DOI:10.26104/IVK.2022.45.557

MN3BECTHUA BY30B KBIPI'BI3CTAHA, Ne §, 2022

BETEPHHAPUA
BETEPUHAPUA
VETERINARY

Abai K.C., Illopaesa K.A., Caouxanuesa C.0., /rcexebexos K. K., Hypneiicoséa A.C.
BOJ0 MAJIAbIH KYPI'AK YUYI'YHA KAPIIIbI BAKIIMHA
Aban K.C., Hlopaesa K.A., Caouxanueea C.0., /Dicexedexos K. K., Hypneiicoéa A.C.
BAKIIMHA OT TYBEPKYVYJIE3A KPYITHOI'O POTATOI'O CKOTA
Zh. Abay, K. Shorayeva, S. Sadikalieva, K. Jekebekov, A. Nurpeisova
BOVINE TUBERCULOSIS VACCINE

VIK: 68.41.35

bodo manoein kypeax yuyey 6000 mandvin dcy2yuimyy 00-
pyey. Anvl Mycobacterium bovis (M. bovis) 6axmepusicel ko3eotim,
an mypaep apaivblk mocmMoOOH Omyn, 6AuiKa KONMO2OH HCaAnaiivl
Jrcana yu olcanvloapaapein Oynean, oopyHy scapamam. Byn 6000
MANObIH pecnupamopoyk UH@GEKyuscol, OUPOK KIUHUKALBIK Oeeu-
Jepu celipex kezdeutem. bo0o manovt smM000 dacony menen 3m000,
cneyuguKkanblk dcana cezeud OUAeHOCMUKANBIK Mecmmep MeHeH
auKanslumuipbin, 6000 MANObIH Kyp2aK yuyey MeHeH KyPOulyyYHyH
9K 3hhekmuedyy cmpameeusicel Kamapvl CyHywmanam. Yuypoa
adam sHcana 6000 MARObIH KyP2aK Yuyy YUyH ACCMKUIUKIMYY HCATl-
2bl3 sakyuHa - 6yn mupyy ammernyayusnanean Bacille Calmette
Guerin (BCG). bupok, 6yn eakyuna mapaOvlHaH Kypeax Y4yKKa
Kapuibl KOP2OA2OH KOP2OO ap KaHOAl, HcaHa OYSYHKY KyH2o YeluH,
BIPK utieunuxmyy ocana utieunuxcus cebenmepu MyutyHyKCy3.
Ouwondyxman, BLK eakyunaceina kapaeanoa mypykmyy Kop2oomy
CYHYUL KbLI2aH 6AKYUHANAPObL uwimen uvl2yy akmyanoyy. bupox, ap
KAHOQll dHcanvl 8aKyuHa dxce sImooo cmpamezusicol Hecusuten BCG
BAKYUHA MEXHONIOSUACHIHA He2usoeneeH. An smu Oy cepenme ou3
KYp2aK y4yKmyH aioblH aiyy HCOL0OPYH HCAHA A0AOUSMMAH QlbIH-
2aH MAAnLIMammapoblh He2usuHoe OYUHO06 KONOOHYI2aH 6000
MAnObIH KYypeakK y4yeyHa Kapuibl 6aKYUHANAPObIH MYPLOPYH OasiH-
0aiidw3.

Hezuszu co3o0ep: yi sicanvibapiap, 6000 man, mybepryies,
6AKYUHA, PEMNUPAMOOYK UHDEKyust, OUASHOCIUKANLIK mecmmep,
2M000.

Tybepxynes KpynHo2o po2amozo cKOma — 3mo XPOHUYecKoe
uH@exyuonHoe 3abonesanue Kpynwozo pocamozo ckoma (KPC).
Bosbyoumenem boresnu aensemes baxmepus Mycobacterium bovis
(M. bovis), komopas, npeodonen Mexnceud08ol 6apbep u Moicen
sbi3b16aMb MYybOepKyre3 napaiieivio ¢ KPC y MHozux opyeux ouxkux
u domauinux scueomnuix. Y KPC bonesnsb 6 ocHosHoM npomexaem,
KAK pecnupamopHas uHpekyus, Ho KiunudecKue NPUsHaKu nposs-
aaomes peoxo. Ummynuzayus KPC nymem eakyunayuu 6 covema-
Huu ¢ bonee cheyugpuueckuMu 1 4y8CmeumenbHblMu OUazHoCmuye-
CKUMU mecmamu npeonazaemcs 8 kavecmee Haubonee dppexmus-
Hotl cmpamezuu 60pvOvl ¢ mybepkynezom KPC. Edouncmeennas
6aKYUHA, OOCMYNHAA 6 HACWOAuee 6peMs Npomus mybepKynesa
venogexa u KPC — amo ocusas ammeHyuposawnas Oayuina
Kanomemma I'epena (BLPK). Oonako 3awuma om mybepkynesa,
obecneuusaemdas OAHHOU BAKYUHOL, 8aPbUPYEMCSl, U HA Ce200HAUL-
HUll OeHb npuduHsl ycnexos u Heyoay BLDK ne sicuvl. Ciedosamerns-
HO, HeobX00uMocHs 8 paspabomie saxkyun, obecnequsaiouux 6o-
Jlee 8bICOKYIO U bonee ycmouyusyio 3awumy, yem eaxyura BLDK sa6-
JIslemcs AKMYyanbHoU, 00HAKO, 100as HO8As 6AKYUHA UM Cmpame-
2Usl BAKYUHAYUY OCHOBAHbBI 8 OCHOBHOM HA MEXHON02UI0 6AKYUHbL
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BIDK. U 6 smom 0630pe Mmbl onucvleaem nymu npo@uiakmuxu my-
bepkynesa, a maxaice pazHoBUOHOCIU 6AKYUH NPOMUB MybepKyie3d
KPC, ucnonvsyemuix 6 Mupe Ha 0CHO8e OAHHBIX U3 TUMEPAMYPbL.

