzed by ANOVA and Median Tests. Correlations between antigens, lesion and 

culture scores were performed using Pearson (parametric data) and Spearman (non-

parametric data) tests. The mRNA levels between groups were compared by Student’s t-

test as described above. 

 

Results  

1. Clinical signs and pathology	

 No pig showed clinical signs such as weight loss or coughing during the 

experiment. At necropsy, visible TB compatible lesions were recorded in all pigs from all 

groups but for one vaccinated pig belonging to Group 2. Total lesion and thorax lesion 

scores were highest in the two control groups (Figure 1). Three controls and one 

vaccinated pig had severe visible lesions (score>10) in the lung parenchyma. Only three 

vaccinated and two control pigs had no AFO in lung tissues. All controls and 8/10 

vaccinated pigs had moderate visible abdominal lesions (score<10). The mean lesion score 

was 33.67 (95%CI 22.59-44.74) for control pigs and 20.50 (11.48-29.52) for vaccinated 

ones. The observed reduction of the mean total and thorax lesion scores in vaccinated pigs 

compared with the controls was of 39.11%  (12.33-65.89) and 43.28% (4.43-82.13), 

respectively. Differences between vaccinated and control pigs in total and thorax lesion 

scores were not significant (U test, p>0.05). No differences in total and lung lesion scores 

were evidenced among the four treatment groups (vaccine/control and tonsilectomized/not; 

Median test, Chi2=3.75, p>0.05). Also, no differences were found between tonsilectomized 
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2. M. bovis isolation 
 

 All isolates belonged to the M. bovis strain used for challenge. Total culture scores 

and thorax culture scores were highest in the control groups [5.78 (4.77-6.79) and 1.67 

(1.36-1.97)] compared with the vaccinated groups [4.60 (3.15-6.04) and 1.30 (0.90-1.70)]. 

We observed reductions of both total mean culture score and thorax culture score as 

compared to the controls [20.41% (0-45.42 CI) and 22.15% (0-45.92 CI), respectively]. 

However, massive M. bovis growth on solid media (>50 colonies) was observed among 6/9 

controls and 2/10 vaccinated pigs (Fisher´s test, p=0.054). Additionally, when considering 

only thoracic region tissues (tracheobronchial, mediastinic LNs and lung tissue), more than 

50 colonies were observed in 4 out of 9 controls, but in none of the 10 vaccinated pigs 

(Fisher´s test, p=0.032). Again, no differences were found between tonsilectomized and 

non-tonsilectomized vaccinated pigs (U test; total culture score p=0.55, thorax culture 

score 0.84) and between tonsilectomized and non-tonsilectomized control pigs (U test; 

total culture score p=0.11, thorax culture score p=0.73). 

 

3. Serum antibody response	

 No detectable antibody response was evidenced at T1 and T2. With the exception 

of one pig belonging to Group 2, all four groups consistently responded to challenge 

producing detectable antibodies at bleeding (T3) and reaching the highest antibody levels 

at the time of necropsy (T4). No significant differences between groups were found at T3 

and T4. At T3 and T4 we found positive correlations between some of the antibodies and 

lesion and culture scores (Table 2). 

 

Table 2. Correlations between serum antibody responses and lesion and culture scores. Correlations 

between serum antibody responses and lesion and culture scores in pigs at bleeding (T3) and necropsy time 

(T4) using bPPD ELISA (protein G, anti-pig Ig G and anti-pig Ig M as conjugates), DPP Brock®TB (a sole 
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T band mixture of MPB70 and MPB83 protein) and DPP®VetTB tests (2 separate test bands T1, MPB83 

antigen; T2, CFP10/ESAT-6 fusion protein). Bold text indicates non-parametric spearman correlations.  

 

 

*significant at the 0.05 level, **significant at the 0.01 level 

 

 From a diagnostic perspective, at T3 (54 days after challenge), sensitivity of the 

IgG and IgM bPPD ELISA were 94.44% (72.35-99.99) and 77.78% (54.25-91.53), 

respectively. Regarding DPP, sensitivity was 94.11% (71.08-99.99) for the DPP®BrockTB 

and 77.8% (54.25-91.53) for DPP®VetTB. Specificity was 100% (85.23-100) for all tests 

at T0. At the time of necropsy (T4), 17 out of 18 confirmed infected pigs were detected 

both by bPPD ELISA (IgM and IgG) and DPP®BrockTB, while 16 by DPP®VetTB. In the 

DPP®VetTB, 16 pigs reacted to test 1 (MPB83) and only 3 also reacted to test 2 (ESAT-

 Total 
lesion 
score 

Thorax 
lesion 
score 

Total 
culture 
score 

Thorax 
culture 
score 

bPPDELISA 

DO_anti-IgM 
(T3) 

Correlation coefficient 0.689** 0.545* 0.573* 0.652** 
Sig.(2-tailed) 0.001 0.016 0.01 0.002 

N 19 19 19 19 

DO_anti-IgM 
(T4) 

Correlation coefficient 0.484* 0.356 0.523* 0.848** 
Sig.(2-tailed) 0.036 0.135 0.022 0 

N 19 19 19 19 

DO_anti-IgG 
(T3) 

Correlation coefficient 0.657** 0.537* 0.585** 0.670** 
Sig.(2-tailed) 0.002 0.018 0.009 0.002 

N 19 19 19 19 

DO_anti-IgG 
(T4) 

Correlation coefficient 0.394 0.29 0.449 0.777** 
Sig.(2-tailed) 0.095 0.229 0.054 0 

N 19 19 19 19 

DPP®BrockTB 
Mixture of MPB70 and 

MPB83 protein 

DPP T 
(T3) 

Correlation coefficient 0.436 0.272 0.630** 0.479* 
Sig.(2-tailed) 0.071 0.276 0.005 0.044 

N 18 18 18 18 

DPP T 
(T4) 

Correlation coefficient 0.382 0.211 0.537* 0.348 
Sig.(2-tailed) 0.107 0.387 0.018 0.144 

N 19 19 19 19 

DPP®VetTB MPB83, 
CFP10/ESAT-6 

DPP  
(T3) 

Correlation coefficient 0.305 0.141 0.506* 0.304 
Sig.(2-tailed) 0.204 0.566 0.027 0.206 

N 19 19 19 19 

DPP  
(T4) 

Correlation coefficient 0.34 0.2 0.496* 0.705** 
Sig.(2-tailed) 0.154 0.411 0.031 0.001 

N 19 19 19 19 
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6/CFP10 fusion protein).  This means a sensitivity of 94.44% (72.35-99.99) for both bPPD 

ELISA and DPP®BrockTB, and 88.89% (65.95-98.14) for DPP®VetTB.  

 

4. Interferon gamma response	

 Similar responses regarding IFN-gamma production were obtained whether blood 

was stimulated with bPPD, EC or Rv3615c antigens. All pigs tested negative to IFN-

gamma at T2. All PBS controls also yielded consistently low results (mean OD 0.10; 0.07-

0.11). At T3, 54 days after challenge, all but one pig of Group 2 showed a clear IFN-

gamma response. No significant correlations between IFN-gamma responses and ZN 

positive tissues, culture or lesion scores were found. No differences in IFN-gamma 

response were found between tonsilectomized and non-tonsilectomized vaccinated pigs (U 

test, bPPD, EC and Rv3615c p=0.55, p=0.69, and p=0.15, respectively) and between 

tonsilectomized and non-tonsilectomized control pigs (U test, bPPD, EC and Rv3615c 

p=0.90, p=0.69, p=0.20, respectively). 

 

5. RNA isolation and real time RT-PCR	

 In the oral mucosa, no differences were observed in the control group between 

tonsilectomized and non-tonsilectomized animals but the mRNA levels for CCR7, IFN-b 

and MUT were higher in non-tonsilectomized vaccinated pigs when animals with and 

without tonsillectomy were compared (Fig. 2A and data not shown). However, the 

comparison between vaccinated and control animals when individuals with and without 

tonsillectomy were grouped together, gave similar gene expression between the two 

groups, and only IL-1b expression in the oral mucosa was higher in vaccinated animals 

when compared to controls (Fig. 2B). C3 mRNA levels in PBMC increased with 

vaccination and decreased after challenge with M. bovis (Fig. 2C).  
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Discussion 

 This experiment produced three main results. As expected, the response of pigs to 

oral vaccination with inactivated M. bovis and challenge with an M. bovis field strain was 

similar to the one recently described for its ancestor, the wild boar [17]. However, the 

consistent lack of differences between tonsilectomized and non-tonsilectomized 

experimental groups implies that the role of the tonsils of the soft palate in the pig response 

to oral vaccination and to infection is smaller than expected. Finally, several serological 

tests were found highly sensitive for MTC infection diagnosis in pigs. 

