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The only vaccine ever approved for human tuberculosis was developed a century ago from an isolate of Mycobacterium bovis derived from a tuberculous cow. Initial safety and efficacy studies of an attenuated version of this isolate were conducted in cattle and other animals. In 1921 the first human, an infant, was orally dosed with this attenuated strain that came to be known as M. bovis bacillus Calmette-Guérin (BCG); named for Albert Calmette and Camille Guérin, the two French scientists that developed the strain. Since 1921, billions of people have been vaccinated with BCG making it the oldest, most widely used, and safest vaccine in use today. It is also the tuberculosis vaccine most studied for use in wildlife, including deer. While BCG vaccination of deer may not reliably prevent infection, it consistently decreases lesion severity, minimizing large, necrotic lesions, which often contain large numbers of bacilli. It is believed that decreased lesion severity correlates with decreased disease transmission; however, this hypothesis remains to be proven. Safety studies in white-tailed deer show BCG may persist in lymphoid tissues for up to 12 months; a factor to be considered in deer used for food. Beyond efficacy and safety, methods of vaccine delivery to free-ranging deer are also under investigation, both in the laboratory and in the field. The ideal delivery method is effective, efficient and safe for non-target species, including livestock. Ingestion of BCG by cattle is of special concern as such cattle may present as “false positives” using currently approved diagnostic methods, thus interfering with efforts by animal health agencies to monitor cattle for tuberculosis. An effective BCG vaccine for deer would be of value in regions where free-ranging deer represent a potential source of M. bovis for livestock. Such a vaccine would also be beneficial to farmed deer where M. bovis represents a serious threat to trade and productivity.
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INTRODUCTION

Mycobacterium bovis is the cause of tuberculosis in most animal species, including man. Clinical signs and pathological manifestations of M. bovis in humans can be identical to infection with the more common cause of human tuberculosis, Mycobacterium tuberculosis. The range of susceptible hosts to M. bovis is broad and includes most species of both livestock and wildlife. For decades, most developed countries have conducted costly campaigns to eradicate tuberculosis from cattle with varying success (1). In cases where a wildlife reservoir of M. bovis infection exists, eradication has been difficult, if not impossible (2) due to transmission of M. bovis from livestock to wildlife (spillover) and subsequent transmission from wildlife back to livestock (spillback). In northeast Michigan, USA there is a focus of M. bovis infection in free-ranging white-tailed deer (Odocoileus virginianus) where infected deer have been implicated as the source of infection in 69 cattle herds from 1995 through 2017. Control efforts, including increased hunting have been effective in decreasing disease prevalence from 4.9% in 1995 to 1.7% in 2004, but prevalence continues to remain at approximately 2% (3, 4).

In addition to white-tailed deer in the US, there is general consensus that the European badger (Meles meles) in the United Kingdom and the Republic of Ireland, the brushtail possum (Trichosurus vulpecula) in New Zealand, and the European wild boar (Sus scrofa) in the Iberian Peninsula represent wildlife reservoirs of M. bovis and can be a persistent source of re-infection of cattle (5–12). Attempts to control or eliminate these reservoirs of infection have involved population reductions through hunting, trapping or poisoning, as well as physical exclusion of wildlife from cattle feeding areas through barrier fencing. In all cases, vaccination of wildlife to reduce wildlife-to-cattle transmission has been investigated, with some vaccines progressing to field trials (13, 14). The goal of vaccination is to induce an immune response such that the animal is resistant to infection or if infection occurs, disease severity is lessened and transmission is reduced or eliminated. Thus, a successful wildlife vaccine need not provide complete protection from infection (15, 16).

Vaccines other than BCG have been successfully used in wildlife to control rabies in raccoons (Procyon lotor), foxes (Vulpes vulpes), skunks (Mephitis mephitis) and coyotes (Canis latrans) in Europe and North America (17–19); plague in North American black-tailed prairie dogs (Cynomys ludovicianus) (20–23); and classical swine fever in wild boar (Sus scrofa) in Europe (24). There have been no widespread efforts to vaccinate wildlife to control tuberculosis, although there is currently one approved vaccine for use in European badgers (25) and field trials are progressing (14).

HISTORY OF BCG

The most studied tuberculosis vaccine in deer, as well as other wildlife is the attenuated strain of M. bovis known as bacillus Calmette-Guérin (BCG), named for Albert Calmette and Camille Guérin, two French scientists at the Pasteur Institute that developed the strain (26). BCG vaccines are the oldest vaccines still in use today; moreover, with over four billion people vaccinated in over 180 countries it is history's safest and most widely used vaccine (27) and it remains the only approved tuberculosis vaccine for humans. Protective immunity in adults is highly variable, ranging from 0 to 80% depending on the study (28). In adults, BCG vaccination does not reliably prevent infection, development of latent tuberculosis, or reactivation of latent disease (29). However, in infants BCG has proven beneficial and highly cost-effective in protecting children from tuberculous meningitis (30, 31).

In 1901, French veterinarian and microbiologist, Edmond Nocard transferred to Calmette and Guérin a virulent isolate of M. bovis he had recovered from a cow with tuberculous mastitis (32). From this isolate, BCG was developed through continuous subculture on a media composed of ox bile, glycerin and potatoes. In 1919, after 13 years and 231 subculture passages, virulence in various animal models was lost (i.e., rabbits, guinea pigs, cows, horses, hamsters, mice, dogs, chickens, non-human primates) (33–35). The attenuation of BCG was shown to be irreversible upon further cultivation on bile-potato medium (36) and passage through various animal species (33). The first human was vaccinated in 1921 when an infant was orally dosed with live BCG. The infant's mother had died of tuberculosis and the infant's caregiver, the grandmother, had clinical tuberculosis. In spite of what must have been significant exposure to virulent M. tuberculosis, the child developed normally with no signs of tuberculosis (33). In the following 3 months after this first vaccination, 317 infants were vaccinated and by 1924 more than 660 infants had been orally vaccinated (26). Oral, subcutaneous, intraperitoneal and intravenous routes of administration all proved safe. Although originally given orally, the current recommendation for BCG vaccination is intradermal injection (37). The original BCG was not cloned, but was distributed to many laboratories worldwide, where the vaccine was propagated, such that today there are many genetically variant BCG strains, none of which are identical to each other or to the original vaccine (26, 32, 38). The various substrains differ in immunogenicity and potency; a possible reason for historically large ranges of observed efficacy in human studies around the world (26, 32, 39). Currently, five strains account for >90% of the BCG used worldwide; Pasteur 1173 P2, Danish 1331, Glaxo 1077, Tokyo 172-1, Russian BCG-I and Moreau RDJ (40). The two strains most commonly used in deer studies are strains Danish 1331 and Pasteur 1173 P2. The isolate that would later become BCG Danish was received directly from Calmette in 1931 by Statens Serum Institut. In 1960, batch 1331 was freeze-dried and eventually adopted as the primary Danish 1331 seed-lot in 1966 (32). The strain Pasteur 1173 P2 originated in 1961; produced from a colony closely resembling the original descriptions of BCG by Calmette (32). In white-tailed deer studies, both strains have demonstrated some degree of protection (41).

