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CHAPTER 20

Martin Vordermeier 

Development of Cattle 
Tuberculosis Vaccines

Abstract

Development of a TB vaccine for cattle is a research priority in Great Britain. A 
number of challenges need to be addressed. Firstly, vaccine strategies enhancing 
the effi  cacy of M. bovis BCG, currently the only potentially available TB vaccine, 
need to be developed; and secondly, the development of a diagnostic test to 
be used alongside vaccination to diff erentiate vaccinated and infected animals 
(DIVA test) is desirable. Signifi cant progress in developing TB vaccines for 
cattle has been made over the last seven years. Specifi cally: (i) DNA, protein, or 
viral subunit vaccines used in combination with BCG have been shown to give 
superior protection against experimental challenge in cattle than BCG alone 
(heterologous prime-boost); (ii) neonatal BCG vaccination provides protection; 
(iii) prototype reagents that allow discrimination between vaccinated and 
infected animals have been developed; and (iv) correlates of disease severity 
have been identifi ed that can predict the success or failure of vaccination. 

Introduction

M. bovis is the causative agent of bovine TB which is a signifi cant economic 
burden to the agricultural industries worldwide. It has been estimated that 
more than 50 million cattle are infected with M. bovis resulting in economic 
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losses of approximately $3 billion annually. Over the last two decades, in Great 
Britain, failure of the (tuberculin) test and slaughter strategy has resulted in a 
dramatic rise in the incidence of TB in cattle (http://www.defra.gov.uk/animalh/
tb/stats/county.htm). Th e urgency for new and improved cattle vaccines and 
diagnostic reagents has been acknowledged by the British government, and 
development of wildlife and cattle vaccines is a research priority (http://www.
defra.gov.uk/animalh/tb/vaccination/index.htm). Th e development eff ort for 
improved cattle TB vaccines faces two challenges that need to be addressed: 
fi rstly, vaccine strategies enhancing the effi  cacy of BCG, currently the only 
potentially available TB vaccine and secondly, the development of a diagnostic 
test to be used alongside vaccination to diff erentiate vaccinated and infected 
animals (DIVA test). In addition, correlates or predictors of protective immunity 
are ill-defi ned, and their identifi cation would greatly accelerate the development 
process.

Vaccinating cattle against bovine TB could also be an attractive and cost-
eff ective control strategy in developing countries where other control strategies 
are diffi  cult and expensive to implement. Th e development of novel vaccines 
against bovine TB has to some degree closely followed that of the human 
TB vaccine eff ort and there is signifi cant alignment between the human and 
bovine TB vaccine programmes (1). For example, promising vaccine candidates 
based on recombinant viruses that have been developed to combat human TB 
vaccines have already been tested in cattle (see below). 

Control of bovine TB has been particularly diffi  cult in countries with wildlife 
reservoirs of M. bovis, like the possum in New Zealand, deer in the USA, 
and the badger in the Republic of Ireland and UK (2). Vaccine development 
programmes for these wildlife reservoirs are also under way, with signifi cant 
progress being made in all these countries. Th e wildlife vaccine of choice in 
this scenario is BCG, with an emphasis on oral delivery of a baited vaccine 
formulation (3–9). 

M. Bovis BCG

BCG is the most widely used human vaccine in the world. It was derived from 
a strain of M. bovis, which was isolated from a cow with tuberculous mastitis. 
Challenge experiments and fi eld trials of BCG in cattle since 1919 have resulted 
in data showing a high degree of variability in its ability to protect cattle against 
infection with M. bovis, the causative agent of bovine TB, although in most 
of these studies some degree of protection was induced by BCG vaccination 
(reviewed in 10–12). Importantly, BCG vaccination sensitizes animals to the 
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TST, and vaccinated animals will therefore, at least for a signifi cant period 
post-vaccination, test positive in the classical skin test. For this reason, test 
and slaughter-based control strategies based on TST were favoured above 
BCG vaccination. More recent experimental studies with BCG have confi rmed 
its potential to protect cattle to some degree against bovine TB by reducing 
disease severity and pathology (e.g. 13–17). In addition, BCG vaccination was 
more eff ective when delivered to neonatal calves than to older animals (18, 
19). BCG can also be delivered orally to cattle, which may decrease the level 
and duration of skin test-positivity induced by BCG vaccination (20, 21). 
Th e BCG strain used most frequently since the mid-1980s was BCG Pasteur. 
However, mainly due to licensing issues, recently, the BCG strain of choice 
has become a freeze-dried preparation of BCG Danish produced by the Staten 
Serum Institute (Copenhagen, Denmark). A recent study has demonstrated 
equal protective effi  cacies of these two strains (22). 

