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Abstract
In this study we have investigated the potential of mycobacterial proteins as candidate subunit
vaccines for bovine tuberculosis. In addition, we have explored the use of TLR-ligands as
potential adjuvants in cattle. In vitro screening assays with whole blood from M. bovis-infected
and BCG-vaccinated cattle demonstrated that fusion protein constructs were most commonly
recognised, and the ID83 fusion protein was selected for further immunisation studies.
Furthermore, glucopyranosyl lipid A (GLA) and resiquimod (R848), agonists for TLR4 and
TLR7/8 respectively, stimulated cytokine production (IL-12, TNF-α, MIP-1β and IL-10) in bovine
dendritic cell cultures, and these were formulated as novel oil-in-water emulsions (GLA-SE and
R848-SE) for immunisation studies. Immunisation with ID83 in a water-in-oil emulsion adjuvant
(ISA70) induced both cell mediated and humoral immune responses, as characterised by antigen-
specific IFN-γ production, cell proliferation, IgG1 and IgG2 antibody production. In comparison,
ID83 immunisation with the novel adjuvants induced weaker (ID83/R848-SE) or no (ID83/GLA-
SE) antigen-specific IFN-γ production and cell proliferation. However, both did induce ID83-
specific antibody production, which was restricted to IgG1 antibody isotype. Overall, these results
provide encouraging preliminary data for the further development of ID83 in vaccine strategies for
bovine TB.

INTRODUCTION
Bovine tuberculosis (TB) caused by the bacterial pathogen Mycobacterium bovis (M. bovis)
poses a major economical and animal health problem to the farming community. Despite the
current ‘test and slaughter’ control policy, the incidence of bovine TB in Great Britain
remains high [1], and so vaccination of cattle against M. bovis infection is being considered
as one of the long term control options for reducing the risk and incidence of bovine TB.
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The most promising vaccination strategies against bovine TB are based on a heterologous
prime-boost approach, which involves priming the immune system with BCG followed by
boosting with a subunit vaccine [2–4]. Thus, the identification of immunogenic proteins
suitable for use as the ‘boosting’ subunit vaccine remains a high priority in TB research.

Given that purified protein or peptide antigens are poorly immunogenic when administered
on their own [5], it is crucial that protein subunit vaccines are administered in a suitable
adjuvant system. Most modern adjuvants consist of two components: (i) immunostimulants
that act directly on the immune system to augment responses to vaccine antigens; and (ii)
vehicles that ensure vaccine antigens are presented to the immune system in an optimal
manner. One class of immunostimulants that have shown potential as adjuvants are the
ligands of the Toll-like receptors (TLRs). TLRs are pattern recognition receptors expressed
on numerous cells of the immune system, which bind several conserved molecules
expressed by a wide variety of infectious agents resulting in the production of pro-
inflammatory cytokines/chemokines and type I IFNs that mediate the host’s ability to
eliminate the pathogen [6–9]. The performance of several TLR ligands as adjuvants have
been (or are currently being) evaluated in numerous human clinical trials. These include
ligands for TLR2 (e.g. Pam3Cys and palmitic acid), TLR3 (e.g. poly I:C derivatives), TLR4
(e.g. MPLA), TLR5 (e.g. flagellin), TLR7/8 (e.g. imiquimod), and TLR9 (e.g. CpG
oligonucleotides) (reviewed in [10]). The second crucial component of an adjuvant system is
the vehicle for delivery of the antigen/adjuvant. Immunisation of mice with a commercial
influenza vaccine (Fluzone) plus a synthetic TLR4 ligand (lipid A) as an aqueous
formulation was not as effective in generating cellular immune responses when compared to
Fluzone plus lipid A formulated as an oil-in-water emulsion [11], highlighting the need for
careful preparation of the adjuvant to induce the most desirable results.