Calmette and Guérin recognized in animal studies that vaccination prevented disease, but did not always prevent infection (36), a finding consistent with most modern BCG studies in animals (42–45). Although developed as a vaccine for humans, it was first proven efficacious in cattle circa 1911. Calmette and Guérin recommended widespread oral BCG vaccination of neonatal calves, since older calves may have already been infected with virulent M. bovis (36). Safety studies in other mammals including horses, sheep, dogs, rabbits, guinea pigs, non-human primates, rats, mice, chickens, and pigeons showed no untoward effects (33).

MODEL OF INFECTION

To study vaccine-induced protection, a reliable model of infection is of paramount importance. The ideal model is repeatable, technically feasible, and produces disease similar to that seen in natural infection. The best and most widely used model of tuberculosis in deer was developed in New Zealand using red deer (Cervus elaphus) and a low dose (200–500 colony forming units, CFU) intratonsilar inoculation (46); where virulent M. bovis is deposited into one or both palatine tonsillar crypts. Using this model, many experiments were carried out to identify critical variables in BCG studies, such as dose, route, boosting and detailed immune responses (47–52). The red deer model has been extended for use in white-tailed deer (53). In both deer species, the intratonsilar model results in primary involvement of the medial retropharyngeal lymph node (46, 53), the most commonly affected tissue in naturally infected deer (54–56). The frequent involvement of the medial retropharyngeal lymph node suggests that the primary route of infection in deer is oral; although contribution by aerosol cannot be excluded (57–59). Further supporting a primary oral route of infection is the finding that experimental infection of white-tailed deer via an aerosol did not result in lesion distribution similar to natural infection, but rather resulted in disease focused on the lungs and pulmonary lymph nodes (60).

VACCINE EFFICACY

Vaccine doses of 104-107 CFU of BCG provided significant levels of protection against infection and disease (lesion development) in red deer (51), while 107 CFU (parenteral) and 108 CFU (oral) demonstrated similar efficacy in white-tailed deer (41, 61, 62).

There are no known antemortem immune responses that correlate to BCG-induced protection. Measurements of immune responses to vaccination such as intradermal skin testing or cytokine production do not predict protection in any species. Rather, BCG efficacy is measured through postmortem quantitative or semi quantitative assessments of disease severity, as well as measuring the level of tissue colonization (63, 64). Disease severity assessments include subjective scoring of gross lesions based on size, number, presence of liquefactive or caseous necrosis or fibrous encapsulation, and the number of tissues with lesions and from which virulent M. bovis can be isolated. Protection has also been evaluated by considering the extent and distribution of lesions, that is, animals with lesions limited to a single body region are considered more protected than those with lesions in multiple anatomic locations such as cranial lymph nodes, thoracic lymph nodes and abdominal organs (41, 43, 61, 62, 65).

In white-tailed deer and red deer, oral (43, 51, 62) or subcutaneous (41, 43, 51, 61) BCG vaccination results in fewer lesions, as well as fewer tissues from which virulent M. bovis may be isolated. Using subjective gross lesion scoring, BCG vaccination of deer decreases lesion severity and limits disease dissemination. Microscopic examination of tissues reveals that vaccinated deer have fewer large necrotic lesions that contain large numbers of acid-fast bacilli compared to non-vaccinated animals (41, 43, 61, 62). Both live and inactivated BCG in saline and oil adjuvant, as well as a recombinant BCG expressing the inflammatory cytokine IL-2 have been evaluated in red deer (66, 67). Detailed studies show significant immune responses to some of these preparations; however, necropsy and pathology results are not always available from these studies making vaccine efficacy determination difficult. Studies in red deer have also shown that a homologous prime boost regime (i.e., two doses 4–8-weeks apart), further reduces infection and disease (48, 68, 69). A single study in white-tailed deer demonstrated no significant difference between a single vaccination and a homologous prime-boost approach (61). Reduction of disease transmission through BCG vaccination remains to be demonstrated in deer.

In other wildlife species, the time to seroconversion, and transmission from adults to offspring have been used to demonstrate BCG-induced protection in European badgers (13, 14). The median time to seroconversion was significantly longer for vaccinated badgers (413 days), compared to non-vaccinates (230 days) (14). In addition to a direct protective effect of badger vaccination, there was a positive indirect effect on unvaccinated badger cubs. When at least one third of a badger social group was BCG vaccinated, the probability of an unvaccinated badger cub testing positive for M. bovis infection was reduced by 79% (13). The use of such metrics in deer would be difficult due to differing social structures, fecundity and biology.

VACCINE DELIVERY

The most efficacious vaccine is of little use if it cannot be delivered to the target population. An effective means of delivery requires knowledge of host feeding behavior, climatic effects on bait matrix composition, environmental survivability of the vaccine, and bait attractiveness and palatability to the target host. In most cases the only effective means to vaccinate wildlife is through an oral bait. Oral vaccines have been used experimentally to protect white-tailed deer from the prion-based, chronic wasting disease (70, 71), as well as brucellosis (72).

A variety of oral baits have been evaluated in wildlife. Dried shell corn has been used to deliver an acaricide to free-ranging white-tailed deer (73, 74) while Hakim, et al showed that free-ranging white-tailed deer found a liquid bait composed of apple juice, water and glycerin palatable; thus a plausible means of delivering pharmaceutical agents (75). A molasses-based bait for potential BCG delivery was evaluated for palatability, attractiveness and stability under various environmental conditions (76). Although environmentally stable and attractive for captive deer, field testing demonstrated a lack of palatability to free-ranging deer. A lipid formulation of BCG has been used as an oral vaccine for brushtail possums (77, 78), and European badgers (45, 79). The same BCG lipid-formulated bait has been used in white-tailed deer, and although vaccination was achievable (43, 80), deer found the lipid formulation unpalatable. In Spain, baits prepared from feed mixed with paraffin, sucrose and cinnamon-truffle powder worked well to deliver BCG to wild boar (81, 82), but have not been evaluated in deer.

A potential hazard of oral bait vaccines, is the difficulty of preventing non-target species from consuming the vaccine bait. Cattle are a non-target species of special interest as it is possible that BCG ingestion could result in sensitization to the tuberculin used in intradermal skin testing resulting in false positive results; thus, confounding accurate identification of infected cattle (83). Alternative diagnostic tests, able to differentiate infected from vaccinated (DIVA) cattle would be needed to avoid this confounding problem (84–86). In addition to exposure of non-target species to vaccine, dosage is difficult to control using oral baits. The effect of higher than recommended doses of vaccine should be evaluated in the target population. In red deer, no untoward effects have been seen using subcutaneous doses of BCG up to 1 × 108 CFU (68); 10–100 times the regular dose, or in white-tailed deer using oral doses of 1 × 109 (80, 87) to 1 × 1010 CFU; 10–100 times the regular dose.