 In general terms, pigs showed more severe lesions after challenge with field M. 

bovis than wild boar challenged with similar doses in previous trials [17, unpublished 

data]. This might contribute to explain the limited protection recorded in this experiment. 

However, as in previous experiments in wild boar, lung lesions and culture scores were 

higher in control pigs and no massive growth of M. bovis in tissues of the thoracic region 

was recorded among vaccinated pigs [17]. The high challenge dose used might also 

contribute to the severity of the observed lesions [17]. 

 As far as we know, this is the first time that bPPD ELISA and DPP TB tests have 

been used for TB-diagnostic in pigs. The findings of 94% sentitivity with a 100% 

specificity indicate that both the plate ELISA and the lateral flow DPP assay are as suitable 

for TB diagnosis in pigs as they are in wild boar [22]. However, studies on uninfected free-

ranging pigs and pigs known-infected with non-tuberculous mycobacteria would be 

necessary to precisely define the specificity. The fact that the bPPD ELISA and the 

DPP®BrockTB already detected >90% only 54 days after challenge shows that serology 

allows early detection, at least under our experimental conditions. Although both 

vaccination and tonsillectomy could potentially affect the natural antibody response of 

normal pigs to M. bovis infection, in this study the vaccination effect and the presence of 
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tonsils did not influence the accuracy of the serological tests. The obtained correlations 

between pathology and serum antibody response agree also with previous results in wild 

boar [17]. The lack of antibody response prior to challenge suggests that oral vaccination 

with heat-inactivated M. bovis does not elicit serum antibody production in pigs. This is 

rather counter-intuitive, since it is known that wild boar do develop detectable antibodies 

against orally administered antigens [35]. 

 The levels of IFN-gamma in response to the three different antigens increased in all 

confirmed-infected pigs at 54 days post-challenge (T3). Thus, the gamma interferon assay 

yielded a sensitivity of 100%. Despite that this sensivity was higher than the one reported 

for free ranging domestic pigs in Italy, which was 79-85% [23], the conditions of the two 

studies are different, i.e. controlled laboratory vs. field conditions. It is also important to 

note that all pigs tested negative to IFN-gamma at T2, prior to challenge. This implies that 

gamma interferon tests suffer no interference due to oral vaccination with heat inactivated 

M. bovis. 

 The differences in the mRNA levels for CCR7, IFN-b and MUT observed in 

vaccinated pigs but not in the controls when animals with and without tonsillectomy were 

compared, supports that tonsils have a role in the expression of some genes in response to 

vaccination [36]. However, in agreement with the fact that tonsils did not affect the 

protective response in pigs, the expression of these genes was similar between vaccinated 

and control animals when individuals with and without the tonsils were grouped together. 

This result could be due to the fact that the soft palate tonsils are not the only mucosa-

associated lymphoid tissue located in the oropharyngeal area, so they could also play a role 

in initiating immune responses against antigens that contact with mucosal surfaces [13, 

15].   
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The complement component C3 has been associated with resistance to TB in wild boar 

[18-19, 33] and its gene expression increases after oral vaccination with BCG or heat 

inactivated M. bovis [17, 24]. In this study, C3 mRNA levels in PBMC increased with 

vaccination and decreased after challenge with M. bovis. These results agree with previous 

findings in wild boar [17, 24], in which C3 mRNA levels in PBMC also increased with 

vaccination and decreased after challenge with M. bovis. 

 When tonsilectomized and non-tonsilectomized pigs were grouped together, only 

IL-1b expression in the oral mucosa was higher in vaccinated animals when compared to 

controls. This result suggests a role for this molecule in protection against MTC in pigs. It 

has been shown that IL-1b is an important mediator of innate immunity against 

mycobacterial infection but can also promote inflammatory tissue damage [37]. The IL-1b 

produced by dendritic cells preserves and expands IL-22(+) immature natural killer cells, 

potentially influencing mucosal innate immunity during infection [38]. Furthermore, the 

expression of IL-22 was recently correlated with protection against bovine TB in cattle 

vaccinated with BCG [39]. These results suggest that higher IL-1b expression in the oral 

mucosa and increase in serum cytokine levels in vaccinated pigs may constitute a 

protective response to infection enhanced by the vaccine, likely through its effect on 

stimulating C3 production, which in turn have a role against mycobacterial infection [17-

19, 24, 33, 40-43]. 

 In conclusion, the reduction of TB total lesion, thorax lesion and thorax culture 

scores in heat-inactivated M. bovis vaccinated pigs (39.1%, 43.3%, and 22.1% 

respectively) was lower than in wild boar immunized in the same way (43.3%, 75.7%, and 

33% respectively), suggesting differences between the pig and the wild boar model [17]. 

However, antibody and IFN-gamma responses behaved in the same way in pigs and in 

wild boar. Also, the high sensitivities of the serological tests for the diagnosis were similar 
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to those previously found in wild boar [22]. Regarding gene expression studies, the results 

suggest that tonsils have a role in the expression of some genes in response to vaccination 

in pigs, but are not associated with protection which correlated with C3 expression as 

previously shown in wild boar [17, 24]. In summary, the results show that oral vaccination 

with inactivated M. bovis does not interfere with serodiagnosis and that the response of 

pigs to oral vaccination with heat-inactivated M. bovis is similar than in wild boar.  
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Resumen 
 
 La vacunación de la fauna silvestre es considerada cada vez más como una opción 

para el control de la tuberculosis (TB). En este trabajo, se combinaron los datos de varios 

experimentos en condiciones controladas de laboratorio y de un ensayo de campo en curso 

para evaluar los riesgos de las vacunas BCG e inactivadas M. bovis (MdR) para jabalíes 

(Sus scrofa) administradas por vía oral. Se controlaron las posibles reacciones adversas, la 

supervivencia y excreción de la BCG, y la ingestión de cebos por parte de las especies no 

diana. Tras la administración de las vacunas BCG (N=27) o MdR (N=21), no se 

observaron efectos colaterales. En el momento de la necropsia, rango de 175 a 300 días 

después de la vacunación (N=27), no se detectó vacuna BCG en ninguno de los tejidos. 

Tampoco se observó excreción de la vacuna en heces (N=148) o en orina e hisopos 

nasales, orales y fecales a los 258 días post-vacunación (N=29). En condiciones de campo, 

no se encontraron evidencias de pérdida de viabilidad en cebos recogidos tras 36 horas 

(rango de temperaturas: 11-41ºC).  Las cámaras de fototrampeo mostraron a jabalíes (39%) 

y aves (56%) como los visitantes más frecuentes en las rayoneras. La actividad del jabalí 

era nocturna, mientras que en todas las especies de aves se registró una actividad diurna. 

Se encontró una alta proporción de cápsulas masticadas (probable ingestión de la vacuna; 

29%) y cebos perdidos (presumiblemente consumidos; 39%) en relación al total de cebos 

distribuidos, ambas sugiriendo una consumición real de cebo del 68%. La proporción de 

cápsulas masticadas mostró una correlación positiva a la presencia de jabalí.  Estos 

resultados indican que la vacunación con BCG en jabalí es segura, y que aunque es posible  

el consumo de cebo por otras especies distintas a la especie diana, esto se podría minimizar 

mediante el uso de comederos selectivos y un horario controlado de distribución de cebos.  
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Abstract 

 
 Wildlife vaccination is increasingly considered an option for tuberculosis control. 