In this paper, we have screened a library of proteins for their immunogenicity in M. bovis-
infected and M. bovis bacillus Calmette-Guérin (BCG)-vaccinated cattle, with the aim of
identifying suitable candidates for sub-unit vaccines for bovine TB. In addition, we have
assessed the performance of glucopyranosyl lipid A (GLA) and resiquimod (R848) (TLR4
and TLR7/8 agonists respectively) as adjuvants when formulated in an oil-in-water
emulsion.

MATERIALS AND METHODS
In vitro antigen screening

(i) Cattle—All animals were housed at the Animal Health and Veterinary Laboratories
Agency at the time of blood sampling, and procedures were conducted within the limits of a
United Kingdom Home office license under the Animal (Scientific Procedures) Act 1986,
which were approved by the local ethical review committee. Heparinised blood samples
were obtained from 22 naturally M. bovis-infected, single intradermal cervical comparative
tuberculin (SICCT)-positive reactors from herds known to have bovine tuberculosis. A
detailed post mortem examination of these animals revealed visible TB lesions in all but
three animals, confirming the presence of active disease. Heparinised blood samples were
also obtained from a total of 9 animals vaccinated with BCG Danish (Statens Serum
Institutet, Copenhagen, Denmark) as previously described [12].

(ii) Stimulation of whole blood cultures—A total of 54 recombinant proteins from the
Infectious Disease Research Institute (IDRI) protein repository were evaluated for
immunogenicity in cattle at a final concentration of 10μg/ml. Included in this set were six
novel fusion proteins (ID71, ID83, ID87, ID91, ID93 and ID97) consisting of at least two
different proteins. Bovine tuberculin purified protein derivative (PPD-B, AHVLA,
Weybridge, UK) and Staphylococcal enterotoxin B (SEB, Sigma-Aldrich, UK) were used as
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positive controls at a final concentration of 10μg/ml and 1μg/ml respectively, while RPMI
1640 medium alone (Gibco Life Technologies, Paisley, UK) was included as negative
control. Whole-blood aliquots (250μl) were added in duplicate to antigen in 96-well plates
and incubated at 37°C in the presence of 5% CO2 for 24 hours, after which plasma
supernatants were harvested and stored at −80°C until required.

(iii) IFN-γ enzyme-linked immunosorbent assay (ELISA)—Quantification of IFN-γ
in the plasma supernatants was determined using the Bovigam ELISA kit (Prionics AG,
Switzerland). A result was considered positive if the optical density at 450 nm (OD450) with
antigen minus the OD450 without antigen (ΔOD450) was >0.1 in both of the duplicate wells.

In vitro adjuvant screening
(i) Stimulation of bovine monocyte-derived dendritic cells (MDDC)—Bovine
MDDC were generated as previously described [13]. Briefly, PBMC were isolated from
cattle whole blood using Histopaque 1077 (Sigma Aldrich), following which bovine CD14+

monocytes were isolated using MACS anti-CD14 MicroBeads (Miltenyi Biotec, Bisley,
Surrey, UK). CD14+ cells were cultured at 37°C in the presence of 5% CO2 for 3 days in
complete medium (RPMI 1640 containing 25mM HEPES, 10% FCS, 1% NEAA, 5 x10−5M
β-mercaptoethanol, 100U/ml penicillin and 100μg/ml streptomycin [Gibco Life
Technologies]) in the presence of 1000U/ml equine GM-CSF (supplied by Falko Steinbach,
Department of Virology, AHVLA) and 4ng/ml bovine IL-4 (AbD-Serotec, Kidlington,
Oxon, UK ). Bovine MDDC were stimulated with aqueous suspensions of (a) GLA, the
synthetic TLR4 agonist was bulk manufactured for IDRI by Avanti Polar Lipids, Inc.
(Alabaster, AL), (b) R848 (Invivogen, San Diego, CA), or (c) a mix of GLA and R848 (5:1
ratio) for 24 hours, following which supernatants were harvested and stored at −80°C until
required.

(ii) Cytokine multiplex assay—Simultaneous detection of bovine MIP-1β, TNF-α,
IL-1β, IL-6, IL-10 and IL-12 was performed using the MSD multiplex platform (Meso Scale
Discovery, Gaithersburg, MD, USA) as previously described [14, 15].