Studies in red deer did not demonstrate shedding of BCG from vaccinates to non-vaccinates (66); however, evidence shows that BCG-vaccinated white-tailed deer shed vaccine and cohorts can become “secondarily vaccinated” (88, 89). It remains to be evaluated whether deer vaccinated secondarily through shed BCG possess any protection against infection with virulent M. bovis. If secondary vaccination were to provide protection, this self-disseminating feature could serve to increase vaccine coverage without additional labor or cost. However, the shedding of BCG by deer increases the possibility that non-target species such as cattle could be exposed to BCG. Thus far, indirect contact of calves with BCG-vaccinated white-tailed deer has not resulted in deer-to-cattle transfer of BCG (88, 89).

By comparison, orally vaccinated possums and badgers were shown to shed BCG in feces for up to 7 and 17 days, respectively, after vaccination (44, 90), while excretion could not be detected in orally vaccinated wild boar (82).

SAFETY

Vaccine safety may be viewed from both the perspective of either the vaccinated animal or humans that may come into contact with vaccinated animals. No untoward effects have been reported in BCG-vaccinated deer, possums or badgers (66, 91, 92). In white-tailed deer vaccinated subcutaneously with BCG, but not challenged with virulent M. bovis, microscopic, but not gross lesions due to BCG were reported in various lymph nodes (superficial cervical, tracheobronchial, hepatic) as late as 250 days after vaccination (41).

Although BCG has proven safe in humans with uncompromised immune systems, use of BCG in immunocompromised individuals can result in disseminated disease, with infection in various organs and body systems (93, 94). Because BCG may persist in tissues of vaccinated deer, hunters could potentially be exposed to BCG while field dressing vaccinated deer and unlike many other wildlife hosts of M. bovis, deer may be consumed as food by humans. In BCG-vaccinated white-tailed deer, vaccine was recovered from lymphoid tissues up to 12 months after oral dosing of 109 CFU. Lowering the dose to 108 CFU decreased persistence to 9 months. Persistent and viable BCG were limited to lymphoid tissues such as cranial lymph nodes, tracheobronchial, hepatic and mesenteric lymph nodes. Importantly, samples of muscles commonly consumed by hunters (epaxial, sublumbar, supraspinatus, triceps, semimembranosus, semitendinosus and biceps femoris) did not yield viable BCG at any time point (80, 87). In BCG-vaccinated red deer, viable vaccine could be recovered from various lymph nodes and the site of vaccination 14 weeks after vaccination, although the numbers of recoverable CFU were extremely low, 32–57 CFU/node and 150–190 CFU/vaccination site, representing 0.007–0.009% and 0.002–0.003%, respectively, of the original inoculum dose (2 × 106 CFU) (67). It has been shown that thoroughly heating meat products to 60°C (1400 F) for 6 min kills virulent M. bovis (95) and M. avium (96). It is assumed the same would be true for M. bovis BCG. As humans generally avoid consumption of lymphoid organs and usually cook meat before consumption (97), the potential exposure of humans to BCG from vaccinated deer is very low.

By comparison, BCG has been found in the tissues of orally vaccinated badgers 30 weeks after vaccination (44) and in possums 8 weeks after oral vaccination (90). In contrast, BCG could not be found in the tissues of orally vaccinated wild boar (82) even when examined 30 days after vaccination (98), an important finding as wild boar, similar to deer, are often used for food.

NON-TUBERCULOUS MYCOBACTERIA

Many saprophytic, non-pathogenic species of mycobacteria exist in soil and water. These mycobacteria may be collectively described as non-tuberculous mycobacteria (NTM). Numerous NTM have been isolated from deer (41, 61, 62, 80, 99–101), some of which were found within lesions consistent with tuberculosis. Although some studies have suggested that preexisting sensitivities to M.avium, or other NTM, has no effect or confers some degree of protection against virulent challenge (102–106), others show interference with BCG efficacy by NTM exposure in humans, laboratory animals and cattle (102, 104, 107, 108). One proposed mechanism for this reduced efficacy is that pre-existing immune sensitivity to NTM restricts BCG multiplication following vaccination, resulting in dampening of critical cytokine responses, such as that of interferon-gamma (108). For this reason, it is recommended that humans and calves be vaccinated as neonates prior to NTM exposure. It is, as yet unclear how exposure to NTM affects BCG efficacy in deer. Vaccination of neonates, although possible in farmed deer, would prove very difficult in free ranging deer.

FUTURE DIRECTIONS

Self-disseminating Virus-Based Vaccines

One limitation of traditional oral or parenteral vaccination is the need to administer vaccine to every animal individually. Furthermore, with many inactivated vaccines, adequate protection requires subsequent booster vaccinations. In contrast, self-disseminating vaccines are designed to exploit replicating virus-based vectors to spread within the target animal population without the need for individual animal inoculation (109). Vaccination of a limited number of animals introduces the vaccine into the target population and the vaccine is spread naturally as it is shed by vaccinates. Ideal self-disseminating vaccines are viruses with high immunogenicity and high horizontal transmission levels, but with a robust species barrier to minimize infection of non-target species. Examples of self-disseminating virus-based vaccines include a cytomegalovirus-based vaccine targeting deer mice (Peromyscus maniculatus) to interrupt transmission of Sin Nombre hantavirus, and a myxoma virus-based vaccine targeting European hares (Oryctolagus cuniculus) to prevent myxomatosis and rabbit hemorrhagic disease [reviewed in Murphy et al. (109)]. A similar self-disseminating viral vectored vaccine targeting white-tailed deer to prevent deer-to-deer and deer-to-cattle transmission of M. bovis may one day be possible.

Plant-Based Vaccines

Another alternative to traditional vaccination is the use of plant-based vaccines (110). Selected immunogenic antigens of the pathogen are introduced into a plant, creating a recombinant edible vaccine. Ingestion of the plant material induces a protective immune response against that particular pathogen. Plant-based vaccines are cost-effective and amenable to large scale production (110); moreover, using plants that are part of the normal diet of the target population minimizes issues of palatability and acceptance. Edible vaccines have been produced in tobacco, cereal grains, fruits (banana, tomato), leaves (lettuce, alfalfa), tubers (potato, carrot), and legumes (cow pea, soybean) (111). When produced in plants, antigenic proteins of the vaccine are bioencapsulated in plant cells, to be released when plant cells are digested by microbes of the gut (112). This may be particularly advantageous with diseases such as tuberculosis where mucosal immune responses are critical. Transgenic carrots, tobacco, lettuce and arabidopsis expressing M. tuberculosis proteins have been tested in mice and piglets and shown to induce both humoral and cell-mediated immunity (112–115).