We combined data from laboratory trials and an on-going field trial to assess the risk of 

oral BCG and heat-inactivated Mycobacterium bovis vaccines for Eurasian wild boar (Sus 

scrofa). We studied adverse reactions, BCG survival, BCG excretion, and bait uptake by 

non-target species. No adverse reactions were observed after administration of BCG (n = 

27) or inactivated M. bovis (n = 21). BCG was not found at the time of necropsy, 175 to 

300 days post-vaccination (n = 27). No BCG excretion was detected in fecal samples (n = 

148) or in urine and nasal, oral and fecal swabs at 258 days post-vaccination (n = 29). In 

the field we found no evidence of loss of BCG viability in baits collected after 36 h 

(temperature range: 11-41ºC). Camera trapping showed that wild boar (39%) and birds 

(56%) were the most frequent visitors to bait stations (selective feeders). Wild boar activity 

patterns were nocturnal while diurnal activities were recorded in all bird species. We found 

a high proportion of chewed capsules (likely ingestion of the vaccine; 29%) and lost baits 

(presumably consumed; 39%), and the proportion of chewed capsules showed a positive 

correlation with wild boar presence. Both results suggest proper bait consumption (68%). 

These results indicate that BCG vaccination in wild boar is safe and that, while bait 

consumption by other species is possible, this can be minimized by using selective cages 

and a strict timing of bait deployment. 
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Introduction 

 
 Cattle tuberculosis (TB) due to infection with Mycobacterium bovis and closely 

related members of the M. tuberculosis complex (MTC) is a re-emerging disease of global 

concern, and wildlife reservoirs are often implicated in its maintenance [1-3]. In Europe, 

known wild MTC reservoir hosts include the Eurasian badger (Meles meles), the Eurasian 

wild boar (Sus scrofa), and the red deer (Cervus elaphus), with varying relative relevance 

depending on the regions [1]. Wildlife vaccination is increasingly being considered among 

the different options available for TB control at the wildlife-livestock interface [4-7]. 

 Mycobacterium bovis Bacillus of Calmette and Guérin (BCG), an attenuated strain, 

has been for a long time the only available vaccine (reviewed in [8]). It has been evaluated 

for oral vaccination against tuberculosis in cattle, and nowadays it is increasingly studied 

for use in wildlife [8]. However, new vaccine formulations have been developed to 

improve efficacy and biosafety [8-9]. Recently, a new vaccine based on the inactivation of 

a pathogenic M. bovis field strain which would have fewer cold-chain constraints and 

enhanced biosafety has been successfully tested in experimental efficacy trials [10, 

unpublished data]. 

 Two important points to take into account with BCG vaccination are that: (1) the 

viability of the immunizing bacilli must be maintained until delivery and uptake, and (2) 

the consequent immune response must confer protection [11]. Important aspects when 

designing a bait delivery strategy are: (1) adverse reactions and potential effects of high 

vaccine doses on health of target animals, (2) potential survival of M. bovis BCG in 

vaccinated individuals, (3) potential excretion of M. bovis BCG by vaccinated animals, 

and (4) vaccine-containing bait uptake by non-target species [4]. 
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1. Adverse reactions 

 Although reports of adverse reactions arising from the use of BCG are relatively 

uncommon [12], there are many factors believed to cause side effects [13]. It is thought 

that the residual virulence of some substrains such as BCG-Pasteur and BCG-Danish may 

be higher than other BCG strains [13-14]. It has been hypothesized that this difference in 

virulence among BCG substrains could be due to genetic deletions suffered along the time 

which could be associated with a progressive attenuation [15]. These two strains are most 

frequently used in humans, therefore it may be also that the reports of adverse effects 

associated with their use are overestimated compared to other BCG strains [12]. Regarding 

the route of administration, intramuscular, intra-dermal and oral routes have been 

associated with adverse effects in humans and laboratory animals [12, 14, 16-18]. In 

wildlife and domestic animals, although several species have been vaccinated by different 

routes [12, 19], no adverse reactions other than local reactions in badgers and some 

systemic reactions in cattle have been reported [12, 20]. In the case of the badgers, 

differences in the persistence of the lesions were also dependent on the strain and the route 

of administration [12, 20]. In cattle, adverse effects have been attributed to the high doses 

used for vaccination (109 CFU) and to contamination of the BCG preparation [12]. Similar 

doses of the vaccine in two different experiments gave different responses [12].  

 

2. Survival of M. bovis BCG.  

 BCG has been isolated at necropsy from tissues of vaccinated animals long after 

vaccination, with differences depending on the species, the route and the type of vaccine 

used (Table 1). In some cases, BCG has caused lesions in vaccinated but non-challenged 

animals [21-24]. Dissemination of the vaccine to multiple sites has been observed [22, 25]. 



 

 
 

Table 1. BCG-isolation at the time of necropsy in wild and domestic animals.  Species, BCG-strain, administration route, dose and time after vaccination are shown. 

Species BCG-Strain Route Dose Tissues with confirmed BCG isolation Time since BCG 

vaccination 

Ref 

White-tailed deer 

(Odocoileus 

virginianus) 

BCG-Danish SCa 107cfu Superficial cervical, tracheobronchial, mediastinal, 

hepatic LNs 

8 months [22] 

BCG-Pasteur SC 107cfu Superficial cervical LN, lung 8 months [22] 

BCG-Danish Ob 

 

109cfu Tonsil, LNs (Retropharyngeal, Mediastinal, Hepatic, 

Ileocaecal), jejunum, caecum 

3 months 

 

[23] 

BCG-Danish SC 106-107cfu Tracheobronquial, Hepatic and Mesenteric LNs 9 months [23] 

BCG-Danish_lipid 

encapsulated BCG bait 

O 109cfu LNs (head, thoracic and abdominal pool) 12 months [3] 

BCG-Danish_liquid 

suspension 

O 108cfu LNs (head and thoracic pool) 9 months [3] 

Red Deer 

(Cervus elaphus) 

BCG-Pasteur and BCG-

Pasteur recombinant strain 

SC 106cfu Lymphoid  tissues (site of injection, draining LNs) 3 monthsg [47] 

Possums 

(Trichosurus vulpecula) 

Lipid-formulated BCG-

Pasteur 

O 108cfu Mesenteric LN,  Peyer´s patches 3 weeks-2 months [30] 



 

 
 
 

Badgers 

(Meles meles) 

Lipid-formulated BCG-

Pasteur 

O 108cfu Cervical LNh 7 months [29] 

Mice BCG-Danish SC 104cfu Inguinal LNs, spleen, lungs 5 months (spleen) [25] 

BCG-Pasteur SC 106cfu spleen 7-8 months [48] 

BCG-Pasteur O 107cfu Mesenteric LN 3 months [48] 

BCG-Pasteur_lipid 

encapsulated 

O 107cfu Mesenteric LN 7 months [48] 

BCG SC 7000, 60cfu Ears, local draining (auricular) LNs, spleen 1 month (skin), 3 

months (LNs) 

[26] 

Guinea pigs BCG IPc 50mg Abscess of the epididymis caused by inoculation 9-10 months [49] 

BCG IP 1mg Mesenteric LNs 19 months [50] 

BCG SC 10mg 

(4x107±8x106c

fu/mg) 

Site of inoculation and distant LNs, spleen, liver and 

lungs 

6 months [51] 

BCG O  Cervical and bronquial LNs 2-6 days [52] 



 

 
 

 

aSC= subcutaneous, bO=oral, cIP=Intraperitoneal, dIV=Intravenous, eIT=Intratracheal, fEI=Eye Instilation; gTime of necropsy, at 14 weeks BCG was eliminated by the 50% of 

the animals and only low levels of residual organisms persisted in the hosts; hSome of these badgers had concurrent infection with BCG and the M. bovis challenge strain in 

the affected tissue; iNumerous acid-fast bacilli were observed in the gland, but cultures negative (apparently dead).

Rabbits BCG-Pasteur IVd 1mg Mesenteric, tracheobronchial LNs, and occasionally 

spleen and kidney 

14 months [21] 

Primates 

(Macacus rhesus) 

BCG-Pasteur SC 2 doses of 

50mg. Interval 

1 month 

Site of inoculation and eight vertebral gland 7 monthsi [53] 

BCG-Pasteur ITe 10mg Bronchial LNs 6 months [53] 

BCG-Pasteur O 1030mg 

(during 10 

weeks) 

Submaxillary, mesenteric, ileo-caecal and colic LNs , 

spleen 

4 months [53] 

BCG-Pasteur IV 10mg Lung, bronchial LN, spleen 1 month [53] 

BCG-Pasteur EIf 100mg in four 

doses during 

12 days 

Submental, submaxillary, and mesenteric LNs 3 months [53] 



 

146 
 
 

4 Capítulo IV/Chapter IV 

 
 The persistence of BCG in tissues could be related to the administration of high 

doses. In an experiment in captive white-tailed deer (Odocoileus virginianus), BCG was 

found up to 12 months post vaccination (pv) only in those who had consumed 10 doses of 

a lipid-encapsulated bait (total dose of 1x109 CFU). By contrast, in the same experiment, 

BCG was never found in deer that had consumed a single dose of the lipid-encapsulated 

bait (1x108 CFU) [3]. In addition, in mice vaccinated with three different doses (7x103, 60 

and 1 CFU), persistence of the vaccine strain (for up to 4 weeks) occurred only in animals 

vaccinated with high and medium doses, but not in animals vaccinated with the lower dose 

[26].  