Kniouesvie cnoga: domawnue dcusommvie, KpynHwlil poea-
moltl ckom, mybepKyies, 6aKyuHda, pemMnupamooras uHgexyus, ou-
azHocmudecKue mecmol, 6aKYUHAYUL.

Bovine Tuberculosis (bTB) is an infectious illness of cattle. It
is caused by the bacterium Mycobacterium bovis (M. bovis), which
can cross the interspecies barrier, contaminate and cause disease
in numerous other wild and domestic animals. It is a respiratory
infection in cattle, but clinical signs are uncommon. The immuneza-
tion of cattle by vaccination, in combination with more specific and
sensitive diagnostic tests, is suggested as the most effective strategy
for bTB control. The only vaccine currently available for human and
bTB is the live attenuated Bacille Calmette Guerin (BCG). However,
the protection provided by this vaccine against tuberculosis varies,
and to date, the reasons for the success and failure of BCG are un-
clear. Therefore, developing vaccines that offer more sustainable
protection than the BCG vaccine is relevant. However, any new vac-
cine or vaccination strategy is based mainly on BCG vaccine tech-
nology. And in this review, we describe ways to prevent TB and the
types of vaccines against bTB used in the world based on data from
the literature.

Key words: pets, cattle, tuberculosis, vaccine, respiratory in-
fection, diagnostic tests, vaccination.

Bovine tuberculosis is an infectious disease of cattle.
It is caused by the bacterium Mycobacterium bovis (M.
bovis) [1]. The bacterium can also infect and cause illness
in domestic and wild animals. More than 55 species of
domestic and wild animals and about 25 species of birds
are susceptible to tuberculosis. Sick animals are the pri-
mary source of infection of tuberculosis [2-8]. TB is pri-
marily a chronic respiratory disease in cattle, but clinical
signs are rare [9,10].

BTB is a zoonotic disease, which can be naturally
transmitted from animals to humans under certain condi-
tions [11-13]. With a comprehensive TB eradication plan
in place in the world, human cases of TB caused by M.
bovis infection are rare. Still, it can cause significant
problems in developing and developed countries [15-18].

The disease pathogen is a strictly aerobic bacterium,
which is immobile, does not form spores, and is resistant
to acids [17,18]. Due to fatty elements, M. bovis has a
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strong resistance to the external environment and the ef-
fects of disinfectant substances [19,20].

The latest data on the worldwide status of bovine TB
is from 2018. Forty-four percent of countries reported
bTB via the OIE World Animal Health Information Sys-
tem (WAHIS) between January 2017 and June 2018. Only
a quarter of the affected countries applied all the relevant

control measures. Improved surveillance and accurate
reporting by a country’s Veterinary Services contribute to
preventing and controlling bTB at the animal source.
From January 2017 to June 2018, of the 188 countries and
territories reporting their bTB situation to the OIE, 82
countries (44%) were affected, which demonstrates the
widespread distribution of the disease (Fig. 1) [21].

Il Present in domestic animals and wildlife

[ Present in domestic animals

|| Present in wildlife

|| Absent
| No information

Figure 1. Map of the global distribution of bovine tuberculosis according to the
latest dates of OIE World Animal Health Organization [21].

Among the 82 affected countries, 29 (35.4%) coun-
tries reported the presence of bTB in both livestock and
wildlife. Two (2.4%) countries reported bTB present only
in the wilderness, compared to 51 (62.2%), which indica-
ted that only livestock was affected. Moreover, among
these 82 affected countries, 66 (80.5%) provided quanti-
tative data for outbreaks via WAHIS, demonstrating
relatively good reporting of the global situation of this
disease. The persistence of the infection in wildlife poses
challenges for disease control in some countries due to the
potentially significant impact of nature as reservoirs and
spillover hosts [22].

In many industrialized countries, prevention based
on regular tuberculin testing and removal of infected ani-
mals has effectively eradicated or notably decreased bo-
vine tuberculosis from cattle herds [23]. These preven-
tions are not affordable or acceptable in many parts of the
world, particularly in these areas where bovine tubercu-
losis constitutes a public health risk [24]. More than 94%
of the world’s population lives in countries in which the
control of bovine tuberculosis in cattle or buffaloes is
limited or absent.

The primary goal of bTB control is to eliminate the
risk of infecting humans. In developed countries, ideally,
the goal of vaccinating livestock should be to prevent the
establishment of infection [25]. This is an overwhelming
challenge because the purpose of the vaccination program
for most human and animal pathogens is to prevent clini-
cal disease, not the infection itself. Since vaccination of
cattle is unlikely to be fully effective, ancillary diagnostic

&5

tests related to vaccination are necessary for cattle, and
vaccinated animals should not react to tuberculin or alter-
native diagnostic tests. The vaccines can be injected into
livestock, and animals can be re-vaccinated if necessary,
so that a variety of vaccines can be considered, including
live vaccines and inactivated vaccines. Vaccines must be
safe and acceptable in countries where meat and dairy
products are imported.