Inactivated Vaccines

Attenuated live vaccines, like BCG have some drawbacks. The possibility exists that vaccine shed by vaccinates, may contaminate not only the environment, but also potentially expose various non-target species. Use of genetically altered subunit vaccines may be an alternative; however, there could be public resistance to the use of genetically altered microbes. Heat-inactivated M. bovis (oral and parenteral) has been shown to reduce disease severity in wild boar (82, 116) similar to protection provided through vaccination with BCG (117), without risk of environmental contamination or spread to non-target species. Similarly, heat-inactivated M. bovis has been shown to decrease disease severity in experimentally infected red deer (118). Another noted advantage to heat-inactivated M. bovis is that vaccinated calves did not have false positive responses in either antibody-based assays or interferon gamma release assays measuring cell-mediated immune responses (118) reducing concern that vaccine exposed cattle would be falsely identified as M. bovis infected during routine surveillance.

CONCLUSIONS

Between 1940 and 2004, more than 335 emerging infectious disease events were reported in the scientific literature. The majority (60%) of those events involved zoonoses, most of which (72–80%) had an epidemiologically important wildlife host (119, 120). Controlling or eliminating disease, which has become established in wildlife is extremely difficult, with seemingly few solutions, such as population reduction, separation of wildlife from livestock and disease control through vaccination. Varying degrees of success have been achieved with rabies, plague and classical swine fever. In the case of tuberculosis in deer and other wildlife, the challenge is indeed monumental. In spite of millions of research dollars and countless hours of research effort toward a new human vaccine, the only approved vaccine remains one that is 100 years old and provides questionable protection in some settings. Far less money and effort have been expended exploring a vaccine for animal tuberculosis. Nevertheless, there is reason to be optimistic. Regardless of the species, research to date on BCG vaccination consistently demonstrates a decrease in disease severity, which likely results in decreased disease transmission, and progress is being made in the development of oral baits as vaccine delivery devices. Moreover, advances are being made in the next-generation of human vaccines based on BCG (79), some of which may prove useful for vaccination of deer or other wildlife.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.

FUNDING

This work funded by the USDA Agricultural Research Service.

REFERENCES

 1. Palmer MV, Waters WR. Bovine tuberculosis and the establishment of an eradication program in the United States: role of veterinarians. Vet Med Int. (2011) 2011:816345. doi: 10.4061/2011/816345

 2. Palmer MV, Thacker TC, Waters WR, Gortazar C, Corner LA. Mycobacterium bovis: a model pathogen at the interface of livestock, wildlife, and humans. Vet Med Int. (2012) 2012:236205. doi: 10.1155/2012/236205

 3. O'Brien DJ, Schmitt SM, Fitzgerald SD, Berry DE. Management of bovine tuberculosis in Michigan wildlife: current status and near term prospects. Vet Microbiol. (2011) 151:179–87. doi: 10.1016/j.vetmic.2011.02.042

 4. O'Brien DJ, Schmitt SM, Rudolph BA, Nugent G. Recent advances in the management of bovine tuberculosis in free-ranging wildlife. Vet Microbiol. (2011) 151:23–33. doi: 10.1016/j.vetmic.2011.02.022

 5. Ekdahl MO, Smith BL, Money DFL. Tuberculosis in some wild and feral animals in New Zealand. NZ Vet J. (1969) 18:44–5. doi: 10.1080/00480169.1970.33860

 6. Muirhead RH, Gallagher J, Burn KJ. Tuberculosis in wild badgers in gloucestershire: epidemiology. Vet Rec. (1974) 95:552–5. doi: 10.1136/vr.95.24.552

 7. Noonan NL, Sheane WD, Harper LR, Ryan PJ. Wildlife as a possible reservoir of bovine tuberculosis. Ir Vet J. (1975) 29:1.

 8. Collins DM, Gabric DM, de Lisle GW. Typing of Mycobacterium bovis isolates from cattle and other animals in the same locality. NZ Vet J. (1988) 36:45–6. doi: 10.1080/00480169.1988.35476

 9. Morris RS, Pfeiffer DU. Directions and issues in bovine tuberculosis epidemiology and control in New Zealand. NZ Vet J. (1995) 43:256–65. doi: 10.1080/00480169./1995.35904

 10. Gortazar C, Vicente J, Gavier-Widen D. Pathology of bovine tuberculosis in the European wild boar (Sus scrofa). Vet Rec. (2003) 152:779–80. doi: 10.1136/vr.152.25.779

 11. Vicente J, Hofle U, Garrido JM, Fernandez-De-Mera IG, Juste R, Barral M, et al. Wild boar and red deer display high prevalences of tuberculosis-like lesions in Spain. Vet Res. (2006) 37:107–19. doi: 10.1051/vetres:2005044

 12. Naranjo V, Gortazar C, Vicente J, de la Fuente J. Evidence of the role of European wild boar as a reservoir of Mycobacterium tuberculosis complex. Vet Microbiol. (2008) 127:1–9. doi: 10.1016/j.vetmic.2007.10.002

 13. Carter SP, Chambers MA, Rushton SP, Shirley MD, Schuchert P, Pietravalle S, et al. BCG vaccination reduces risk of tuberculosis infection in vaccinated badgers and unvaccinated badger cubs. PLoS ONE (2012) 7:e49833. doi: 10.1371/journal.pone.0049833

 14. Gormley E, Ni Bhuachalla D, O'Keeffe J, Murphy D, Aldwell FE, Fitzsimons T, et al. Oral vaccination of free-living badgers (Meles meles) with bacille Calmette Guerin (BCG) vaccine confers protection against tuberculosis. PLoS ONE (2017) 12:e0168851. doi: 10.1371/journal.pone.0168851

 15. Buddle BM, Wedlock DN, Denis M. Progress in the development of tuberculosis vaccines for cattle and wildlife. Vet Microbiol. (2006) 112:191–200. doi: 10.1016/j.vetmic.2005.11.027

 16. Beltran-Beck B, Ballesteros C, Vicente J, de la Fuente J, Gortazar C. Progress in oral vaccination against tuberculosis in its main wildlife reservoir in Iberia, the Eurasian wild boar. Vet Med Int. (2012) 2012:978501. doi: 10.1155/2012/978501

 17. Rosatte R, MacDonald E, Sobey K, Donovan D, Bruce L, Allan M, et al. The elimination of raccoon rabies from Wolfe Island, Ontario: animal density and movements. J Wildl Dis. (2007) 43:242–50. doi: 10.7589/0090-3558-43.2.242

 18. Slate D, Algeo TP, Nelson KM, Chipman RB, Donovan D, Blanton JD, et al. Oral rabies vaccination in north america: opportunities, complexities, and challenges. PLoS Negl Trop Dis. (2009) 3:e549. doi: 10.1371/journal.pntd.0000549

 19. Maki J, Guiot AL, Aubert M, Brochier B, Cliquet F, Hanlon CA, et al. Oral vaccination of wildlife using a vaccinia-rabies-glycoprotein recombinant virus vaccine (RABORAL V-RG®;): a global review. Vet Res. (2017) 48:57. doi: 10.1186/s13567-017-0459-9