 M. bovis BCG transmission from vaccinated animals has been demonstrated after 

isolation of BCG-Pasteur from 3 of 8 white-tailed deer not vaccinated with this type of 

vaccine [22]. In that case, the transmission was believed to be due to the environmental 

contamination with BCG. However, in a recent study of BCG-vaccinated white-tailed deer 

that shared alternatively the same pen than cattle for 27 weeks, no transmission between 

both species was evidenced [27]. BCG could also represent a risk of accidental exposure of 

non-target scavengers through consumption of vaccinated prey. 

 

3. Excretion of M. bovis BCG by vaccinated animals.  

 Experiments with soil that had been artificially infected with BCG demonstrated 

that a moist and warm soil is the optimal one for BCG survival [28]. This could represent a 

risk of environmental contamination through BCG excretion from vaccinated animals. The 

persistence of the vaccine in feces from captive wild animals has been confirmed in both 

orally vaccinated possums (dose of 5–10x108 CFU lipid-formulated BCG-Pasteur) and 

badgers (dose of 108 CFU of a lipid-formulated BCG-Pasteur) for up to 7 days pv and 17  
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days pv, respectively [29-30], with maximal numbers of 103 CFU BCG /g in feces found 

between the 48-72 h after vaccination in possums and 20 CFU/g on day 3 pv in badgers 

[29-30]. One of 12 possum fecal samples collected after BCG-ingestion and stored under 

similar conditions to those of a forest floor environment was culture-positive for up to 5 

weeks [30]. 

 
4.  M. bovis BCG viability and bait uptake by non-target species. 	

 BCG viability and stability are two important factors to consider in order to achieve 

a good immunization [31]. According to the WHO, BCG vaccine for humans should be 

discarded after 6 h of reconstitution to avoid bacterial contamination and loss of vaccine 

potency [32]. This is a severe constraint when vaccinating wildlife orally in the field. 

Different studies have assessed the duration of BCG survival in laboratory and field 

conditions (Table 2). 

 Many species compete for bait consumption; the species involved differ depend on 

the region and the type of bait [33-35]. Some kinds of oral baits have been found highly 

palatable to different non-target wild and domestic animals [33], thus new strategies 

ensuring that only target species gain access to bait are necessary [36-37]. At the moment, 

only a few BCG-field studies in free-ranging possums [7, 38] and badgers [6] have been 

documented. However, the animals used for these studies were handled individually for 

vaccination, and therefore, the risk of gaining access to vaccine baits by non-target species 

was nil. More studies concerning bait deployment and BCG viability are in progress [8]. 

 Wild boar is the main wild reservoir of TB in Spain [1], therefore recent research 

has focus on immune response and protection conferred after oral immunization with BCG 

and an inactivated M. bovis isolate [4, 10, 39]. Target animals for vaccination are 3-4 

month-old piglets [33, 37], age usually achieved by early summer. The aim of this study 



 

148 
 
 

4 Capítulo IV/Chapter IV 

was to assess through data compiled from both already published and non-published 

studies, the potential risks of the field deployment of oral BCG and inactivated M. bovis 

vaccines for wild boar considering adverse reactions in the target host, risks due to vaccine 

strain survival or excretion in vaccinated individuals, and bait uptake by non-target species. 

 

Table 2. Stability studies of lipid and non-lipid formulated BCG in laboratory and field conditions at 

different temperatures. 

 

Temperatures Formulation Vaccine Stability Viability/Potency Ref 

Ambient 

room 

temperature 

18-24ºC Lipid 

formulation 

BCG 

Danish 

7 weeks  [54] 

10-25ºC Lipid 

formulation 

BCG-

Pasteur 

8 weeks Few viable M. bovis 

BCG detected 

[55] 

Refrigerated 5ºC Non-lipid  

formulation 

 8 weeks Fell to the level of 10-

20% 

[31] 

4ºC Lipid 

formulation 

BCG-

Pasteur 

8 weeks Minimal loss of 

viability 

[55] 

Frozen -20ºC Lipid 

formulation 

BCG-

Danish 

8 months Predicted time to 1 

log10 decline in 

bacterial viability of 

17.3 mo 

[54] 

-20ºC Non-lipid 

formulation 

 8 weeks Fell to the level of 10-

20%a 

[31] 

Field studies Variable 

temperature 

Lipid 

formulation 

BCG-

Danish 

3-5 weeks in a 

forest/pasture 

margin habitat 

 [54] 

aA higher potency of BCG vaccine is maintained under lower temperature. 

 

Materials and Methods 

 
 All the experiments used handling procedures designed to reduce stress and health 

risks for subjects, according to European (86/609) and Spanish laws (R.D. 223/1988, R.D. 
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1021/2005), and were approved by the institutions Ethics Committees. 

 

1.  Adverse reactions to M. bovis BCG and inactivated M. bovis  

 Data originated from several vaccination experiments. In total, data on possible 

adverse effects such as signs of fever, loss of appetite and body condition deterioration 

were available for 7 wild boar vaccinated with BCG-Danish by the parenteral route and 20 

wild boar vaccinated by the oral route in four different experiments [10, 39-40, 

unpublished data]. For the inactivated vaccine, data were available for 9 parenterally 

vaccinated wild boar [10, unpublished data] and 12 orally vaccinated wild boar [10, 

unpublished data]. Vaccinated animals were subsequently challenged with a M. bovis field 

strain administered by the oropharyngeal route at doses ranging from 105 to 106 CFU, with 

the exception of two animals with a minimum dose of 102 and two animals with a medium 

dose of 104 [10, 39, unpublished data]. Feeding and behavior was also monitored 

throughout the entire experiments and body weight, head and body length, and kidney fat 

index (KFI) of the wild boar were recorded at necropsy. 

 

2. Survival of M. bovis BCG  

 Oropharyngeal tonsil, mandibular lymph nodes (LN), parotid and retropharyngeal 

LNs, lung, tracheobronchial LNs, mediastinal LN, spleen, ileocecal valve, mesenteric LNs 

and hepatic LN from 27 BCG-vaccinated wild boar of four different experiments were 

collected at necropsy (days: 175 pv, 189 pv, 258 pv and 300 pv) and cultured in solid 

media and in liquid media using the BACTECTM MGITTM system (Becton Dickinson, 

Sparks, MD 21152 USA) as described by Garrido et al. [10] The isolates resulting from 

positive cultures were further characterized by spoligotyping [41] which allows 

identification of MTC complex strains based on presence or absence of spacers in the 
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Direct Repeat region. Specifically, BCG (SPB0120, www.Mbovis.org) is positive for 

spacers 21 and 26 to 29, whereas the M. bovis field strain used for challenge (SPB0339) is 

negative. 

 

3. Excretion of M. bovis BCG by vaccinated animals.  

 Regarding the presence of BCG in feces, two experiments were carried out to detect 

the bacilli in fecal samples. In both experiments, animals were housed in two rooms in 

class III bio-containment facilities. Samples of three different points of each room were 

collected at different times post-vaccination [1st experiment (n = 24): days 1 pv, 3 pv, 5 pv 

and 7 pv; 2nd experiment (n = 54): days 0, 1 pv, 2 pv, 3 pv, 4 pv, 10 pv, 20 pv, 30 pv and 40 

pv] and post-infection (pi) [1st experiment (n = 24): days 8 pi, 21 pi, 42 pi and 71 pi; 2nd 

experiment (n = 18): days 60 pi, 80 pi and 100 pi]. Moreover individual samples of each 

animal were taken the day of the necropsy [1st experiment (n = 20) at day 189 pv; 2nd 

experiment (n = 22) at day 258 pv]. These samples were cultured between 24-48 h after 

their collection. For decontamination, 2 g of the fecal sample was homogenized with 38 ml 

of 0.75% hexadecilpiridinium solution and left for 18 h. After collecting the upper part of 

the sediment with a plastic disposable pipette, 2 tubes of Coletsos medium (bio-Merieux 

SA, Marcy L’Etoile, France) and 2 tubes of Löwenstein-Jensen medium (Difco FSM, 

Madrid, Spain) were inoculated with 4 drops each. The tubes were incubated at 37ºC and 

inspected monthly until the 16th week with a stereoscopic microscope for the presence of 

any growth. In the second experiment we were able to collected also urine from 5 out of 

the eight BCG-vaccinated wild boar at necropsy. Urine was cultured as described above.  