Worldwide, various evidence points to serious prob-
lems related to the host of bovine tuberculosis, involving
different host species under other geographic conditions.
Well-known wild animal hosts of M. bovis have been
identified in some regions [26-31].

Vaccination. Despite vast differences in vaccination
efficacies with M. bovis BCG in cattle and humans, it is
still the only commercially available vaccine candidate
with potential benefits in reducing the prevalence and
spread of bTB in the cattle population and the severity of
a herd breakdown [32, 33]. One problem with using BCG
in cattle is that vaccinated animals may respond to tuber-
culin skin tests [34].

The only potential vaccine currently available for
bovine and human tuberculosis, BCG, is unlikely to meet
the criteria for an ideal bovine vaccine. However, BCG
remains the yardstick for judging the efficacy of any new
vaccine or strategy. Calmette and Guerin obtained the
BCG vaccine in 1921 by continuously passing M. bovis
from glycerin-soaked potato slices. Like human trials,
cattle challenges and field trials have shown that the abi-
lity of BCG to prevent infection with M. bovis (or M.
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tuberculosis in humans) varies widely [35]. The main cha-
racteristic of livestock protection is to reduce the degree
of pathology rather than immunological sterilization.
Furthermore, BCG vaccination failed to protect against
natural infections [36]. As of 2018, more than 10 BCG
vaccines have been grown worldwide, all based on atte-
nuated strains of M. bovis grown by Calmette and Guerin
in 1913 [37]. To avoid further deviation from the original

BCG, since 1956, WHO has kept vaccine strains from
freeze-dried seed lots. In terms of efficacy, no strain of
BCG has apparent advantages over other strains. There is
no global consensus on which BCG strainis the most
suitable for general use [37]. 90% of BCG vaccines were
produced using six common strains of mycobacteria
(table 1).

Table 1

Widespread strains of Mycobacterium bovis.

Strain name Manufacturer
Pasteur 1173 P2 France
Danish 1331 Denmark
Glaxo 1077 derived from Danish, manufactured by Glaxo
Tokyo 172-1 Japan
BCG-1 Russia
Moreau RDJ. Brazil

In the last years, much knowledge about BCG use
has been gained by coordinating challenge models, BCG
strains, and doses. The challenge model approach uses 10°
to 10* colony forming units (CFU) of M. bovis with a low
challenge dose, by intrabronchial inoculation or aerosol
administration, to reproduce natural diseases in the respi-
ratory tract [38].

According to Buddle B.M. et al., BCG was more
effective when administered subcutaneously at relatively
low doses (10* to 10° CFU) [39]. In Wedlock D.N., et al.
research, it is said that vaccination was effective at orally
administered within relatively low doses (10* to 10° CFU)
[40]. It also shows research on using different strains of
BCG progeny (Pasteur and Denmark) [41]. Vaccination
of very young calves (one less than one month) can induce
a higher protection level than the 6-month vaccination.
According to reports, previous sensitization to environ-
mental Mycobacterium prevented calves from causing
BCG protection [42]. At the same time, in another study,
there is evidence that exposure to M. avium causes a
certain degree of resistance to M. bovis. Protection from
infection may mask BCG’s subsequent induction of
immunity [43,44].

Another study showed that calves vaccinated with
BCG at birth and revaccinated six weeks later had reduced
protection compared to calves vaccinated once. This
result suggests that revaccination, when the calf is still
developing an antigen-specific solid immune response,
may induce an inappropriate immune response, so the
timing of revaccination may be critical [45]. Field trials
conducted in Mexico, Ethiopia, and New Zealand have
proved that the BCG vaccine can protect cattle from
natural exposure to M. bovis. In tests in Mexico and
Ethiopia, the BCG vaccine was vaccinated under calfskin
and then mixed with cows from tuberculosis reactors and
unvaccinated control calves. In the Mexican study, after
12 months, compared with the unvaccinated group, the
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number of animals vaccinated with BCG was signifi-
cantly less than the number of bTB who had a positive
diagnostic test [46]. The results of the Ethiopian study
were similar. Compared with the control group, the num-
ber of animals vaccinated with BCG after 10 to 22 months
was significantly reduced, and the pathology or culture of
M. bovis was positive. The BCG field trial has just been
completed on an isolated farm in New Zealand, and M.
bovis infection is prevalent in wild animals (possums,
ferrets, wild boars, and wild deer). Approximately half of
the around 1300 test-negative cattle received oral BCG
mixed in a lipid matrix (Liporale, University of Otago,
New Zealand) between 6 months and 2.5 years of age, and
the remainder were not vaccinated. When these animals
were slaughtered after reaching the target weight of beef
cattle (3-4 years), preliminary analysis showed that the
percentage of vaccinated animals infected with M. bovis
(approximately 4%) was significantly lower than the
corresponding unvaccinated group of animals [47].