 20. Creekmore TE, Rocke TE, Hurley J. A baiting system for delivery of an oral plague vaccine to black-tailed prairie dogs. J Wildl Dis. (2002) 38:32–9. doi: 10.7589/0090-3558-38.1.32

 21. Rocke TE, Smith SR, Stinchcomb DT, Osorio JE. Immunization of black-tailed prairie dog against plague through consumption of vaccine-laden baits. J Wildl Dis. (2008) 44:930–37. doi: 10.7589/0090-3558-44.4.930

 22. Rocke TE, Tripp DW, Russell RE, Abbott RC, Richgels KLD, Matchett MR, et al. Sylvatic plague vaccine partially protects prairie dogs (Cynomys spp.) in field trials. Ecohealth (2017) 14:438–50. doi: 10.1007/s10393-017-1253-x

 23. Tripp DW, Rocke TE, Runge JP, Abbott RC, Miller MW. Burrow dusting or oral vaccination prevents plague-associated prairie dog colony collapse. Ecohealth (2017) 14:451–62. doi: 10.1007/s10393-017-1236-y

 24. Rossi S, Pol F, Forot B, Masse-Provin N, Rigaux S, Bronner A, et al. Preventive vaccination contributes to control classical swine fever in wild boar (Sus scrofa sp.). Vet Microbiol. (2010) 142:99–107. doi: 10.1016/j.vetmic.2009.09.050

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

 26. Abdallah AM, Behr MA. Evolution and strain variation in BCG. Adv Exp Med Biol. (2017) 1019:155–69. doi: 10.1007/978-3-319-64371-7_8

 27. Fine PE. Bacille Calmette-Guerin vaccines: a rough guide. Clin Infect Dis. (1995) 20:11–4. doi: 10.1093/clinids/20.1.11

 28. Andersen P, Doherty TM. The success and failure of BCG - implications for a novel tuberculosis vaccine. Nat Rev Microbiol. (2005) 3:656–62. doi: 10.1038/nrmicro1211

 29. Andersen P. Tuberculosis vaccines- an update. Nat Rev Microbiol. (2007) 5:484–7. doi: 10.1038/nrmicro1713

 30. Colditz GA, Berkey CS, Mosteller F, Brewer TF, Wilson ME, Burdick E, et al. The efficacy of bacillus Calmette-Guerin vaccination of newborns and infants in the prevention of tuberculosis: meta-analysis of the published literature. Pediatrics (1995) 96:29–35.

 31. Trunz BB, Fine PEM, Dye C. Effect of BCG vaccination on childhood tuberculous meningitis and miliary tuberculosis worldwide: a meta-analysis and assessment of cost-effectiveness. Lancet (2006) 367:1173–80. doi: 10.1016/s0140-6736(06)68507-3

 32. Oettinger T, Jorgensen M, Ladefoged A, Haslov K, Andersen P. Development of the Mycobacterium bovis BCG vaccine: review of the historical and biochemical evidence for a genealogical tree. Tuber Lung Dis. (1999) 79:243–50. doi: 10.1054/tuld.1999.0206

 33. Calmette A. Preventive vaccination against tuberculos with BCG. Proc R Soc Med. (1931) 24:85–94.

 34. Sakula A. BCG: who were Calmette and Guerin? Thorax (1983) 38:806–12. doi: 10.1136/thx.38.11.806

 35. Corbel MJ, Fruth U, Griffiths E, Knezevic I. Report on a WHO consultation on the characterisation of BCG strains, Imperial College, London 15–16 December 2003. Vaccine (2004) 22:2675–80. doi: 10.1016/j.vaccine.2004.01.050

 36. Locht C. The history of BCG. In: Nor NM, Acosta A, Sarmiento ME editors. The Art and Science of Tuberculosis Vaccine Development. 2nd ed. Selanger Darul Etsun: Oxford University Press. (2010). p. 5 70–91.

 37. WHO. BCG vaccine. World Health Organization position paper. Wkly Epidemiol Rec. (2004) 79:27–38. Available online at: http://www.who.int/wer

 38. Fine PE. The BCG story: lessons from the past and implications for the future. Rev Infect Dis. (1989) 11(Suppl. 2):S353–59. doi: 10.1093/clinids/11.Supplement_2.S353

 39. Gheorghiu M. The present and future role of BCG vaccine in tuberculosis control. Biologicals (1990) 18:135–41. doi: 10.1016/1045-1056(90)90025-U

 40. WHO. Infromation Sheet: observed Rate of Vaccine Reactions Bacille Calmette-Guerin (BCG) Vaccine. Geneva: WHO (2012).

 41. Palmer MV, Thacker TC, Waters WR. Vaccination with Mycobacterium bovis BCG strains Danish and Pasteur in white-tailed deer (Odocoileus virginianus) experimentally challenged with Mycobacterium bovis. Zoonoses Public Health (2009) 56:243–51. doi: 10.1111/j.1863-2378.2008.01198.x

 42. Aldwell FE, Keen DL, Parlane NA, Skinner MA, de Lisle GW, Buddle BM. Oral vaccination with Mycobacterium bovis BCG in a lipid formulation induces resistance to pulmonary tuberculosis in brushtail possums. Vaccine (2003) 22:70–6. doi: 10.1016/S0264-410X(03)00539-5

 43. Nol P, Palmer MV, Waters WR, Aldwell FE, Buddle BM, Triantis JM, et al. Efficacy of oral and parenteral routes of Mycobacterium bovis bacille Calmette-Guerin vaccination against experimental bovine tuberculosis in white-tailed deer (Odocoileus virginianus): a feasibility study. J Wildl Dis. (2008) 44:247–59. doi: 10.7589/0090-3558-44.2.247

 44. Corner LA, Costello E, O'Meare D, Lesellier S, Aldwell FE, Singh M, et al. Oral vaccination of badgers (Meles meles) with BCG and protective immunity against endobronchial challenge with Mycobacterium bovis. Vaccine (2010) 28:6265–72. doi: 10.1016/j.vaccine.2010.06.120

 45. Chambers MA, Aldwell F, Williams GA, Palmer S, Gowtage S, Ashford R, et al. The effect of oral vaccination with Mycobacterium bovis BCG on the development of tuberculosis in captive european badgers (Meles meles). Front Cell Infect Microbiol. (2017) 7:6. doi: 10.3389/fcimb.2017.00006

 46. Mackintosh C, Waldrup K, Labes RE, Buchan G, Griffin F. Intratonsilar inoculation: an experimental model for tuberculosis in deer. In: Griffin F, DeLisle G editors. Tuberculosis in Wildlife and Domestic Animals. Dunedin: Univeristy of Otago Press. 121–22.

 47. Mackintosh CG, Griffin JFT. Epidemiological aspects of deer tuberculosis research. In: Proceedings of the New Zealand Veterinary Association Deer Branch. Palmerstown North: New Zealand Veterinary Association. (1994). p. 106–13.