ID83 immunisation study
(i) Immunisation strategy—The TLR agonists GLA and R848 were formulated at IDRI
(Seattle, WA) in an oil-in-water stable emulsion (SE) (i.e. GLA-SE and R848-SE) [16],
while the mineral oil-based ISA70 [a ready-to-use oily vaccine adjuvant based on high-
grade injectable mineral oil (Seppic, France)] was prepared as a water-in-oil adjuvant as
previously described [17]. GLA-SE and R848-SE were used at a dose of 5μg and 1μg per
injection respectively, while the ID83 fusion protein was used at a dose of 10μg per
injection. 20 calves (ca. 6 months of age) from bovine TB-free herds were allocated to one
of five study groups (four animals per group) that were injected via the intramuscular route
with 100μl of either: (a) PBS; (b) ID83 in ISA70 adjuvant; (c) ID83 in GLA-SE adjuvant;
(d) ID83 in R848-SE adjuvant; or (e) ID83 in GLA-SE + R848-SE adjuvant. Animals were
injected at week 0 and at week 4, while whole blood and serum samples were collected at
weeks 0, 2, 4, 6 and 8 for immunological assays.

(ii) Stimulation of whole blood cultures and IFN-γ ELISA—Whole blood (250μl/
well) was stimulated in duplicate wells with the ID83 fusion protein or the individual protein
components (Rv1813, Rv2608 and Rv3620c) at final concentrations of 5μg/ml. Pokeweed
mitogen (PWM; 5μg/ml, Sigma Aldrich) and RPMI 1640 medium alone were included as
positive and negative controls respectively. Plasma supernatants were harvested after 24
hours and the level of IFN-γ quantified using the Bovigam ELISA kit (Prionics) and
recombinant bovine IFN-γ as a standard (Thermo Scientific, UK). Results are expressed as
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ΔIFN-γ concentration (IFN-γ concentration of antigen stimulated cultures minus IFN-γ
concentration of negative control stimulated cultures).

(iii) PBMC proliferation assay—PBMC were isolated from whole blood using
Histopaque 1077 (Sigma Aldrich), washed twice with HBSS and re-suspended in cell
culture medium. PBMC (2x105 cells per well) were stimulated for 5 days in triplicate wells
of a 96-well plate with the ID83 fusion protein or the individual protein components
(Rv1813, Rv2608 and Rv3620c) at final concentrations of 5μg/ml. PWM (5μg/ml) and
RPMI 1640 medium alone were included as positive and negative controls respectively. For
the last 16 hours of culture, wells were pulsed with 1 μCi of [Methyl-3H]-thymidine before
being harvested using a Harvester 96 Mach III (TomTec Inc, Hamden, CT, USA).
Lymphocyte proliferation was assessed by the incorporation of 3H-thymidine as measured
using a MicroBeta2 2450 (Perkin Elmer, Waltham, MA, USA), triplicate wells averaged and
results are expressed as Δcpm (cpm of antigen stimulated cultures minus cpm of negative
control stimulated cultures).

(vi) Serology assays—(a) Bovine total IgG ELISA: Maxisorp 96-well plates (Nunc™,
Thermo Fisher Scientific, Denmark) were coated overnight with 0.5 μg/well of ID83 fusion
protein, washed with PBS containing 0.1% Tween 20 (wash buffer) and blocked for 2 hours
by the addition of PBS containing 2% casein and 0.05% Tween 20 (casein blocking buffer).
Wells were washed, serum samples (diluted 1:100 in casein blocking buffer) added and
plates incubated for 2 hours, after which the plates were washed and a sheep anti-bovine IgG
HRP-conjugated antibody (AbD-Serotec; diluted 1:5000 in casein blocking buffer) added
for one hour. After a final wash, 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (Sigma
Aldrich) was added for 10 minutes. The colour reaction was stopped by the addition of 0.5
M H2SO4, and optical densities (ODs) were measured at 450nm. ID83-specific ODs were
calculated by subtracting the OD readings from control wells not coated with ID83. (b)
Bovine isotype IgG ELISA: ID83-specific bovine IgG1 and IgG2 levels were evaluated as
described above, but with the following modifications. Firstly, the blocking buffer was
switched to PBS containing 3% bovine serum albumin (BSA), which was shown to perform
better than the casein blocking buffer and negated the need for non-ID83 coated control
wells (data not shown). Secondly, sheep anti-bovine IgG isotype specific HRP-conjugated
antibodies (either anti-bovine IgG1 or anti-bovine IgG2) were used in the detection step
(AbD-Serotec; both diluted 1:5000 in BSA blocking buffer).