BCG is currently the yardstick for judging all other
vaccines, and two general ways can be used to develop
vaccines that will have more robust protection against TB
in cattle than BCG. One way is to increase the level of
protection that BCG provides through complementary or
booster vaccines. The other way is to develop a vaccine
that completely replaces BCG. One of the most effective
vaccination examples against bovine tuberculosis is
priming the immune system with BCG and then boosting
it with a subunit vaccine containing the protective anti-
gens present in BCG (heterologous booster strategy).
Subunits are based on DNA or viral vector booster vac-
cines. A variant of this theme is the simultaneous vacci-
nation of BCG and subunit vaccines [48-50].

To reduce the tuberculin skin test response and
create a safer vaccine for people with weakened immune
functions. An auxotrophic mutant of BCG has been pro-
duced, which has mutations in genes involved in the
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metabolism of leucine and methionine. These mutants can
no longer grow on a minimal medium and only grow
when the appropriate amino acids are added. Their ability
to grow in the body is also reduced. Vaccination of mice
with these auxotrophic mutants has induced resistance to
M. tuberculosis infection. Cattle vaccinated with the BCG
leucine auxotrophic mutant will not cause a skin reaction
to bovine PPD; however, the protective effect on bovine
tuberculosis has not been evaluated. One of the most
consistent and successful ways to improve the effective-
ness of BCG against experimental challenges is to boost
vaccines with viral vectors. The data generated in the past
eight years showed that this replication-deficient human
recombinant adenovirus type 5 vaccine expressing
mycobacterial antigen 85A could repeatedly improve the
efficacy of BCG in vaccinated cattle when applied to the
BCG main/booster vaccine program. Compared with only
BCG vaccination, the increase in the proportion of vacci-
nated animals with no visible tuberculosis lesions and the
decrease in general pathology and histopathology demon-
strate this improvement over BCG [51,52]. Another way
to solve problems is to replace BCG to support attenuated
M. bovis strains or transgenic BCG strains with improved
immunogenicity because BCG is generated empirically,
and recent genetic analysis has shown that BCG contains
many gene deletions compared to virulent strains of M.
bovis or M. tuberculosis. It should be possible to enhance
BCG by eliminating M. bovis or strains of M. bovis.
Specific genes are involved in virulence or enzymes that
encode essential metabolic pathways. These mutants may
be closer to the strain than BCG in terms of antigen
precursor and antigen expression and, therefore, may have
higher vaccine efficacy. Molecular biology techniques,
including transposon mutagenesis, illegal recombination,
and allelic exchange, have now been developed to inacti-
vate genes in M. bovis, and screening techniques have
been established to identify attenuated mutants. The ate-
nuated vaccine used for the field requires two different
genes, which causes it to be attenuated to eliminate the
possibility of any back-mutation to a virulent strain. It
would be advantageous if an immunological screening
test could be developed to distinguish between vaccinated
cattle and cattle infected with mycobacteria. Suppose the
new vaccine strain also has more missing genes that
induce DTH or other testable immune responses. In that
case, an immunological test can be developed to distin-
guish vaccinated and infected animals. In preliminary
studies, the esat6 gene has been removed from the wild-
type M. bovis strain. Guinea pigs vaccinated with this
mutant did not respond to ESAT6 protein in the skin test
but had a solid response to bovine PPD. In contrast,
animals inoculated with wild-type M. bovis strains res-
ponded strongly to ESAT6 and PPD. For example, M.
bovis WAg500 and WAg501 strains that have been atte-
nuated by chemical mutagenesis can protect cattle pre-
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viously exposed to environmental mycobacteria from M.
bovis, and BCG does not [53]. However, these vaccines
have not been further developed due to undefined muta-
tions. The RD1 deletion mutant identified based on M.
bovis Ravenel also has a protective effect on cattle. In
addition to attenuation, the deletion of the RD1 region
also allows the use of RDl-encoded antigens, such as
ESAT6 and CFP10, as DIVA antigens. However, the
efficacy of this vaccine is comparable to that of the BCG
vaccine, so it does not improve its effectiveness compared
with BCG [54]. Recently, a study in cattle described better
protection than BCG of M. bovis vaccine strains lacking
the mce2A and mce2B genes. However, due to the
presence of the RD1-encoded antigen, the vaccine will not
diagnose DIVA immediately. Another strategy used is the
overexpression of antigens in BCG, such as Ag85B,
which can also improve the protection of cattle against
tuberculosis [55]. Another method is to increase the
efficacy of BCG itself by genetic modification to increase
the immunogenicity of BCG; an example is the deletion
of zinc metalloproteinase 1, which is encoded by the zmp1
gene. Bovine BCGzmp1 has been shown to induce a more
significant immune response than BCG. The vaccine is
currently being tested for its efficacy in vaccination and
challenge experiments [56,57].