 Additionally, in the second experiment, nasal, oral and rectal swabs from 8 BCG-

vaccinated wild boar were analyzed after necropsy to detect the possible excretion of M. 

bovis. DNA was extracted using the DNeasy Blood & Tissue kit according to the 
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manufacturer's protocol (QIAGEN, Germany). Detection of MTC DNA was performed by 

an in-house Real-Time PCR detecting the MPB70 gene, including also an internal control 

(Castellanos et al., unpublished data). Moreover, these samples were cultured in solid 

media and liquid media using the BACTECTMMGITTM system. 

 

4. M. bovis BCG viability and bait uptake by non-target species  

 To evaluate the viability of the BCG vaccine once inserted into a bait, we tested 

under both laboratory and field conditions baits containing 105-106 CFU of BCG in a 0.2 

ml plastic vial (as described by Ballesteros et al. [42]). The vaccine preparation protocol 

[10] was similar in both cases. First, in order to know the effect of the temperature in 

south-central Spain on the BCG vaccine, we conducted two different field trials in summer 

2012. A total of 95 BCG-baits were placed inside 12 bait stations (selective piglet feeders) 

(as used by Ballesteros et al. [36]) in two different areas with similar environmental 

conditions. Baits were delivered at dusk and collected after different periods of time to 

evaluate the survival of viable BCG bacilli within the bait. In the first experiment, 

performed in late August, one pool of baits (n = 20) belonging to 8 selective piglet feeders 

was collected after being kept in the environment from 20.30 h to 8.30 h (12 h). Later, 

early in September, baits from 4 selective piglet feeders were also placed in the feeders 

from 20.30 h and collected after 12 h (n = 35), 24 h (n = 22) and 36 h (n = 12). Baits were 

collected from each zone, capsules extracted and its content pooled. This mixture, together 

with 10-fold serial dilutions, was cultured on Löwenstein Jensen media (Difco FSM, 

Madrid, Spain) in duplicate. Colony forming units readings were taken after 8 weeks. 

 Environmental temperature was monitored from July 6th to September 6th through 

4 Microlite data loggers (Dostmann electronic, Germany) set up to record data every half 

hour. Data loggers were placed at the base of trees or shrubs located less than two meters 
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from a selective piglet feeder: (1) two of them in the presumably coolest points of the study 

sites, and (2) the other two in presumably warmest (more sun-exposed) points in order to 

record the broadest temperature range possible.  

  Moreover, BCG viability within the baits was tested in laboratory conditions 

exposing five groups of four vaccine baits each to five different temperatures (4, 25, 37 

and 42ºC, respectively) for  24 h, 48 h and 72 h. Bait contents (M. bovis BCG) and 10-fold 

serial dilutions were cultured in duplicates as described above. Data from both field and 

laboratory trials were analyzed by non-parametric Mann-Whitney U tests using the SPSS 

statistical package (IBM 19.0 software, IBM Corporation, Somers, NY, USA). 

 We used infrared-triggered cameras (Uway NightTrakker NT50 IR, Lethbridge, 

Canada) to assess bait uptake by non-target species. Camera traps were set up to record 

three capture shots for one minute and fixed to posts or tree trunks focusing the center of 

the selective piglet feeders (n = 46) in two different study sites (23 feeders in each site). 

We delivered a total of 8280 vaccine baits: every night 20 baits containing BCG or 20 baits 

containing the heat-inactivated M. bovis vaccine were deployed in 23 feeders each vaccine 

during nine nights. (920 baits per night). At each feeder, baits were deployed at dusk and 

the not consumed ones were collected in the next morning for destruction. The outcome of 

the baits and vaccine capsules was classified as intact baits (untouched baits), consumed 

baits but untouched capsules with vaccine left in the feeder, consumed baits with chewed 

capsules meaning likely ingestion of the vaccine, and "lost" baits (missing baits and 

capsules presumably ingested). Cameras were kept over the entire length of the study (9 

days). Picture details were processed by two independent researchers and converted into 

Excel files (Microsoft Excel, version 2007; Microsoft Corporation) containing the 

following variables in each feeder per day (from 20:00h to 20:00h of the next day): feeder 

location, date and time of capture, presence of each species, and presence inside/outside 
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the feeders. Our findings are described in terms of positive minutes in relation to the 

presence (PMP) of each species and data were analyzed by descriptive statistics and non-

parametric Spearman´s correlations using the SPSS statistical package (IBM). 

 

Results 

1. Adverse reactions  

 No signs of fever such as reduced activity or frequent drinking, loss of appetite and 

body condition deterioration were observed after BCG administration (n = 27). Also, no 

adverse reactions against the inactivated M. bovis vaccine were recorded (n = 21); and the 

9 animals that received the inactivated vaccine via parenteral did not show swelling at the 

site of injection. 

 

2. Survival of M. bovis BCG 

 Despite the fact that at least 7 different tissues per animal were cultured in all the 

experiments, BCG was not found at the time of necropsy. The Mycobacterium bovis strain 

used for the challenge was isolated from 14 of the 27 wild boar. Of the 257 tissues 

analyzed, virulent M. bovis was isolated in 48 cases; all isolates had the same 

spologotyping pattern as the challenge strain (SB0339), and none of them was BCG. 

 

3. Excretion of M. bovis BCG by vaccinated animals  

 After sixteen weeks of incubation of fecal samples, no growth was observed in the 

inoculated culture media from the ante-mortem and post-mortem samples (n = 148) 

collected in the two experiments. The urine of 5 BCG vaccinated wild boar as well as the 

nasal and fecal swabs of the 8 animals were negative at 258 days post-vaccination. Oral 

swabs from 2 of the 8 animals were positive to Mycobacterium bovis at 258 days pv, but 
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exposed to the minimum and maximum temperatures at 8:00 h and 18:00 h, respectively. 

Concentration of BCG was around 105 in both trials (mean CFU: 5.6 x105 ± 1.7x105; n = 

95). Despite exposure of the vaccine to this huge environmental temperature variability, 

there was no significant evidence of loss of viability in the baits collected after 12, 24, or 

36 h (Mann-Whitney U test; z=-1.481, p=0.178). 

 In laboratory conditions we recorded the CFU of BCG that remained viable after 

being subjected to different temperatures. The initial concentration (at room temperature) 

ranged from 5.1x104 to 4.1x105. The number of CFU remained quite stable at temperatures 

of 4 and 25ºC for 72 h. However, at 37 and 42ºC the concentration began to decrease 

significantly (U test; z = -2.309, p = 0.029; z = -2.323, p = 0.029, respectively) after 24 h 

until reaching a final concentration of 3.1 x 102 and 3 x 102 at 72 h. 

 Camera trapping data recorded a total of 13504 PMP from all the 46 feeders in the 

9 days of the experiment. The frequency percentages by species groups were 39.26% wild 

boar, 56.37% birds, 1.65% carnivores, 1.65% other ungulates and 1.07% other species 

(lagomorphs and rodent species). Inside the selective feeders we observed a wild boar 

presence of 48.35% (n = 3103 PMP), of which 82.92% were piglets, 5.31% juveniles and 

11.78% adults that put their head between the feeder bars. Bird presences are detailed in 

Table S1 (see supplementary files). The number of PMP reported of the different carnivore 

species in relation to the total presence of carnivores inside the feeders (1.65%) were the 

following: red fox (Vulpes vulpes) (57.02%), stone marten (Martes foina) (40.53%), 

badger (1.75%) and common genet (Genetta genetta) (0.88%). Red deer, roe deer 

(Capreolus capreolus), and fallow deer (Dama dama) were observed only outside the 

feeders (1.65%) and in a ratio of 69%, 20%, and 11%, respectively.  