In summary, BCG has some of the qualities required for a veterinary vaccine 
(low costs, excellent safety profi le) and remains the prototype, gold standard 
vaccine against which to judge the effi  cacy of any novel vaccine. However, 
it does not confer complete protection and therefore the aim of TB vaccine 
programmes is to improve its effi  cacy. Nevertheless, the most promising 
vaccination strategies identifi ed to date have mostly involved improving upon 
BCG vaccination rather than replacing it (see below). 

Cattle Models to Test TB Vaccines

The efficacy of a cattle TB vaccine can be tested directly in the target species, 
which is a considerable advantage over human vaccine development. To be 
able to compare vaccines tested in different laboratories it is important to use 
standardized infection models. The most commonly used direct experimental 
infection model is infection of calves using the intratracheal route (Table 
20.1) (13, 14). Pathology develops mainly and highly reproducibly in the 
lower respiratory tract which is reflective of the pathology seen in the 
majority of infected cattle in Great Britain and in other developed countries. 
Almost 100 per cent of animals infected via this route display productive 
disease with reproducible location and severity of lesions thus requiring 
relatively small groups (<10/group) to detect significant protection. The 
relatively short experimentation period (3–4 months postinfection) makes it 
further attractive. Potential disadvantages are that, due to the relatively high 
infection doses required to achieve infection and disease in most animals, 
the immune system can be overwhelmed and potentially effective vaccines 
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could be classified as non-effective. Other direct experimental infection 
routes are also used (e.g. aerosol models, reviewed in 23). To overcome 
some of these limitations of direct infection systems, vaccination models, 
where transmission of disease is facilitated by in-contact with naturally 
infected cattle, are also under development (Table 20.1). The advantages 
are that a natural route and infective dose is used, and that data generated 
in this model will be highly relevant to the actual field situation to guide 
the design of field trials as the read-out for this model is the ability of 
the vaccine to prevent transmission of M. bovis to other animals. The 
disadvantages are relatively low transmission rates (<20 per cent) which 
necessitate very much larger group sizes (at least 60/group) to achieve the 
required statistical power. Vaccines giving promising results may then be 
tested in larger field trials, which would likely require large numbers of 
cattle and would run for a considerable time. 

Table 20.1 Examples of Cattle Models to Test Vaccines

Model Advantages Disadvantages

Direct experimental 
infection
(e.g. intratracheal 
route)

• ‘Few’ animals required 
(n <10–12/group): 

• 100 % infection rates of 
control animals

• Short duration (3–4 
months): highly stan-
dardized, synchronized 
infection, defined infection 
strain, defined disease 
kinetics and pathology)

• Challenge may be too strong, 
therefore promising vaccine 
candidates could be screened 
out

Experimental infec-
tion by in-contact 
with infected donor 
animals

• Natural route and infective 
dose: data highly relevant 
for trial designs

• More animals required (>60/
group): potentially low infection 
rates of controls 

• Long in-contact period 
(12 months): no synchronized 
infection, disease kinetics not 
defined, pathology less defined

Field trial • ‘Real-life’ situation in 
respect to routes, doses, 
management

• Very large numbers required 
(n = 100–1000s)

• Long and expensive (years), may 
be illegal in some countries
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Recent Progress in Developing Cattle 
Tuberculosis Vaccines that Improve the 
Efficacy of BCG

Several strategies have been implemented to improve the effi  cacy of BCG (Table 
20.2), namely, the use of subunit vaccines in the form of DNA vaccines, protein 
subunit vaccines administered with a suitable adjuvant, live recombinant vaccines 
such as attenuated recombinant viruses expressing mycobacterial antigens, or 
over-expressing genes in BCG that are deleted or are under-expressed in BCG 
(Table 20.2). Another possible strategy involves the development of rationally 
attenuated M. bovis strains (Table 20.2). Th e practicality of this strategy has 
been greatly facilitated by the elucidation of the genome sequences of M. bovis, 
MTB, and M. bovis BCG (Pasteur) (24–26). 