 48. Griffin JF, Mackintosh CG, Slobbe L, Thomson AJ, Buchan GS. Vaccine protocols to optimise the protective efficacy of BCG. Tuber. Lung Dis. (1999) 79:135–43. doi: 10.1054/tuld.1998.0202

 49. Griffin JF, Mackintosh CG. Tuberculosis in deer: perceptions, problems and progress. Vet J. (2000) 160:202–19. doi: 10.1053/tvjl.2000.0514

 50. Mackintosh CG, Qureshi T, Waldrup K, Labes RE, Dodds KG, Griffin JFT. Genetic resistance to experimental infection with Mycobacterium bovis in red deer (Cervus elaphus). Infect Immun. (2000) 68:1620–25. doi: 10.1128/IAI.68.3.1620-1625.2000

 51. Griffin JF, Chinn DN, Rodgers CR, Mackintosh CG. Optimal models to evaluate the protective efficacy of tuberculosis vaccines. Tuberculosis (2001) 81:133–9. doi: 10.1054/tube.2000.0271

 52. Griffin JF, Rodgers CR, Liggett S, Mackintosh CG. Tuberculosis in ruminants: characteristics of intra-tonsilar Mycobacterium bovis infection models in cattle and deer. Tuberculosis (2006) 86:404–18. doi: 10.1016/j.tube.2005.10.003

 53. Palmer MV, Whipple DL, Olsen SC. Development of a model of natural infection with Mycobacterium bovis in white-tailed deer. J Wildl Dis. (1999) 35:450–7. doi: 10.7589/0090-3558-35.3.450

 54. Lugton IW, Wilson PR, Morris RS, Griffin JF, de Lisle GW. Natural infection of red deer with bovine tuberculosis. NZ Vet J. (1997) 45:19–26. doi: 10.1080/00480169.1997.35983

 55. Schmitt SM, Fitzgerald SD, Cooley TM, Bruning-Fann CS, Sullivan L, Berry D, et al. Bovine tuberculosis in free-ranging white-tailed deer from Michigan. J Wildl Dis. (1997) 33:749–58. doi: 10.7589/0090-3558-33.749

 56. Palmer MV, Whipple DL, Payeur JB, Alt DP, Esch KJ, Bruning-Fann CS, et al. Naturally occurring tuberculosis in white-tailed deer. J Am Vet Med Assoc. (2000) 216:1921–24. doi: 10.2460/javma.2000.216.1921

 57. Lugton IW, Wilson PR, Morris RS, Nugent G. Epidemiology and pathogenesis of Mycobacterium bovis infection of red deer (Cervus elaphus) in New Zealand. NZ Vet J. (1998) 46:147–56. doi: 10.1080/00480169.1998.36079

 58. Lugton I. Mucosa-associated lymphoid tissues as sites for uptake, carriage and excretion of tubercle bacilli and other pathogenic mycobacteria. Immunol Cell Biol. (1999) 77:364–72. doi: 10.1046/j.1440-1711.1999.00836.x

 59. Palmer MV, Waters WR, Whipple DL. Shared feed as a means of deer-to-deer transmission of Mycobacterium bovis. J Wildl Dis. (2004) 40:87–91. doi: 10.7589/0090-3558-40.1.87

 60. Palmer MV, Waters WR, Whipple DL. Aerosol exposure of white-tailed deer (Odocoileus virginianus) to Mycobacterium bovis. J Wildl Dis. (2003) 39:817–23. doi: 10.7589/0090-3558-39.4.817

 61. Palmer MV, Thacker TC, Waters WR. Vaccination of white-tailed deer (Odocoileus virginianus) with Mycobacterium bovis bacillus Calmette Guerin. Vaccine (2007) 25:6589–97. doi: 10.1016/j.vaccine.2007.06.056

 62. Palmer MV, Thacker TC, Waters WR, Robbe-Austerman S. Oral vaccination of white-tailed deer (Odocoileus virginianus) with Mycobacterium bovis Bacillus Calmette-Guerin (BCG). PLoS ONE (2014) 9:e97031. doi: 10.1371/journal.pone.0097031

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

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

 65. Griffin JF, Mackintosh CG, Buchan GS. Animal models of protective immunity in tuberculosis to evaluate candidate vaccines. Trends Microbiol. (1995) 3:418–24. doi: 10.1016/S0966-842X(00)88994-5

 66. Griffin JF, Hesketh JB, Mackintosh CG, Shi YE, Buchan GS. BCG vaccination in deer: distinctions between delayed type hypersensitivity and laboratory parameters of immunity. Immunol Cell Biol. (1993) 71:559–70. doi: 10.1038/icb.1993.62

 67. Slobbe L, Lockhart E, O'Donnell MA, MacKintosh C, De Lisle G, Buchan G. An in vivo comparison of bacillus Calmette-Guerin (BCG) and cytokine-secreting BCG vaccines. Immunology (1999) 96:517–23. doi: 10.1046/j.1365-2567.1999.00702.x

 68. Griffin JF. Veterinary tuberculosis vaccine development. Clin Infect Dis. (2000) 30 (Suppl. 3):S223–8. doi: 10.1086/313865

 69. Griffin JFT, Mackintosh CG, Rodgers CR. Factors influencing the protective efficacy of a BCG homologous prime-boost vaccination regime against tuberculosis. Vaccine (2006) 24:835–45. doi: 10.1016/j.vaccine.2005.07.033

 70. Goni F, Mathiason CK, Yim L, Wong K, Hayes-Klug J, Nalls A, et al. Mucosal immunization with an attenuated Salmonella vaccine partially protects white-tailed deer from chronic wasting disease. Vaccine (2015) 33:726–33. doi: 10.1016/j.vaccine.2014.11.035

 71. Taschuk R, Scruten E, Woodbury M, Cashman N, Potter A, Griebel P, et al. Induction of PrP(Sc)-specific systemic and mucosal immune responses in white-tailed deer with an oral vaccine for chronic wasting disease. Prion (2017) 11:368–80. doi: 10.1080/19336896.2017.1367083

 72. Arenas-Gamboa AM, Ficht TA, Davis DS, Elzer PH, Wong-Gonzalez A, Rice-Ficht AC. Enhanced immune response of red deer (Cervus elaphus) to live RB51 vaccine strain using composite microspheres. J Wildl Dis. (2009) 45:165–73. doi: 10.7589/0090-3558-45.1.165

 73. Pound JM, Miller JA, George JE, Lemeilleur CA. The “4-poster” passive topical treatment device to apply acaracide for controlling ticks (Acari: Ixodidae) feeding on white-tailed deer. J Med Entomol. (2000) 37:588–94. doi: 10.1603/0022-2585-37.4.588

 74. Grear JS, Koethe R, Hoskins B, Hillger R, Dapsis L, Pongsiri M. The effectiveness of permethrin-treated deer stations for control of the Lyme disease vector Ixodes scapularis on Cape Cod and the islands: a five-year experiment. Parasit Vectors (2014) 7:292–30. doi: 10.1186/1756-3305-7-292