Nutritional deficiencies or the inability to grow in
minimal media indicate that the strain has lost some
metabolic functions. Method of attenuation of virulent M.
bovis strains has been used successfully for several bacte-
rial pathogens to develop attenuated strains with vaccine
properties. As a first step in determining the efficacy of
this method, several attenuated strains of M. bovis were
developed using nitrosoguanidine to perform chemical
mutagenesis in liquid cultures. After selecting the auxo-
trophic strains, the virulence of the auxotrophic bacteria
was tested in guinea pigs. Two of these auxotrophic
strains of M. bovis were tested, in guinea pigs was atte-
nuated to protect cattle from bovine tuberculosis. After
previous vaccination, calves in this trial had a high cIFN
response to avian PPD, indicating exposure to environ-
mental mycobacteria. Compared with control and BCG-
vaccinated animals, vaccination with either of the two
auxotrophic M. bovis strains resulted in a significant
decrease in the number of animals with tuberculosis. The
reason why BCG did not protect this experiment may be
the result of previous exposure of the calves to environ-
mental mycobacteria. The number of viable colonies in
the vaccine prepared from the auxotrophic strain was 1-
2x10°% CFU/dose, which was higher than that of the BCG
vaccine. This is unlikely to help improve the vaccine’s
efficacy because a BCG dose of 104-10"° CFU can induce
a similar level of protection. Overall, it is encouraging that
the newly derived attenuated M. bovis strain appears to
perform better than BCG in this situation. Molecular bio-
logy techniques have been used to generate new attenua-
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ted strains of M. bovis with definite gene deletions. Vac-
cination with some of these strains induced protection
against virulent M. bovis in guinea pigs and opossums, the
same as the protection induced by BCG. These vaccines
have not been tested in cattle [57].

In general, there is currently no vaccine candidate
that can produce 100% immunity cattle to bTB. However,
significant progress has been made in the past years. As
the understanding of protection-related immune responses
continues to deepen, a successful vaccination strategy is
now a realistic goal.

Conclusion. Significant progress has been made in
the development of tuberculosis vaccines for cattle. Most
importantly, while progress is being made in human and
bovine tuberculosis vaccine development, vaccine strate-
gies are now being considered to supplement rather than
replace BCG. Possible methods include the development
of recombinant BCG vaccines, genetically attenuated M.
tuberculosis vaccines, atypical mycobacterial vaccines,
auxotrophic vaccines (transposon mutagenesis), or inacti-
vated vaccines based on immunogenic proteins (such as
ESAT6, Ag85 complex) subunit vaccine. The discovery
of subcutaneous injection of plasmids expressing DNA-
encoded antigens into muscles is potentially revolutio-
nary. When this technology was applied to M. tuberculo-
sis, many protective antigens were discovered, including
Ag85, and the use of DNA vaccines as a possible treat-
ment for tuberculosis opened a new avenue of research.

As mentioned above, the research and development
progress of the tuberculosis vaccine has made people
more optimistic that the vaccine will play an essential role
in controlling and eradicating bovine tuberculosis.

References:

1. Ahmed K.R., Gunapati B., Noelin Ch.M., Ananthi R., Radhika
K., Soumya S., Kannan P. (2020) A review on bovine tubercu-
losis in India, Tuberculosis, 122:101923. https://doi.org/10.
1016/j.tube.2020.101923

2. Lipiec M., Nowakowski K., Radulski L., Iwaniak W., Wazna A.
(2018) Badgers as a potential source of bovine tuberculosis —
first studies in Poland, Ann Agric Environ Med, 25:3, 409-410.
https://doi.org/10.26444/aaem/80984

3. Schroeder P., Hopkins B., Jones J., Galloway T., Pike R., Rolfe
S., Hewinson G. (2020) Temporal and spatial Mycobacterium
bovis prevalence patterns as evidenced in the All Wales Badgers
Found Dead (AWBFD) survey of infection 2014-2016, Sci Rep,
10:15214. https://doi.org/10.1038/s41598-020-72297-9

4. Leigh A.L.C., Eamon C., Sandrine L., Damien O., Eamonn G.
(2008) Vaccination of European badgers (Meles meles) with
BCG by the subcutaneous and mucosal routes induces protec-
tive immunity against endobronchial challenge with Myco-
bacterium bovis, Tuberculosis, 88:601-609. https://doi.org/10.
1016/j.tube.2008.03.002

5. Garcia-Bocanegra 1., Barranco 1., Rodriguez-Goémez [.M., Pérez
B.J., Gémez-Laguna S., Rodriguez E., Ruiz-Villamayor A.P.
(2010) Tuberculosis in Alpacas (Lama pacos) Caused by Myco-
bacterium bovis, J Clin Microbiol, 48(5):1960—1964. -https://
doi.org/10.1128/JCM.02518-09

88

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Krajewska-Wedzina M., Didkowska A., Sridhara A.A., Elahi
R., Johnathan-Lee A., Radulski L., Lipiec M., Anusz K., Lyash-
chenko K.P., Miller M.A., Waters W.R. (2020) Transboundary
tuberculosis: Importation of alpacas infected with Mycobacte-
rium Bovis from the United Kingdom to Poland and potential
for serodiagnostic assays in detecting tuberculin skin test false-
negative animals, Transbound Emerg Dis, 67(3):1306-1314.
https://doi.org/10.1111/tbed.13471

Matos A.C., Figueira L., Martins M.H., Pinto M.L., Matos M.,
Coelho A.C. (2016) New Insights into Mycobacterium bovis
Prevalence in Wild Mammals in Portugal, Transbound Emerg
Dis, 63(5):313-22. https://doi.org/10.1111/tbed.12306

Witmer G., Fine A.E., Gionfriddo J., Pipas M., Shively K., Kim
P., Burke P. (2010) Epizootiologic survey of Mycobacterium
bovis in wildlife and farm environments in northern Michigan,
J Wildl Dis, 46(2):368-78, https://doi.org/10.7589/0090-3558-
46.2.368