Whilst some of these approaches gave rise to some degree of protection in 
cattle, used individually, none of them induced immunity levels that approached 
or surpassed protection imparted by BCG, or were not protective at all 
(Table 20.2). It is, however, of interest to point out that a number of these 
approaches such as DNA vaccines, recombinant viruses, and auxotrophic 
BCG did not lead to TST sensitization (see Table 20.2), which constitutes an 
advantage over BCG, as this would in principle allow the continuation of the 
existing test and slaughter control strategy.

Recent results in cattle have shown that the most eff ective vaccination 
strategies against bovine TB to date are based on using combinations of 
BCG with subunit vaccines containing antigens that are present in BCG to 
enhance immunity conferred by BCG (heterologous prime-boost strategies, 
see Tables 20.2 and 20.3), or to use subunits containing antigens not part 
of BCG to supplement its antigen complement (Table 20.3). Heterologous 
prime-boost immunization strategies involve the use of two diff erent vaccines, 
each expressing the same antigen. One vaccine primes the immune response 
against a protective antigen and the other serves to boost the immune response 
against the same antigen (27). An obvious drawback of using BCG in these 
scenarios is that animals will become, at least for some time, positive to the 
TST and other assays that rely on tuberculin as the antigen (like the IFN-γ 
in vitro test, see Tables 20.2 and 20.3). Th is drawback can, however, be overcome 
by using antigens that can diff erentiate between infection and vaccination 
(DIVA reagents) based on antigens such as ESAT-6 and CFP-10 (see section 
on DIVA reagents).
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Table 20.2 Comparison of Different Types of Vaccines to Protect against 
Experimental Challenge of Cattle with M. Bovis

Vaccine Protection a Induction of 
TST 

Reactivityb

DIVA based 
on ESAT-6/

CFP-10 
Possiblec

Reference

BCGd Yes Yes Yes e.g. (13, 14, 16, 
19, 22, 27, 28)

Auxotrophic MTB No Yes No (28)

Attenuated M. bovis Yes (>BCG) Yes No (29, 30)

Auxotrophic BCG Not assessed No Yes Vordermeier, 
Hewinson, Jacobs, 
unpublished data

Live vectors (e.g. 
viruses like MVA, 
adenoviruses)

Immunogenic, 
NT

No Yes (31–33)

DNA vaccines No (17) or 
Yes (<BCG) 
(34, 35)

No No/Yes (in 
cases where 
ESAT-6/CFP-
10 were used 
as vaccine 
antigens 
(35, 36)

(17,34,35)

Protein subunits Yes (<BCG) No Yes (17)

Heterologous prime-
boost

DNA/protein No No Yes (37)

DNA/BCG Yes (>BCG) No Yes See Table 20.3

BCG/proteins Yes (>BCG) No Yes See Table 20.3

BCG/MVA Yes (>BCG) No Yes See Table 20.3
a Vaccine-induced protection after M. bovis challenge as measured by reduction of pathology or bacterial loads. 
Brackets: Protective efficacy in relation to BCG (< lower efficacy than BCG; > better efficacy than BCG). 

b Vaccination procedure will induce TST positivity. Yes = induction of skin test responses; No = vaccine does 
not sensitize tuberculin reactivity. 

c DIVA reagents based on ESAT-6 and CFP-10 can be used in combination with vaccine: Yes = can be used; No 
= compromised by vaccine used.

d Vaccination with BCG Pasteur and Danish, subcutaneous and oral routes, vaccination of neonatal or older 
calves, see text for details. 