 75. Hakim S, McShea WJ, Mason JR. The attractiveness of a liquid bait ot white-tailed deer in central Appalachian mountains, Virginia, USA. J Wildl Dis. (1996) 32:395–8. doi: 10.7589/0090-3558-32.2.395

 76. Palmer MV, Stafne MR, Waters WR, Thacker TC, Phillips GE. Testing a molasses-based bait for oral vaccination of white-tailed deer (Odocoileus virginianus) against Mycobacterium bovis. Er J Wildl Res. (2014) 60:265–70. doi: 10.1007/s10344-013-0777-9

 77. Cross ML, Henderson RJ, Lambeth MR, Buddle BM, Aldwell FE. Lipid-formulated bcg as an oral-bait vaccine for tuberculosis: vaccine stability, efficacy, and palatability to brushtail possums (Trichosurus vulpecula) in New Zealand. J Wildl Dis. (2009) 45:754–65. doi: 10.7589/0090-3558-45.3.754

 78. Ramsey DS, Aldwell FE, Cross ML, de Lisle GW, Buddle BM. Protection of free-living and captive possums against pulmonary challenge with Mycobacterium bovis following oral BCG vaccination. Tuberculosis (2009) 89:163–8. doi: 10.1016/j.tube.2008.11.002

 79. Neiuwenhuizen NE, Kaufmann SHE. Next generation vaccines based on Bacille Calmette Guerin. Front Immunol. (2018) 9:121. doi: 10.3389/fimmu.2018.00121

 80. Palmer MV, Thacker TC, Waters WR, Robbe-Austerman S, Aldwell FE. Persistence of Mycobacterium bovis bacillus Calmette-Guerin (BCG) Danish in white-tailed deer (Odocoileus virginianus) vaccinated with a lipid-formulated oral vaccine. Transboundary Emerg Dis. (2012) 61:266–72. doi: 10.1111/tbed.12032

 81. Ballesteros C, Gortazar C, Canales M, Vicente J, Lasagna A, Gamarra JA, et al. Evaluation of baits for oral vaccination of European wild boar piglets. Res Vet Sci. (2009) 86:388–93. doi: 10.1016/j.rvsc.2008.09.003

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

 83. Buddle BM, Hewinson RG, Vordermeier HM, Wedlock DN. Subcutaneous administration of a 10-fold-lower dose of a commercial human tuberculosis vaccine, Mycobacterium bovis bacillus Calmette-Guerin Danish, induced levels of protection against bovine tuberculosis and responses in the tuberculin intradermal test similar to those induced by a standard cattle dose. Clin Vaccine Immunol. (2013) 20:1559–62. doi: 10.1128/CVI.00435-13

 84. Whelan C, Whelan AO, Shuralev E, Kwok HF, Hewinson G, Clarke J, et al. Performance of the Enferplex TB assay with cattle in Great Britain and assessment of its suitability as a test to distinguish infected and vaccinated animals. Clin Vaccine Immunol. (2010) 17:813–7. doi: 10.1128/CVI.00489-09

 85. Vordermeier M, Jones GJ, Whelan AO. DIVA reagents for bovine tuberculosis vaccines in cattle. Expert Rev Vaccines (2011) 10:1083–91.

 86. Rhodes SG, McKinna LC, Steinbach S, Dean GS, Villarreal-Ramos B, Whelan AO, et al. Use of antigen-specific interleukin-2 to differentiate between cattle vaccinated with Mycobacterium bovis BCG and cattle infected with M. bovis. Clin Vaccine Immunol. (2014) 21:39–45. doi: 10.1128/CVI.00522-13

 87. Palmer MV, Thacker TC, Waters WR, Robbe-Austerman S, Lebepe-Mazur SM, Harris NB. Persistence of Mycobacterium bovis Bacillus Calmette-Geurin (BCG) in white-tailed deer (Odocoileus virginianus) after oral or parenteral vaccination. Zoonoses Public Health (2010) 57:e206–12. doi: 10.1111/j.1863-2378.2010.01329.x

 88. Palmer MV, Thacker TC, Waters WR, Robbe-Austerman S, Harris B. Investigations on deer to deer and deer to cattle transmission of the vaccine Mycobacterium bovis Bacillus Calmette-Guerin (BCG). J Vaccines Vaccinat. (2010) 1:1–6. doi: 10.4172/2157-7560.1000104

 89. Nol P, Rhyan JC, Robbe-Austerman S, McCollum MP, Rigg TD, Saklou NT, et al. The potential for transmission of BCG from orally vaccinated white-tailed deer (Odocoileus virginianus) to cattle (Bos taurus) through a contaminated environment: experimental findings. PLoS ONE (2013) 8:e60257. doi: 10.1371/journal.pone.0060257

 90. Wedlock DN, Aldwell FE, Keen D, Skinner MA, Buddle BM. Oral vaccination of brushtail possums (Tichosurus vulpecula) with BCG: immune responses, persistence of BCG in lymphoid organs and excretion in faeces. NZ Vet J. (2005) 53:301–6. doi: 10.1080/00480169.2005.36564

 91. Aldwell FE, Pfeffer A, DeLisle GW, Jowett G, Heslop J, Keen D, et al. Effectiveness of BCG vaccination in protecting possums against bovine tuberculosis. Res. Vet. Sci. (1995) 58:90–5. doi: 10.1016/0034-5288(95)90095-0

 92. Corner LA, Costello E, Lesellier S, O'Meara D, Gormley E. Vaccination of European badgers (Meles meles) with BCG by the subcutaneous and mucosal routes induces protective immunity against endobronchial challenge with Mycobacterium bovis. Tuberculosis (2008) 88:601–9. doi: 10.1016/j.tube.2008.03.002

 93. Talbot EA, Perkins MD, Silva SF, Frothingham R. Disseminated bacille Calmette-Guerin disease after vaccination: case report and review. Clin Infect Dis. (1997) 24:1139–46. doi: 10.1086/513642

 94. Norouzi S, Aghamohammadi A, Mamishi S, Rosenzweig SD, Rezaei N. Bacillus Calmette-Guerin (BCG) complications associated with primary immunodeficiency diseases. J Infect. (2012) 64:543–54. doi: 10.1016/j.jinf.2012.03.012

 95. Merkal RS, Whipple DL. Inactivation of Mycobacterium bovis in meat products. Appl Environ Microbiol. (1980) 40:282–4.

 96. Merkal RS, Lyle PS, Whipple DL. Heat inactivation of in vivo- and in vitro-grown mycobacteria in meat products. Appl Environ Microbiol. (1981) 41:1484–5.