Ghebremariam M.K., Michel A.L., Vernooij J.C.M., Nielen M.,
Rutten V.P.M.G. (2018) Prevalence of bovine tuberculosis in
cattle, goats, and camels of traditional livestock raising commu-
nities in Eritrea, BMC Vet Res, 14(1):73. https://doi.org/10.
1186/s12917-018-1397-0

Guta S., Casal J., Napp S., Saez J.L., Garcia-Saenz A., Perez de
V.B., Romero B., Alvarez J., Allepuz A. (2014) Epidemiologi-
cal investigation of bovine tuberculosis herd breakdowns in
Spain 2009/2011, PLoS One, 9(8):104383. https://doi.org/10.
1371/journal.pone.0104383

Nugent G., Gortazar C., Knowles G. (2015) The epidemiology
of Mycobacterium bovis in wild deer and feral pigs and their
roles in the establishment and spread of bovine tuberculosis in
New Zealand wildlife, NZ Vet J, 63:54-67. https://doi.org/10.
1080/00480169.2014.963792

Wobeser G. (2009) Bovine tuberculosis in Canadian wildlife:
an updated history, Can Vet J, 50(11):1169-76.
Brooks-Pollock E., Wood J.L. (2015) Eliminating bovine
tuberculosis in cattle and badgers: insight from a dynamic
model, Proc Biol Sci, 282(1808):20150374. https://doi.org/10.
1098/rspb.2015.0374

Zanolari P., Robert N., Lyashchenko K.P., Pfyffer G.E.,
Greenwald R., Esfandiari J., Meylan M. (2009) Tuberculosis
caused by Mycobacterium microti in South American camelids,
J Vet Intern Med, 6:1266-1272. https://doi.org/10.1111/j.1939-
1676.2009.0377.x

Rhodes S., Holder T., Clifford D., Dexter L., Brewer J., Smith
N., Waring L., Crawshaw T., Gillgan S., Lyashchenko K., Law-
rence J., Clarke J., de la Rua-Domenech R., Vordermeier M.
(2012) Evaluation of gamma interferon and antibody tubercu
losis tests in alpacas, Clin Vaccine Immunol, 19:10. https:/doi.
org/1677-83.10.1128/CVI1.0 0405-12

Good M., Duignan A. (2011) Perspectives on the History of
Bovine TB and the Role of Tuberculin in Bovine TB Eradica-
tion, Veterinary Medicine International, 1-11. https://doi.org/
10.4061/2011/410470

Miiller B., Durr S., Alonso S., Hattendorf J., Laisse C.J.M.,
Parsons S.D.C., van Helden P.D., Zinsstag J. (2013) Zoonotic
Mycobacterium bovis-induced tuberculosis in humans, Emerg
Infect Dis, 19(6):899-908. https://doi.org/10.3201/eid1906.12
0543

Domingo M., Vidal E., Marco A. (2014) Pathology of bovine
tuberculosis, Res Vet Sci, 97:20-9. https://doi.org/10.1016/].
rvsc.2014.03.017

Kantor ILN.D., LoBue P.A., Thoen C.O. (2010) Human tuber-
culosis caused by Mycobacterium bovis in the United States,
Latin America and the Caribbean, Int J Tuberc Lung Dis,




DOI:10.26104/IVK.2022.45.557

MN3BECTHUA BY30B KBIPI'BI3CTAHA, Ne §, 2022

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

14(11): 1369-1373.

Aboukhassib H., Haraji M., Bouslikhane M., Bitar A. (2016)
Bovine tuberculosis: clinical presentation and diagnosis, J
Bacteriol Mycol, 3(2):214-217. https://doi.org/10.15406/jbmoa.
2016.03.00057

Gifford G., Boschiroli M.L., Caminiti A., Edwards S.,
Hewinson G., Goot J.V., Van D., Vordermeier M., Forcella S.,
Koets A., Alonso B., Ho M., Ferre L., Capsel R. (2019) Panora-
ma 2019-1: OIE project to replace International Standard Bovi-
ne Tuberculin (ISBT), Bulletin de I'OIE, 1:34-36.

Palmer M.V. (2013) Mycobacterium bovis: characteristics of
wildlife reservoir hosts, Transbound Emerg Dis, 60:1-13.
https://doi.org/10.1111/tbed.12115

Buddle B.M., Livingstone P.G., de Lisle G.W. (2009) Advances
in ante-mortem diagnosis of tuberculosis in cattle, NZ Vet J,
57(4):173-80. https://doi.org/10.1080/00480169.2009.36899
de la Rua-Domenech R., Goodchild A.T., Vordermeier H.M.,
Hewinson R.G., Christiansen K.H., Clifton-Hadley R.S. (2006)
Ante mortem diagnosis of tuberculosis in cattle: a review of the
tuberculin tests, gamma-interferon assay and other ancillary
diagnostic techniques, Res Vet Sci, 81(2):190-210. https://doi.
org/10.1016/j.rvsc.2005.11.005

World Organization for Animal Health (OIE). (2017) Roadmap
for Zoonotic Tuberculosis, available at WHO web site: www.
who.int