NT= not tested.
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Strategies Improving BCG Based on DNA Vaccines 
DNA vaccines can be useful as part of heterologous prime-boost protocols. 
We tested heterologous prime-boost protocols in cattle based on priming 
the immune response with a cocktail of three DNA vaccines encoding the 
mycobacterial proteins hsp65, hsp70, and APA (which were not protective by 
themselves), followed by boosting with BCG (15) (Table 20.3). Th is induced 
signifi cant enhancement of protection in all six parameters used to determine 
vaccine effi  cacy, compared to BCG which induced signifi cant protection 
in only 2/6 of these parameters (15). Subsequent experiments showed that 
superior protection to BCG could be achieved with this combination of 
vaccines irrespective of whether the DNA vaccines or BCG were used for the 
priming immunization (38) (Table 20.3). A similar approach was used by Cai 
et al. (39) who demonstrated improved protection of calves when they were 
primed with a DNA vaccine cocktail composed of MPB64, MPB83, and Ag85B 
followed by BCG boosting (Table 20.3). An alternative approach to improve 
BCG effi  cacy was used in the study of Maue et al. (36), who supplemented 
BCG vaccination by co-vaccination with DNA vaccines encoding ESAT-6 and 
CFP-10. Th ey furthermore enhanced DNA vaccine effi  cacy by co-administering 
plasmids encoding GM-CSF and CD80/86 to enhance antigen presentation 
and T cell–APC interactions. However, one disadvantage of using ESAT-6 and 
CFP-10 as vaccine antigens is that it will compromise their role as diagnostic 
reagents to discriminate vaccinated from infected animals (Table 20.3).

Heterologous Prime-Boost Strategies 
Based on Protein Subunits
Conceptually, protein subunits are very attractive. However, in contrast to DNA 
vaccines, protein subunits are unlikely to induce cellular immune responses 
in the absence of an adjuvant. Th erefore, a high priority for the development 
of protein subunit vaccines is the identifi cation of adjuvants that enhance 
the development of cellular immune responses in cattle. A recent important 
development has been the defi nition of CpG motifs as adjuvant units within 
DNA vaccines (40). Synthetic oligonucleotides containing such CpG motifs 
can be synthesized to produce short immunostimulatory sequences (CpG 
oligodeoxynucleotide (CpG-ODN)), which can be added to vaccine formulations 
to enhance immunogenicity. Using this approach, M. bovis CFP were used 
in conjunction with CpG-ODN as cattle TB vaccines and they signifi cantly 
enhanced the cellular immune responses of CFP. Importantly, signifi cant 
protection was also seen in animals vaccinated with CFP plus CpG-ODN, 
although the protective effi  cacy was inferior to that observed aft er BCG 
vaccination (37).
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Based on these fi ndings, further prime-boost experiments were performed 
in cattle using CFP delivered in the presence of CpG containing ODN to boost 
primary immune responses induced by BCG. Groups of cattle were vaccinated 
with either BCG or with BCG and CFP plus CpG; at the same time followed 
by two CFP/CpG boosts. Th e results indicated that boosting BCG with CFP in 
CpG gave superior protection to that obtained by BCG alone (Table 20.3) (41). 
However, M. bovis CFP was used, which contains ESAT-6 and CFP-10, and these 
antigens can therefore not be used as DIVA reagents (Table 20.3). Experiments 
are underway to determine whether BCG CFP will be equally eff ective, whose 
use would then allow the application of ESAT-6 and CFP-10.

Heterologous Prime-Boost Strategies 
Based on Recombinant Viruses
Some of the advantages of live attenuated viruses over protein subunit vaccines 
are better induction of strong CMI, and potentially lower production costs 
and simplifi ed batch release test protocols. Th e fi rst Phase I human trial of a 
new TB vaccine was based on a heterologous prime-boost strategy involving 
boosting BCG-mediated immunity with an attenuated Vaccinia virus expressing 
Ag85A of MTB (MVA85A) (42).

In a collaborative study with the group of Professor Adrian Hill at Oxford 
University, we have performed immunogenicity studies of the BCG/MVA85A 
heterologous prime-boost regimen in cattle. Prime-boost protocols using 
recombinant MVA85A and BCG in either combination resulted in signifi cantly 
higher frequencies of Ag85-specifi c IFN-γ secreting cells than the viral vectors 
or BCG used alone. Th e most promising combination was BCG priming 
followed by one MVA85A boost (33). Similarly, we have shown that a prime-
boost protocol applied to cattle that consisted of BCG priming followed by 
heterologous boosting with a recombinant adenovirus (Ad85A) expressing 
the same antigen, Ag85A, developed by Professor Xing’s group at McMaster 
University, Toronto, Canada (32) resulted in superior antigen-specifi c IFN-γ 
responses as well as improved central T cell memory compared to BCG 
vaccination alone (32). Most encouragingly, in an M. bovis challenge experiment 
using the intratracheal infection route, we could demonstrate that both MVA85A 
and Ad85A when used to boost BCG-induced immunity conferred signifi cant 
protection, which was superior to BCG vaccination alone (41a, Table 20.3). 