 Wild boar and birds entered in the feeders at different times. Wild boar activity 

patterns were nocturnal while diurnal activities were recorded in all bird species. An hourly 
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the presence of the species detected by the cameras with the data of the type of bait found 

in the morning. Presence of wild boar, carnivores and other species (lagomorphs and 

rodents) were negatively correlated with presence of intact baits. The proportion of chewed 

capsules showed a significant positive correlation with wild boar while correlations with 

birds and carnivores were negative (Table 3). 

    

Table 3. Correlations between bait outcome recorded from each feeder and positive minutes in relation to the 

presence of the species (PMP) detected by the cameras during the time in which baits were in the field. The 

table represents both positive and negative (inverse relationship) correlations with the presence of the 

different species and the number of intact baits (not touched), intact capsules (eaten bait but the vaccine 

within the capsule not ingested), chewed capsules (eaten baits but the capsule chewed and vaccine likely 

ingested) and lost baits (baits and capsules presumably eaten). 

 Intact baits Intact capsules Chewed capsules Lost baits 

Wild boar  -0.361** -0.018  0.429** 0.103 

Wild boar inside  -0.496** 0.071  0.565**  0.132* 

Birds  0.139* -0.015  -0.208** 0.052 

Other ungulates 0.027 -0.048 0.042 -0.071 

Carnivores  -0.206** 0.067  -0.146*   0.364** 

Others -0.152* 0.061 0.101  0.133* 

** the correlation is significant at 0.01 level (bilateral) , * the correlation is significant at 0.05 level (bilateral) 

Discussion 

 
 Vaccination of wild species has been proposed as a tool for the support of 

eradication programs and to promote health of wildlife populations [11]. However, several 

issues related to protection against the infection but also with animal and environmental 

biosafety need to be addressed before this becomes a feasible option [1, 4, 8]. In this work 

we have studied relevant safety issues related to administration of the vaccine to wild boar 

and to bait deployment. These experiments have been performed in the laboratory and 

specific biocontainment facilities and, for the first time, also in the field under controlled 
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conditions. Because of the complexity of the task and the difficulty of animal handling and 

ethical reasons we have focus on the study of basic aspects mimicking the natural 

situations that are expected to be met in the field (Mediterranean habitat). 

 Combining the results of several laboratory experiments and one ongoing field 

study we were able to assess important aspects of the safety of wild boar vaccination 

against TB. The main results belong to two groups of risks, one regarding BCG in wild 

boar and one regarding bait deployment. First, there were no adverse reactions to M. bovis 

BCG; BCG was not detected in tissues of vaccinated wild boar after 175 days; and no BCG 

excretion by vaccinated wild boar was recorded. Secondly, although BCG survival inside 

baits in the environment was higher than expected, bait uptake by non-target species was 

low and can easily be minimized through management. This information is necessary to 

implement field vaccination with safety. 

 Sample sizes, despite being reasonable for BSL3 trials, were small. Future 

experiments and on-going field trials will allow increasing the sample size and hopefully 

confirming the available results. In the field, data on hunter-harvested orally vaccinated 

wild boar will only become available in coming years. Meanwhile, the bait uptake results 

from this study make us confident that most vaccine capsules were actually consumed by 

the target wild boar piglets. This confirms results of previous bait deployment experiments 

[37]. Selective feeders allow a targeted delivery of oral baits to wild boar piglets, which is 

the preferred age for vaccination [36]. Furthermore, the use of this type of feeders could 

avoid the possibility of bait consumption by cattle, since their head is unable to enter 

through the bars to reach the baits. 

 No adverse reactions to BCG or the inactivated M. bovis vaccine were observed in 

the wild boar used in the different experiments. This suggests that both are safe for wild 

boar, and most likely also for its domestic relative, the pig. Regarding BCG however, the 
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absence of adverse reactions could in part be due to the medium doses of the vaccine used 

in our experiments (between 105 and 106 CFU). We used low doses in the experiments in 

biocontainment facilities to imitate those of the field trials (dose in the field trial: 105 

CFU). Thus, even if an individual ingests several baits, it would be unlikely to consume 

doses higher than 106-7 CFU. At worst, to achieve a dose of 108 CFU, the same individual 

should consume all the baits (20 baits per feeder) of 6 different feeders during 9 nights, but 

this is unlikely. Nevertheless, as mentioned in the introduction, higher doses of BCG (108 

CFU) have often been used in different host species without secondary effects [29-30, 43-

45]  

 At necropsy, BCG was not found in tissues of the experimentally vaccinated wild 

boar in any of the 4 experiments (ranging from day 175 to 300 pv), and BCG was not 

detected in feces and in swab samples after 258 days pv. Although we cannot discard 

previous tissue colonization (further studies are needed), this study shows that after 175 

days, BCG is not present in wild boar tissues. This fact could be important to take into 

account prior to introducing this meat into the food chain for human consumption. 

Moreover, although previous studies have occasionally detected BCG in tissues, BCG has 

not been isolated from meat [23]. To date, wildlife vaccination studies in experimental 

conditions have shown that BCG shedding occurs only in low to moderate numbers and 

only for a short period of time [29-30, 46]. In wild boar, the lack of pre and post-mortem 

detection of BCG in feces of vaccinated animals, suggests that contamination of the 

environment by this route is unlikely. Furthermore, for the moment, BCG has not been 

isolated from feces under field conditions [29], and even if this was the case, it is still 

unknown which dose would actually infect non-target animals after ingestion. For instance, 

it is believed that oral doses of BCG that could sensitize cattle would be near to 107 CFU 

[46]. Such a high dose is very unlikely to be excreted by wild boar vaccinated with doses 
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below 106 CFU. 

 Temperature stability was studied because bait deployment coincide with early 

summer, characterized with high temperature in central-south Spain. In the laboratory, 

exposure to temperatures of 37ºC and 42ºC strongly reduced BCG viability by about two 

logarithms within 24 h. However, field viability was higher than expected, at least for 36 h 

after bait deployment, probably due to temperature fluctuations in the field or effect of the 

soil temperature. This greater than expected stability in the field implies on one hand a 

logistic advantage for field vaccination, but on the other hand it is a disadvantage regarding 

the possible access of non-target species to viable BCG-baits. Ideally, baits should be 

distributed after sunset and collected at sunrise to avoid diurnal species, mainly birds. 

Nevertheless, field data suggest that birds are not involved in the consumption of baits, 

since their presence at feeders correlated with the number of intact baits found (not 

consumed). This way of distributing the vaccine would also avoid exposure to 

temperatures above 37ºC. Among the nocturnal non-target species, the ones to be 

considered specifically are the carnivores. Foxes and stone martens were related to the bait 

losses, but their presence was in a much smaller percentage than wild boar. Although 

lagomorphs and rodents represent the lowest percentage of the presence of the total of the 

species (1.07%), they were also implicated in the bait losses and also with the appearance 

of less intact baits in the feeders. In the case of the presence of other ungulates, the system 

of the selective piglet feeders prevents almost completely their access to the baits. 

 In summary, the results indicate that BCG and heat-inactivated M. bovis 

vaccination in wild boar is safe and that, while consumption by other species is possible, 

this can be minimized by using specific management measures such as selective feeders 

and a strict timing of bait deployment and collection. The use of an inactivated vaccine 

would avoid most of the risks and logistic constraints of using BCG. 
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SÍNTESIS 
 

En los últimos años se ha visto incrementado el empleo de vacunas como medida 

de control frente a la tuberculosis en los reservorios de vida silvestre. En la península 

ibérica, si bien la transmisión de la enfermedad tiene lugar entre diferentes especies tales 

como jabalíes, ciervos, gamos, vacas, y en menor medida otros animales domésticos o 

salvajes como cabras, cerdos y tejones, el jabalí es considerado el principal reservorio de 

tuberculosis, y por ello, los esfuerzos realizados para controlar esta enfermedad en la fauna 

silvestre, están principalmente dirigidos a esta especie.  

Basándose en estudios previos (Ballesteros 2009, vaccine, perez de la lastra, 

naranjo, Galindo, Ballesteros, Ballesteros, wild research 2011), el objetivo de este trabajo 

fue identificar un adecuado protocolo de vacunación para proteger al jabalí frente a la 

tuberculosis, así como también a su descendiente, el cerdo. Para este fin, se llevaron a cabo 

4 experimentos que resumimos a continuación. 