Corner L.A.L., Murphy D., Gormley E. (2011) Mycobacterium
bovis infection in the Eurasian badger (Meles meles): The
disease, pathogenesis, epidemiology and control, ] Comp Path,
144(1). https://doi.org/124.10.1016/j.jcpa.2010.10.003

Michel A.L. (2002) Implications of tuberculosis in African
wildlife and livestock, Ann NY Acad Sci, 969:251-255. https:
//doi.org/10.1111/1.179-6632.2002.tb04387.x

Schmitt S.M., O’Brien D.J., Bruning-Fann C.S., Fitzgerald S.D.
(2002) Bovine tuberculosis Michigan wildlife and livestock,
Ann NY Acad Sci, 969:262-268. https://doi.org/10.1111/5.174
9-6632.2002.tb04390.x

Shury T.K., Bergeson D. (2011) Lesion distribution and
epidemiology of Mycobacterium bovis in elk and white-tailed
deer in southwestern Manitoba, Canada, Vet Med Int, 11.
https://doi.org/10.4061/2011/591980

Gortazar C., Torres M.J., Vicente J., Acevedo P., Reglero M.
(2008) Bovine tuberculosis in Donana biosphere reserve: The
role of wild ungulates as disease reservoirs in the last Iberian
lynx strongholds, PLoS ONE, 3(7):2776. https://doi.org/10.
1371/journal.pone.0002776

World Animal Health Information Database. (2013) (WAHID)
Interface, Available online at: https://wahis.oie.int

Waters W.R., Palmer M.V., Buddle B.M., Vordermeier H.M.
(2012) Bovine tuberculosis vaccine research: historical perspec-
tives and recent advances, Vaccine, 30:2611-2622. https:// doi.
org /10.1016/j.vaccine.2012.02.018

Chandran A., Williams K., Mendum T., Stewart G., Clark S.,
Zadi S., Lanni F., McLeod N., Williams A., Villarreal-Ramos
B., Vordermeier M., Maroudam V., Prasad A., Bharti N.,
Banerjee R., Manjari Kasibhatla S., McFadden J. (2019) Deve-
lopment of a diagnostic compatible BCG vaccine against
Bovine tuberculosis, Sci Rep, 9(1):17791. -https://doi.org/10.
1038/s41598-019-54108-y

Berggren S.A. (1981) Field experiment with BCG vaccine in
Malawi, Br Vet J, 137:88-94. https://doi.org/10.1016/s0007-
1935(17)31792-x

Skinner M.A., Wedlock D.N., Buddle B.M. (2001) Vaccination
of animals against Mycobacterium bovis, Rev Sci Tech,
20(1):12-32. https://doi.org/10.20506/rst.20.1.1276

&9

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Hewinson R.G., Vordermeier H.M., Buddle B.M. (2003) Use of
the bovine model of tuberculosis for the development of impro-
ved vaccines and diagnostics, Tuberculosis, 83:119-30. https://
doi.org/10.1016/s1472-9792(02)00062-8

World Health Organization. (2018) BCG vaccine: WHO
position paper, Vaccine, 36(24):3408-3410. https://doi.org/10.
1016/j.vaccine.2018.03.009

Thom M.L., McAulay M., Vordermeier H.M. (2012) Duration
of Immunity against Mycobacterium bovis following Neonatal
Vaccination with Bacillus Calmette-Guerin Danish: Significant
Protection against Infection at 12, but Not 24, Months, Clin
Vaccine Immunol, 19(8):1254-60. https://doi.org/10.1128/
CVIL.00301-12

Buddle B.M., Wedlock D.N., Parlane N.A., Corner L.A., De
Lisle G.W., Skinner M.A. (2003) Revaccination of neonatal
calves with Mycobacterium bovis BCG reduces the level of pro-
tection against bovine tuberculosis induced by a single vaccina-
tion, Infect Immun, 71(64):11-19. https://doi.org/10.1128/ TAL
71.11.6411-6419.2003

Wedlock D.N., Aldwell F.E., Vordermeier HM., Hewinson
R.G., Buddle B.M. (2011) Protection against bovine tubercu-
losis induced by oral vaccination of cattle with Mycobacterium
bovis BCG is not enhanced by co-administration of mycobacte-
rial protein vaccines, Vet Immunol Immunopathol, 144(2):20-
27. https://doi.org/10.1016/j.vet imm.2011.09.005

Hope J.C., Thom M.L., McAulay M., Mead E., Vordermeier
H.M. (2011) Identification of surrogates and correlates of
protection in protective immunity against Mycobacterium bovis
infection induced in neonatal calves by vaccination with M.
bovis BCG Pasteur and M. bovis BCG Danish, Clin Vaccine
Immunol, 18(3):73-79. https://doi.org/10.1128/CV1.00543-10
Calmette A. (1931) Preventive Vaccination Against Tuberculo-
sis with BCG, Pro R Soc Med, 24(11):1481-1490.