Th us, signifi cant advances have been made to develop prototype vaccine 
strategies that can enhance BCG vaccination effi  cacy based on DNA, protein, 
and viral subunit vaccination. Further work is required to determine which 
of these approaches is the most eff ective, if and which additional subunit 
antigens will improve effi  cacy, to determine the duration of immunity and 
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to determine the minimum eff ective vaccine doses required. For example, in 
our experiments, BCG Danish is being delivered to cattle at fi ve times the 
human dose. However, in a recent experiment, we could demonstrate that 
0.5 of a human dose is equally eff ective in protecting calves against M. bovis 
(Buddle, Vordermeier, Hewinson, unpublished data). Using such a dose would 
signifi cantly reduce the cost of vaccine production. 

Predictors and Correlates of Vaccine Efficacy 
and Protection

TB vaccine development would be greatly facilitated by the defi nition of 
immunological predictors and correlates of protection which would accelerate 
vaccine development by relieving pressure on limited cattle Biosafety 3 facilities. 
An additional advantage would be the reduction in the cost of large animal 
experiments. In the context of the following discussion of such immunological 
surrogates, ‘predictors of vaccine effi  cacy’ are defi ned as immunological markers 

Table 20.3 Examples of Vaccination Strategies Improving Compared to BCG

Vaccine 
Strategy

BCG 
Strain 
Used

Subunit 
Antigen(s)

Adjuvant/ Live 
Vector

DIVA ESAT6/
CFP10 Ap-
plicable?

Refer-
ence

DNA prime and 
BCG boost 

Pasteur hsp65, hsp70, 
APA

In-build CpG 
motifs of DNA 
vaccine

Yes (15)

BCG prime and 
DNA boost

Pasteur As above As above Yes (38)

DNA prime and 
BCG boost

Not speci-
fied

MPB64, 
MPB83, Ag85B

Plasmid DNA in 
DDA

Yes (39)

BCG + DNA 
prime followed 
by DNA boost

Pasteur ESAT-6/CFP-10 Plasmid DNA: 
GM-CSF+CD80/86

No (36)

BCG plus protein 
prime and pro-
tein boost

Pasteur M. bovis CFP TLR ligands (CpG 
ODN, lipopep-
tides)

No (41)

BCG prime and 
MVA85A

Danish Ag85A  MVA (modified 
Vaccinia Ankara 
strain)

Yes (41a)

BCG prime and 
Ad85A

Danish Ag85A Attenuated human 
adenovirus type 5

Yes (41a)
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detectable aft er vaccination that predict whether a vaccine strategy is protective 
BEFORE challenge (i.e. without M. bovis infection). In contrast, we will use 
the term ‘correlate of protection’ when we refer to markers that predict vaccine 
success aft er vaccinated animals have been challenged with M. bovis. Such 
correlates could also constitute correlates of disease progression/pathology or 
bacterial burden, which would be elevated in infected/non-protected animals 
compared to infected/vaccinated ones. Some progress has been made over recent 
years to defi ning either predictors of protection or correlates of protection and 
pathology, and we will discuss this progress in the following section. Th ese 
parameters are also listed in Table 20.4. 

IFN-γ induced aft er vaccination is an important parameter of vaccine success 
or failure. However, on its own it is insuffi  cient as a predictor of protection 
because not all vaccines able to induce IFN-γ have been found to be protective. 
In contrast, vaccines that fail to induce any IFN-γ almost invariably fail to 
protect. Th us, whilst not positively predicting success, IFN-γ responses will 
allow for screening out from further testing vaccines that are unlikely to protect 
cattle (43, 44). Th erefore, further markers need to be defi ned.