En el primer trabajo (Capítulo 1) se evaluaron tanto los niveles de protección como 

los tipos de respuesta promovidos tras la vacunación con vacuna viva atenuada BCG y 

vacuna inactivada M. bovis (MdR), y posterior reto con una cepa de campo M. bovis en 

jabalíes. Posteriormente (Capítulo 2), se utilizaron animales vacunados y revacunados con 

vacuna MdR para corroborar la existencia de esa protección y esas respuestas, así como 

para describir los mecanismos de protección inducidos por esta vacuna. Tanto la 

vacunación mediante vacuna BCG como la vacunación y posterior revacunación mediante 

vacuna MdR redujo el número y la severidad de las lesiones, especialmente en la región 

torácica, de la que se sugiere que tendría un papel en la transmisión de la tuberculosis de 

animales infectados a otros animales (Martín-Hernando et al., 2007). La respuesta de 

anticuerpos varió entre los jabalíes vacunados por distintas vías. Sin embargo, los jabalíes 

vacunados con vacuna oral MdR o con BCG, respondieron de la misma forma con respecto 
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a niveles de protección, respuestas de anticuerpos e interferón. En animales 

vacunados/revacunados con MdR se identificaron dos proteínas (NADPAD y MPB83) 

cuyos anticuerpos podrían estar implicados en la respuesta protectora inducida por la 

vacuna. La presencia de correlaciones positivas entre el número/tamaño de lesiones y los 

niveles de anticuerpos bPPD tras una infección con una cepa de campo M. bovis, podría 

indicar que esta prueba diagnóstica (ELISA bPPD) podría ser utilizadas como indicador 

del grado de lesión en jabalíes retados pero no en vacunados. Los resultados obtenidos con 

respecto a los niveles de ARNm de MUT y C3 en células mononucleares de sangre 

periférica (PMBC) reforzaron la teoría de que estos genes estarían asociados a la 

protección frente a la infección de M. bovis en animales vacunados (de la Lastra et al., 

2009; Ballesteros et al., 2009). Tras la vacunación, y previo a la infección, los niveles de 

estos genes fueron mayores en animales con menor número de lesiones tuberculosas. Los 

niveles de citoquinas (IL-1, IL-6) en suero también fueron superiores en animales 

vacunados antes de la infección. Una hipótesis a estos aumentos de niveles de C3 e IL-1 es 

que la vacuna inactivada podría producir una respuesta inmune protectora desencadenada 

por células dendríticas imitando la respuesta fagocitaria frente a patrones moleculares 

asociados a patógenos (PAMP). 

 Siguiendo el protocolo de vacunación-revacunación con MdR realizado 

previamente en jabalíes, pero en este caso con cerdos tonsilectomizados y no 

tonsilectomizados (Capítulo 3), se observó que aunque la vacunación reducía el número y 

severidad de las lesiones, esta reducción parece menor en cerdos que en jabalíes. Esto 

podría ser debido por ejemplo, a una mayor sensibilidad por parte de los cerdos o una 

mayor resistencia a la cepa de campo M. bovis en jabalíes. Los cerdos vacunados con 

vacuna inactivada por vía oral dieron respuestas similares de anticuerpos, interferón y 

expresión génica a las obtenidas en los experimentos anteriores en jabalíes. Los niveles de 
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mRNA del gen C3, MUT e IL-1b también se vieron aumentados tras la vacunación. Un 

resultado a destacar en este experimento en particular sería que las tonsilas tendrían un 

menor papel del esperado en respuesta a la vacunación oral, al no estar asociadas a la 

respuesta protectora vinculada con la expresión del gen C3. 

Por el momento, se ha demostrado que en condiciones experimentales, la 

vacunación en jabalí con vacuna viva atenuada M. bovis BCG es segura. En ningún 

experimento de los realizados hasta ahora hemos podido observar efectos adversos de la 

vacuna en los animales, no se ha detectado la presencia de ésta en tejidos, ni tampoco la 

excreción por parte de los animales vacunados (Capítulo 4). Sin embargo, el uso de una 

vacuna inactivada como medida de control de la tuberculosis en esta especie tendría la 

ventaja de ser más segura y más estable en condiciones de campo que la vacuna viva BCG. 

 Sorprendentemente, en un primer ensayo de campo (Capítulo 4), la supervivencia 

de la BCG en los cebos fue superior a lo esperado. Este hecho, podría suponer un 

incremento en la posibilidad de vacunar a un mayor número de animales, pero a su vez 

también podría suponer un problema a la hora de considerar la posible ingestión de cebos 

por parte de especies no diana. No obstante, los resultados que se obtuvieron en esta 

primera prueba llevada a cabo con BCG y vacuna inactivada, indicaron que el porcentaje 

de frecuencia de las especies no diana que se asociaron con el consumo de cebos mediante 

la detección de cámaras trampa no excedió del 1.65%. Aunque esto son resultados 

alentadores, serían necesarios más estudios para incrementar la eficacia y especificidad de 

la vacuna. 

De acuerdo a nuestra hipótesis inicial, los resultados de este trabajo confirman que 

los jabalíes responden de forma similar a la vacunación mediante vacuna BCG y vacuna 

M. bovis inactivada, confiriendo en ambos casos respuestas protectoras frente a la 

infección experimental con una cepa de campo M. bovis en esta especie. El experimento 
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realizado en cerdos, refuerza los resultados obtenidos anteriormente en jabalíes con 

respecto a la respuesta de anticuerpos, la producción de gamma interferón y la expresión 

génica. 

Van a ser necesarios más estudios para verificar si realmente existen diferencias 

entre jabalíes y cerdos, o para comprobar el nivel de protección obtenido en jabalíes 

silvestres tras la vacunación oral en condiciones de infección natural de M. bovis. Otros 

estudios interesantes de realizar serían por ejemplo la combinación de vacunación y 

revacunación con vacuna BCG y vacuna inactivada o el papel del RNAm bacteriano en las 

vacunas inactivadas en las respuestas del jabalí. Pero por el momento, este trabajo parece 

indicar que el uso de la vacuna inactivada M. bovis para controlar la tuberculosis tanto en 

jabalíes como en cerdos se podría considerar como una buena opción.  

 

SYNTHESIS 
 

Nowadays, vaccination is increasingly being explored as a TB control tool in all 

major wildlife reservoirs worldwide. In the Iberian Peninsula, although transmission occurs 

among three wild ungulate species (wild boar, red deer and fallow deer), cattle, and to a 

lesser extent other domestic and wild animals such as goats, pigs and Eurasian badgers, 

wild boar is considered as the single most important TB reservoir host, and therefore 

efforts to control tuberculosis in wildlife are targeted to this species. 

Based on previous studies in this species (Ballesteros 2009, vaccine, perez de la 

lastra, naranjo, Galindo, Ballesteros, Ballesteros, wild research 2011), the aim of this work 

was to identify an adequate vaccination protocol to protect against tuberculosis in wild 

boar, as well as its descendant, the pig. For this purpose, we conducted 4 different 

experiments that are summarized below. 