Hope J.C., Thom M.L., Villarreal-Ramos B., Vordermeier
H.M., Hewinson R.G., Howard C.J. (2005) Exposure to Myco-
bacterium avium induces low-level protection from Mycobac-
terium bovis infection but compromises diagnosis of disease in
cattle, Clin Exp Immunol, 14:432-39. https://doi.org /10.1111/j.
1365-2249.2005.02882.x

Lopez-Valencia G., Renteria-Evangelista T., de Jesus W.J.,
Licea-Navarro A., De la Mora-Valle A., Medina-Basulto G.
(2010) Field evaluation of the protective efficacy of Mycobac-
terium bovis BCG vaccine against bovine tuberculosis, Res Vet
Sci, 88:44-49. https://doi.org/10.1016/j.rvsc.2009.05.022
Ameni G., Vordermeier M., Aseffa A., Young D.B., Hewinson
R.G. (2010) Field evaluation of the efficacy of Mycobacterium
bovis bacillus Calmette-Guerin against bovine tuberculosis in
neonatal calves in Ethiopia, Clin Vaccine Immunol, 17(15):33—
38. https://doi.org/10.1128/CV1.00222-10

Skinner M.A., Buddle B.M., Wedlock D.N., Keen D., de Lisle
G.W. (2003) A DNA prime-Mycobacterium bovis BCG boost
vaccination strategy for cattle induces protection against bovine
tuberculosis, Infect Immun, 71(490):1-7. https://doi.org/10.11
28/1A1.71.9.4901-4907.2003

Skinner M.A., Wedlock D.N., de Lisle G.W., Cooke M.M.,
Tascon R.E. (2005) The order of prime-boost vaccination of
neonatal calves with Mycobacterium bovis BCG and a DNA
vaccine encoding mycobacterial proteins Hsp65, Hsp70, and
Apa is not critical for enhancing protection against bovine
tuberculosis, Infect Immun, 73(44):41-44. -https://doi.org/10.
1128/1A1.73.7.4441-4444.2005

Wedlock D.N., Denis M., Painter G.F., Ainge G.D., Vorder-
meier H.M. (2008) Enhanced protection against bovine tuber-
culosis after coadministration of Mycobacterium bovis BCG




DOI:10.26104/IVK.2022.45.557

MN3BECTHUA BY30B KBIPI'BI3CTAHA, Ne §, 2022

49.

50.

51.

52.

with a mycobacterial protein vaccine-adjuvant combination but
not after coadministration of adjuvant alone, Clin Vaccine
Immunol, 15(7):65-72. https://doi.org/10.1128/CVI. 00034-08
Wang J., Thorson L., Stokes R.W., Santosuosso M., Huygen K.
(2004) Single mucosal, but not parenteral, immunization with
recombinant adenoviral-based vaccine provides potent protec-
tion from pulmonary tuberculosis, J Immunol, 173(63):57-65.
https://doi.org/10.4049/jimmun 01.173.10.6357

Perez de V.B., Vidal E., Villarreal-Ramos B., Gilbert S.C.,
Andaluz A. (2013) A multi-antigenic adenoviral-vectored vac-
cine improves BCG-induced protection of goats against pulmo-
nary tuberculosis infection and prevents disease progression,
Plos ONE, 8(8):13-17. https://doi.org/10.1371/journal.pone.
0081317

Buddle B.M., Skinner M.A., Wedlock D.N., Collins D.M., de
Lisle G.W. (2002) New generation vaccines and delivery sys-
tems for control of bovine tuberculosis in cattle and wildlife,
Vet Immunol Immunopathol, 87(1):77-85. https://doi.org/1-
0.1016/s0165-2427(02)00049-1

Waters W.R., Palmer M.V., Nonnecke B.J., Thacker T.C.,
Capinos S.C.F. (2009) Efficacy and immunogenicity of
Mycobacterium bovis RD1 against aerosol M. bovis infection
in neonatal calves, Vaccine, 27(120):1-9. https://doi.org/10.
1016/j.vaccine.2008.12.018

53.

54.

55.

56.

57.

Blanco F.C., Bianco M.V., Garbaccio S., Meikle V., Gravisaco
M.J. (2013) Mycobacterium bovis mce2 double deletion mutant
protects cattle against challenge with virulent M. bovis, Tuber-
culosis, 93(3):63-72.https://doi.org/10.1016/j.tube.2013.02.004
Vordermeier H.M., Chambers M.A., Cockle P.J., Whelan A.O.,
Simmons J., Hewinson R.G. (2002) Correlation of ESAT-6-
specific gamma interferon production with pathology in cattle
following Mycobacterium bovis BCG vaccination against
experimental bovine tuberculosis, Infect Immun, 70:3026—
3032. https://doi.org/10.1128/1A1.70.6.3026-3032.2002
Chaparas S.D., Maloney C.J., Hedrick S.R. (1970) Specificity
of tuberculins and antigens from various species of mycobac-
teria, Am Rev Respir Dis, 101:74-83. https://doi.org/10.1164/
arrd.1970.101.1.74

Sander P., Clark S., Petrera A., Vilaplana C., Meuli M. (2015)
Deletion of zmpl improves Mycobacterium bovis BCG-me-
diated protection in a guinea pig model of tuberculosis, Vaccine,
33(13):53-59. https://doi.org/10.1016/j.vaccine.2015.01.058
de Lisle G.W., Wilson T., Collins D.M., Buddle B.M. (1999)
Vaccination of guinea pigs with nutritionally impaired avirulent
mutants of Mycobacterium bovis protects against tuberculosis,
Infect Immun, 67:2624-2626. https://doi.org/10.1128/1IAL.67.5.
2624-2626.1999

90