In 2002, we defi ned the in vitro IFN-γ production induced by RD1-region 
antigens (ESAT-6 and CFP-10) as a correlate of pathology and bacterial 
burden (Table 20.4) (16, 45). Th is therefore constitutes an inverse correlate of 
protection, as vaccinated/M. bovis-infected animals will present low response 
levels compared to naïve/infected ones (15). Measuring this parameter can 
therefore predict relatively soon aft er experimental challenge (about two months 
post-challenge) the outcome of vaccination determined at post-mortem, which 
in our model is performed about four months post-challenge. Similarly, IgG1 
serum responses specifi c for the antigen MPB83, which are boosted aft er TST, 
also correlate with bacillary loads, and can also serve as an inverse correlate 
of protection (45). Another parameter that has been described to correlate 
with the presence of disease (in this case: presence of lung lesions) is IL-4 
mRNA levels in MPB70 DNA/protein subunit-vaccinated calves aft er in vitro 
stimulation with bovine tuberculin (17).

Whilst such correlates of protection or disease severity can be useful, they 
still require M. bovis infection to proceed. Of more practical advantage would 
be reliable predictors of protection that can be measured aft er vaccination 
and do not necessitate infection to determine vaccine effi  cacy. Recently, our 
laboratory has described several such potential predictors of protection, 
namely, the expression of the IL-4 splice variant IL-4δ3 (Table 20.4), central 
memory responses measured by cultured ELISPOT, and antigen-specifi c IL-
17 production (Table 20.4). Splice variants of IL-4 have been described in 
humans, mice, and cattle, and have been shown to act as antagonists to inhibit 
undesirable IL-4-mediated cellular responses that may down-regulate Th 1 
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responses. Work in human TB has highlighted a relation between the IL-4δ2 
splice variant expression and lack of progression to clinical TB (46, 47). Cattle 
express two IL-4 splice variants, IL4-δ2 and IL-4δ3, and we demonstrated in 
a recent study that ex vivo expression of IL-4δ3 was elevated following BCG 
vaccination compared to naïve calves, making measurement of this marker a 
potential predictor of protection (48).

Measuring ex vivo IFN-γ responses assesses eff ector cell responses and 
eff ector memory cells; yet studies of viral and parasitic infections in mice and 
humans have suggested that central memory responses rather than eff ector/
eff ector memory T cell responses correlated with pathogen clearance and 
protection (49, 50). Central memory cells are able to migrate through lymph 
nodes, which is facilitated by expression of the chemokine receptor CCR7, 
whilst eff ector cells and eff ector memory cells reside in peripheral tissues and, 
due to the absence of CCR7 expression, are unable to migrate into lymphatic 
organs. However, bovine CCR7 detecting reagents are unavailable, and we 
therefore adapted a cultured IFN-γ ELISPOT system to measure central 
memory responses. Such cultured ELISPOT protocols have been shown to 
measure human central memory responses (51). Our results demonstrated 
that subunit vaccine antigen-specifi c central memory responses measured by 
cultured ELISPOT analysis before M. bovis infection correlated directly with 
the protection determined by post-mortem analysis aft er challenge (Table 
20.4), and constitutes therefore a predictor of vaccine effi  cacy (41a). Th is 
could not only be shown using Ag85A as a recall antigen, aft er Ag85A viral 
subunit vaccination to boost BCG (41a), but also when the antigens part of 
BCG (TB10.4 and Ag85A) were used following BCG or attenuated M. bovis 
construct vaccination (52). 

Further, we have also recently shown that in vitro production of IL-17 following 
in vitro tuberculin or subunit antigen (Ag85A) stimulation of cells isolated 
from vaccinated calves also directly correlated with vaccination success when 
measured aft er vaccination but before infection (Table 20.4) (41a). Th e role of 
IL-17 producing cells in TB has been studied in mouse models recently (53, 54). 
Whilst these studies did not demonstrate a role for IL-17 in primary TB infections, 
in vaccinated animals absence of IL-17 producing memory cells resulted in the 
loss of Th 1 responses and protection. Th us Th 1 and Th 17 responses seem to 
cross-regulate themselves, and are both important for protective anti-tuberculous 
responses. Our results are therefore confi rmatory of these fi ndings.