 

173 
 

S Sintesis 

The first study (Chapter 1) was focused on the evaluation of the protection levels 

and the different responses after vaccination with both live BCG and heat-inactivated 

Mycobacterium bovis (MdR) vaccines, and subsequent challenge with a M. bovis field 

strain in wild boar. Later (Chapter 2), we used MdR vaccinated and revaccinated animals 

to corroborate the existence of such protections and responses, as well as to describe the 

mechanisms of protection induced by this vaccine. Vaccination with both BCG and 

inactivated vaccine reduced the number and severity of lesions, especially in the thoracic 

region, which has been suggested to have a role in TB transmission from infected wild 

boar to other animals (Martín-Hernando et al., 2007). Antibody responses varied among 

wild boar vaccinated by different routes. In contrast, orally MdR or BCG vaccinated wild 

boar behave in the same way regarding protection levels, antibody and IFN-gamma 

responses. In animals vaccinated/revaccinated with MdR, two proteins (NADPAD and 

MPB83) which antibodies might be involved in the protective response induced by the 

vaccine were identified. Because of the fact that we found positive correlations between 

lesion scores and bPPD antibody levels after infection with a M. bovis field strain, we 

suggested that ELISA bPPD test could be used as marker of the lesion degree in 

challenged but not in vaccinated wild boar. The results regarding MUT and C3 mRNA 

levels in PMBC, support the theory that these genes are associated with protection against 

M. bovis infection in vaccinated animals (de la Lastra et al., 2009; Ballesteros et al., 2009). 

After vaccination and prior to infection, the levels of these genes were higher in animals 

with fewer tuberculosis lesions. Serum cytokine levels (IL-1, IL-6) were also higher in 

vaccinated animals before infection. One hypothesis to these upregulated levels of C3 and 

IL-1 is that the inactivated vaccine could produce a protective immune response triggered 

by dendritic cells mimicking phagocytic response to pathogen-associated molecular 

patterns (PAMPs).  
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Using the same model of MdR vaccination/revaccination in tonsilectomized and 

non-tonsilectomized pigs as the one that we used previously in wild boar (Chapter 3), we 

observed that although vaccination reduced the number and severity of lesions in both 

species, it seems that this reduction was lower in pigs than in wild boar. This could be due 

for instance to higher sensitivities to infection in pigs or higher resistance to M. bovis field 

strain infection in wild boar. Pigs vaccinated with orally heat-inactivated M. bovis had 

similar antibody, IFN-gamma responses, and gene expression as in previous experiments 

in wild boar. The mRNA levels of C3, MUT and IL-1 were also increased after 

vaccination. A highlighted result in this experiment was that the tonsils would have lower 

role than expected in response to oral vaccination, not being associated with protection 

which correlated with C3 expression. 

 For the moment, wild boar vaccination with live M. bovis BCG vaccine has been 

demonstrated to be safe in experimental conditions. In any of the experiments performed to 

date, we observed adverse effects of the vaccine in the animals, neither presence of BCG in 

their tissues or excretion by vaccinated wild boar (Chapter 4). However, the use of heat-

inactivated M. bovis vaccine for TB control in this species would have the advantage of 

being environmentally safer and more stable under field conditions than live BCG vaccine. 

  Interestingly, in the environment, BCG survival within baits has been found higher 

than expected (Chapter 4), thereby increasing the possibility of vaccinate a larger number 

of animals. But this fact can be also a problem for the potential bait uptake by non-target 

species. Nevertheless, the results obtained in a first field trial carried out with BCG and 

inactivated vaccine indicate that the frequency percentages of non-target species associated 

with baits consumption detected by the cameras did not exceed the 1.65%. Although these 

are encouraging results, more studies are needed to increase the efficacy and specificity of 

the vaccine.  
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 In accordance to our initial hypothesis, the results of this work confirm that wild 

boar responded similarly to both BCG and heat-inactivated M. bovis vaccination, 

conferring in both cases protective responses against challenge with a M. bovis field strain 

in this species. The experiment conducted in pigs enhances previous results obtained in 

wild boar in terms of antibody responses, interferon gamma production and gene 

expression.  

 Further studies to verify if there are differences between pigs and wild boar at 

vaccination would be needed, and also would be necessary to check the full potential of 

protecting free-living wild boar through oral vaccination under conditions of natural M. 

bovis transmission. Some other interesting prospective studies to perform would be the 

combination of BCG and inactivated M. bovis vaccine or the role of the bacterial mRNA in 

the inactivated vaccines in the response of the wild boar. But for the moment, this study 

shows that the use of inactivated M. bovis vaccine as a possible TB control in wildlife 

species could be a good option. 

 

 

 

 

 

 

 

 

 
 
 



 

 
 
 

S Sintesis 

CONCLUSIONES/CONCLUSIONS 
 
1. Tanto la vacuna viva BCG oral como las vacunas M. bovis inactivadas administradas 

por vía parenteral o por vía oral, protegen a jabalíes jóvenes frente al reto con cepas 

patógenas de M. bovis en condiciones de laboratorio. Además, la revacunación podría 

mejorar los niveles de protección logrados.  

Oral live BCG and parenteral and oral inactivated M. bovis vaccines, confer 

protection to piglets against challenge with pathogenic strains of M. bovis in 

laboratory conditions. Furthermore, revaccination could increase the protection levels 

achieved with only one dose of the vaccine. 

2. Las respuestas de anticuerpos obtenidas en jabalíes vacunados por vía parenteral con la 

vacuna inactivada M. bovis, son diferentes a las respuestas en jabalíes vacunados 

oralmente tanto con vacuna inactivada M. bovis como con vacuna BCG. Sin embargo, 

al comparar ambos grupos vacunados por vía oral, las respuestas son similares. 

Antibody responses obtained in parenterally vaccinated wild boar with inactivated M. 

bovis vaccine, are different to the responses in orally vaccinated wild boar with either 

inactivated M. bovis vaccine or BCG. However, when comparing both groups orally 

vaccinated, the responses are similar. 

3. Las proteinas gliceraldehído-3- fosfatodeshidrogenasa (GAPDH), NADP-dependiente 

alcohol deshidrogenasa C (NADPAD), MPB83, Rv2623/MT2698 y MPB70 podrían 

estar implicadas en la respuesta a la infección. Además, los anticuerpos frente a dos de 

esas proteínas (NADPAD  y MPB83) podrían participar en la respuesta protectora 

inducida por la vacuna inactivada. 

Proteins such as glyceraldehyde-3-phosphatedehydrogenase (GAPDH), NADP-

dependent alcohol dehydrogenase C (NADPAD), MPB83, Rv2623/MT2698 and 

MPB70 might be implicated in infection responses. Also, antibodies against two of 
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these proteins (NADPAD and MPB83) could participate in the protective response 

elicited by the inactivated vaccine.  

4. La correlación del incremento de los niveles de C3 con un menor número/tamaño de 

lesiones y número de cultivos positivos, junto con el aumento en los niveles de RNAm 

de  C3, IL-1b, TRIF y NLRP3 y de niveles proteicos de IL-1b en animales vacunados, 

sugiere que la vacunación con la vacuna inactivada M. bovis induce una respuesta 

protectora asociada con el sistema del complemento (C3). 

The correlation between the increase of the C3 levels with lower lesion and culture 

scores, together with the increase in C3, IL-1b, TRIF and NLRP3 mRNA levels and IL-

1b protein levels in vaccinated animals, suggests that vaccination with the inactivated 

M. bovis vaccine induces a protective response associated with the complement system 

(C3). 

5. La reducción en el número y tamaño de lesiones totales y torácicas en cerdos 

vacunados con vacuna inactivada M. bovis es menor que en jabalíes vacunados de la 

misma forma, sugiriendo diferencias entre el jabalí y el cerdo. Sin embargo, las 

respuestas de anticuerpos y de gamma-interferón fueron similares en ambas especies. 

The reduction of TB total lesion, thorax lesion and thorax culture scores in heat-

inactivated M. bovis vaccinated pigs is lower than in wild boar immunized in the same 

way, suggesting differences between the pig and the wild boar. In contrast, antibody 

and IFN-gamma responses behaved in the same way in both species. 

6. Las pruebas de diagnóstico ELISA, inmunocromatográficas y de expresión génica, 

podrían ser una opción para ayudar a diferenciar entre jabalíes y cerdos vacunados e 

infectados. Además, la vacunación oral no interfiere con las pruebas serológicas. 
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ELISA, immunochromatographic, and gene expression are diagnostic tools that could 

help to differentiate between vaccinated and infected wild boar and pigs. Moreover, 

oral vaccination does not interfere with serodiagnosis. 

7. Las tonsilas están implicadas en la expresión de algunos genes tras la vacunación en 

cerdos, pero no en la respuesta protectora relacionada con la expresión de C3.  

Tonsils have a role in the expression of some genes after vaccination in pigs, but not in 

the protective responses which correlated with C3 expression. 

8. La vacunación de jabalíes mediante BCG es segura, y a pesar de que no se puede evitar 

completamente el riesgo de consumo por parte de especies no diana, manejos 

específicos tales como comederos selectivos de rayones y un control estricto de la hora 

de reparto de los cebos minimizan este riesgo. 

BCG vaccination in wild boar is safe, and although the risk of consumption by non-

target species cannot be entirely avoided, specific management measures such as 

selective feeders and strict timing of bait deployment and collection minimize this risk.  
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