 97. Wilkins MJ, Bartlett PC, Frawley B, O'Brien DJ, Miller CE, Boulton ML. Mycobacterium bovis (bovine TB) exposure as a recreational risk for hunters: results of a Michigan Hunter Survey, 2001. Int J Tuberc Lung Dis. (2003) 7:1001–9. Available online at: https://www.theunion.org/what-we-do/journals/ijtld

 98. Nol P, Robbe-Austerman S, Rhyan JC, McCollum MP, Triantis JM, Beltran-Beck B, et al. Determining the persistence of Mycobacterium bovis bacille Calmette-Guerin Danish in select tissues of orally vaccinated feral swine (Sus scrofa ssp.). Res Vet Sci. (2016) 104:50–2. doi: 10.1016/j.rvsc.2015.11.007

 99. Pate M, Zolnir-Dovc M, Kusar D, Krt B, Spicic S, Cvetnic Z, et al. The first report of Mycobacterium celatum isolation from domestic pig (Sus scrofa domestica) and Roe deer (Capreolus capreolus) and an overview of human infections in Slovenia. Vet Med Int. (2011) 2011:432954. doi: 10.4061/2011/432954

 100. Thacker TC, Robbe-Austerman S, Harris B, Palmer MV, Waters WR. Isolation of mycobacteria from clinical samples collected in the United States from 2004 to 2011. BMC Vet Res. (2013) 9:100. doi: 10.1186/1746-6148-9-100

 101. Ronai Z, Eszterbauer E, Csivincsik A, Guti CF, Dencso L, Janosi S, et al. Detection of wide genetic diversity and several novel strains among non-avium nontuberculous mycobacteria isolated from farmed and wild animals in Hungary. J Appl Microbiol. (2016) 121:41–54. doi: 10.1111/jam.13152

 102. Palmer CE, Long MW. Effects of infection with atypical mycobacteria on BCG vaccination and tuberculosis. Am Rev Respir Dis. (1966) 94:553–68. doi: 10.1164/arrd.1966.94.4.553

 103. Edwards ML, Goodrich JM, Muller D, Pollack A, Ziegler JE, Smith DW. Infection with Mycobacterium avium-intracellulare and the protective effects of Bacille Calmette-Guerin. J Infect Dis. (1982) 145:733–41. doi: 10.1093/infdis/145.2.733

 104. Orme IM, Collins FM. Efficacy of Mycobacterium bovis BCG vaccination in mice undergoing prior pulmonary infection with atypical mycobacteria. Infect Immun. (1984) 44:28–32.

 105. Orme IA, Roberts AR, Collins FM. Lack of evidence for a reduction in the efficacy of subcutaneous BCG vaccination in mice infected with nontuberculous mycobacteria. Tubercle (1986) 67:41–6. doi: 10.1016/0041-3879(86)90030-9

 106. Hope JC, Thom ML, Villarreal-Ramos B, Vordermeier HM, Hewinson RG, Howard CJ. Exposure to Mycobacterium avium induces low-level protection from Mycobacterium bovis infection but compromises diagnosis of disease in cattle. Clin Exp Immunol. (2005) 141:432–9. doi: 10.1111/j.1365-2249.2005.02882.x

 107. Black GF, Dockrell HM, Crampin AC, Floyd S, Weir RE, Bliss L, et al. Patterns and implications of naturally acquired immune responses to environmental and tuberculous mycobacterial antigens in Northern Malawi. J Infect Dis. (2001) 184:322–9. doi: 10.1086/322042

 108. Buddle BM, Wards BJ, Aldwell FE, Collins DM, de Lisle GW. Influence of sensitisation to environmental mycobacteria on subsequent vaccination against bovine tuberculosis. Vaccine (2002) 20:1126–33. doi: 10.1016/S0264-410X(01)00436-4

 109. Murphy AA, Redwood AJ, Jarvis MA. Self-disseminating vaccines for emerging infectious diseases. Expert Rev Vaccines (2016) 15:31–9. doi: 10.1586/14760584.2016.1106942

 110. Shahid N, Daniell H. Plant-based oral vaccines against zoonotic and non-zoonotic diseases. Plant Biotechnol J. (2016) 14:2079–99. doi: 10.1111/pbi.12604

 111. Aswathi PB. Plant based edible vaccines against poultry diseases: a review. Adv Anim Vet Sci. (2014) 2:305–11. doi: 10.14737/journal.aavs/2014/2.5.305.311

 112. Permyakova NV, Zagorskaya AA, Belavin PA, Uvarova EA, Nosareva OV, Nesterov AE, et al. Transgenic carrot expressing fusion protein comprising M. tuberculosis antigens induces immune response in mice. Biomed Res Int. (2015) 2015:417565. doi: 10.1155/2015/417565

 113. Rigano MM, Dreitz S, Kipnis AP, Izzo AA, Walmsley AM. Oral immunogenicity of a plant-made, subunit, tuberculosis vaccine. Vaccine (2006) 24:691–95. doi: 10.1016/j.vaccine.2005.08.009

 114. Floss DM, Mockey M, Zanello G, Brosson D, Diogon M, Frutos R, et al. Expression and immunogenicity of the mycobacterial Ag85B/ESAT-6 antigens produced in transgenic plants by elastin-like peptide fusion strategy. J Biomed Biotechnol. (2010) 2010:274346. doi: 10.1155/2010/274346

 115. Lakshmi PS, Verma D, Yang X, Lloyd B, Daniell H. Low cost tuberculosis vaccine antigens in capsules: expression in chloroplasts, bio-encapsulation, stability and functional evaluation in vitro. PLoS ONE (2013) 8:e54708. doi: 10.1371/journal.pone.0054708

 116. Diez-Delgado I, Rodriguez O, Boadella M, Garrido JM, Sevilla IA, Bezos J, et al. Parenteral vaccination with heat-inactivated Mycobacterium bovis reduces the prevalence of tuberculosis-compatible lesions in farmed wild boar. Transbound Emerg Dis. (2017) 64:e18–21. doi: 10.1111/tbed.12526

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

 118. Thomas J, Risalde MA, Serrano M, Sevilla I, Geijo M, Ortiz JA, et al. The response of red deer to oral administration of heat-inactivated Mycobacterium bovis and challenge with a field strain. Vet Microbiol. (2017) 208:195–202. doi: 10.1016/j.vetmic.2017.08.007

 119. Jones KE, Patel NG, Levy MA, Storeygard A, Balk D, Gittleman JL, et al. Global trends in emerging infectious diseases. Nature (2008) 451:990–3. doi: 10.1038/nature06536

 120. Gortazar C, Diez-Delgado I, Barasona JA, Vicente J, De La Fuente J, Boadella M. The wild side of disease control at the wildlife-livestock-human interface: a review. Front Vet Sci. (2014) 1:27. doi: 10.3389/fvets.2014.00027

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

This work is authored by Mitchell V. Palmer and Tyler C. Thacker on behalf of the U.S. Government and, as regards Dr. Palmer, Dr. Thacker, and the U.S. Government, is not subject to copyright protection in the United States. Foreign and other copyrights may apply. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers
in Veterinary Science

Use of the Human Vaccine,
Mycobacterium bovis Bacillus
Calmette Guérin in Deer









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Veterinary Science