In conclusion, the defi nition of practical immunological parameters or 
biomarkers predicting or correlating with vaccine success would substantially 
accelerate vaccine development. Signifi cant progress has been made to 
prioritize a number of such markers that await validation in further vaccination 
experiments.
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Table 20.4 Potential Correlates of Protection and Pathology

Parameter Categorya Comment Reference

RD1 antigen-
induced IFN-γ

Correlate of path-
ology/protection

Inverse correlation with protec-
tion/direct correlation with 
pathology and bacterial load

(15, 16, 45)

MPB83-specific 
IgG1

Correlate of path-
ology/protection

As above, when measured 
post-TST

(45)

(MPB70)-specific 
IL-4 expression 

Correlate of protec-
tion/pathology

Direct correlation with lung 
pathology in MP83 protein 
subunit vaccinated calves

(17)

Ex vivo IL-4δ3 
expression

Predictor of protec-
tion

Elevated after BCG challenge 
compared to naïve cattle

(48)

Central memory 
measured by 
cultured ELISPOT

Predictor of protec-
tion

Subunit antigen, or BCG-derived 
antigen specific re-call IFN-γ 
responses

(41a, 52)

Subunit antigen-
specific IL-17 
expression

Predictor of protec-
tion

Ag85A-induced in vitro 
responses after BCG or 
BCG/viral subunit boost

(41a)

a Predictor of protection = parameter of vaccination success patent after vaccination but BEFORE M. bovis 
infection.

Correlate of protection = Parameter of vaccine success patent after vaccination AND M. bovis challenge.
Correlate of pathology = Parameter associated with disease progression or bacterial load; can be used as 
inverse correlate of protection after infection.

Differential Diagnosis of Infected from 
Vaccinated Individuals (DIVA) 

BCG vaccination results in the sensitization of animals to antigens present 
in bovine tuberculin and therefore compromises tuberculin-based diagnosis 
strategies in BCG vaccinated animals (55, 56). In the absence of a vaccine 
that results in 100 per cent protection, or alternatively, a vaccine that does 
not sensitize for TST reactivity, the development of more specifi c diagnostic 
reagents capable of discriminating between infected and uninfected vaccinated 
animals (DIVA reagent) is therefore an important component of cattle TB 
vaccine development so that test and slaughter control strategies can be carried 
out alongside vaccination regimens. 

Conceptually, antigens whose genes are expressed in M. bovis yet absent from 
environmental mycobacterial species and BCG (57–59) constitute candidates 
for inclusion as diagnostic reagents, which are both more specifi c and more 
defi ned than PPD. Two of the major antigenic targets identifi ed in both cattle 
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and humans are ESAT-6 and CFP-10 (60, 61). CFP-10 and ESAT-6 are encoded 
by genes located on the RD1 region of the M. bovis genome that is deleted 
from the genome of all BCG strains (26, 57–59). When used as diagnostic 
antigens, ESAT-6 and CFP-10 have been shown to be able to discriminate 
between infected and BCG-vaccinated cattle (55, 56, 62). Frequently recognized 
peptides derived from the sequences of the two proteins were readily identifi ed 
using blood from M. bovis-infected cattle and gave equivalent responses to the 
recombinant proteins in naturally infected cattle. In contrast, BCG-vaccinated 
cattle did not respond to this peptide cocktail (62). 

Comparative Genomics
To increase test sensitivity by complementing ESAT-6 and CFP-10, further 
antigens need to be defi ned that are recognized in infected animals that did 
not respond to CFP-10 or ESAT-6. Th e genome sequences of M. bovis (26), 
MTB (25), M. bovis BCG Pasteur (24), M. avium subsp. paraTB (63), M. avium 
subsp. avium, and M. marinum (64) have been completed. Th is allows the search 
for further diff erential diagnostic candidates based on comparative genome 
and transcriptome analyses. Antigens that were prioritized by in silico analysis 
have to be assessed experimentally both for immunogenicity and specifi city in 
cattle. We applied a high-throughput immunological screening system based 
on pools of chemically synthesized peptides representing the complete amino 
acid sequences of target proteins to identify highly immunogenic antigens from 
three genomic regions of M. bovis that are absent in BCG Pasteur (RD1, RD2, 
RD14) (24, 26). Seven of these 28 antigens (Rv1769, Rv1979c, Rv1986, Rv3873, 
Rv3873, Rv3878, Rv3879c) were recognized at high frequencies (41–86 per cent) 
(65). Interestingly, despite the deletion of their genes from the genome of BCG, 
only Rv1986, Rv3872, and Rv3878 were not recognized by T cells from BCG 
vaccinated cattle, and are therefore candidates for diff erential diagnosis (65).
Two of the other four proteins were recognized by BCG-vaccinated animals 
but not by environmentally sensitized cattle (Rv3873 and Rv3879c). When 
we mapped individual epitopes within these proteins, we found that small 
sequence regions with high degrees of homology to these epitopes could be 
found in unrelated and otherwise non-homologous proteins encoded in genomic 
regions not deleted from BCG (65), thus likely accounting for the observed 
cross-reactivity. Other immunogenic antigens identifi ed that could be useful 
for either diagnosis or as vaccine antigens include proteins belonging to the 
important ESAT-6 protein family (66) such as Rv3019c or Rv0288 (67–69). 
In a further refi nement, we identifi ed the major immunodominant (i.e. most 
frequently) recognized peptides from these antigens (Rv3873, Rv3879c, Rv0288, 
and Rv3019c) and together with peptides from the current lead diagnostic 
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antigens, ESAT-6 and CFP-10, formulated them into a peptide cocktail (65). 
Th is cocktail was signifi cantly better than tuberculin for identifying skin test-
negative animals with confi rmed bovine TB and the specifi city of this cocktail 
was not compromised by M. bovis BCG vaccination.

Comparative Transcriptome Analysis
In an extension of the in silico mining eff ort based on comparative genome 
analysis, we used an approach that integrated genome data and DNA microarray 
technology to assess the transcriptome of BCG and M. bovis aft er infection of 
bovine macrophages (comparative transcriptome analysis), the transcriptome 
being the complete gene expression profi le of an organism under defi ned 
conditions. To provide a comparison data set, the transcriptomes of bacilli 
grown in vitro under diff erent growth conditions were also determined 
and the combined data used to prepare a list of potential antigens. One 
antigen thus identifi ed, Rv3615c, was recognized at a frequency of about 
55 per cent by blood cells from M. bovis-infected animals (Table 20.5) (70). 
Encouragingly, Rv3615c was not recognized by uninfected or BCG-vaccinated 
cattle thus highlighting its potential as a DIVA reagent (70). In this context, 
it is worth noting that Rv3615c has been shown to be secreted by the RD1 
locus (71); as BCG lacks the RD1 secretion locus, it explains why Rv3615c 
was not recognized in vaccinated animals. Further analysis of the Rv3615c 
responses observed in the fi eld reactor animals revealed that it was recognized 
predominantly in the subset of M. bovis-infected animals that tested ESAT-6/
CFP-10-negative (70). Rv3615c was therefore able to complement ESAT-6 
and CFP10 to increase test sensitivity when applied as part of a combined 
diagnostic reagent (Table 20.5). 

Table 20.5 DIVA Reagents: Rv3615c Complements ESAT-6 and CFP-10

Antigen M. bovis-Infected Cattle 
(naturally infected)a

(%)

BCG-Vaccinated Cattle 
(experimental 

vaccination)a (%)

PPD-B minus PPD-A 90–95 40–75

ESAT-6/CFP-10 peptide cocktail 77–82 1

Rv3615c peptide cocktail 55 1

Rv3615c plus ESAT-6/CFP-10 
peptide cocktails 90 1

a Results are expressed as percentages of animals responding to these antigens in the Bovigam whole blood 
IFN-γ assay. Results represent values from a number of published (62, 65, 68, 70), and unpublished studies 
from our laboratory. 
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Conclusion

Signifi cant progress has been made in the development of TB vaccines for 
cattle. Subunit vaccines based on DNA, proteins, or viral subunits used in 
combination with BCG have resulted in better protection against experimental 
challenge with M. bovis than BCG vaccination on its own. BCG vaccination 
of neonates has also proved to be highly protective. DIVA reagents that allow 
discrimination between vaccinated and infected animals have been developed. 
Finally, correlates of disease severity are being actively sought that can predict 
the success or failure of vaccination hopefully in future shortening experimental 
protocols. 
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