Statistical analysis
Statistical analysis was performed using GraphPad Instat 3 software (GraphPad Software
Inc, USA), while area under the curve (AUC) calculations for individual animal immune
responses over the course of the study were performed using GraphPad Prism 5 software
(GraphPad Software Inc).

RESULTS
Selection of antigen candidate

To identify antigens that show potential as subunit vaccine candidates for bovine TB, a total
of 54 proteins from the IDRI protein repository were screened for their ability to stimulate
an IFN-γ response in whole blood from TB-reactor cattle. All animals responded to the SEB
and PPD-B positive controls (data not shown). Of the 54 IDRI proteins, 11 (20%) failed to
induce an IFN-γ response in any animal studied, while the remaining 43 (80%) were
recognised to various degrees with responder frequencies ranging from 5 to 86% (Figure
1A). Of note, the most frequently recognised antigens in TB-reactor animals were the fusion
proteins (filled bars), where all six induced responses in at least half of the animals studied.
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The immunogenicity of the fusion proteins were further explored in non-infected BCG
vaccinated cattle (figure 1B), where all but one fusion protein induced IFN-γ production in
these animals, with the most frequent responses being detected against the ID83 fusion
protein. Thus, due to its high levels of immunogenicity both in TB-reactor and in BCG-
vaccinated animals, ID83 was selected for further evaluation in an immunisation study.

In vitro evaluation of adjuvant immunogenicity
One mechanism by which adjuvants may exert their effect is through the activation of innate
immunity by inducing dendritic cells to secrete cytokines [10]. To investigate whether the
adjuvant components GLA or R848 activated bovine innate immunity, aqueous preparations
of these TLR ligands were used to stimulate bovine MDDC and cytokine production
(MIP-1β, TNF-α, IL-1β, IL-6, IL-10 and IL-12) enumerated. Whilst no increases in IL-1β or
IL-6 levels were observed (data not shown), bovine MDDC secreted MIP-1β, TNF-α, IL-10
in responses to stimulation with GLA or R848 (figure 2). Although IL-12 production was
also observed in response to stimulation with R848, little production was seen to GLA alone
(figure 2D). Overall, MDDC secreted higher levels of all four cytokines following
stimulation with R848 compared to GLA. Although marginal for TNF-α and IL-10 (figure
2A and 2C respectively), this was most striking for MIP-1β and IL-12 (figure 2B and 2D
respectively). Of note, a potential synergistic effect in the production of TNF-α and IL-10
was observed when MDDC were treated simultaneously with R848 and GLA.

ID83 immunisation study
Having demonstrated (i) the immunogenicity of the ID83 fusion protein and (ii) the potential
of GLA and R848, when used alone or in combination, to induce cytokine production in
bovine innate immune cells, we next evaluated the efficacy of ID83 when delivered in
different adjuvant systems (as detailed in material and methods). The ISA70 formulation
was included as a control in this study as its potential as an adjuvant for protein vaccination
in cattle has been previously demonstrated [17]. As shown in figure 3A, ID83-specific IFN-γ
responses were first detected in the ID83/ISA70 group two weeks after the initial injection,
which were further boosted following the second injection at week 4. Although no IFN-γ
responses were detectable in any of the other groups following the first immunisation, ID83-
specific IFN-γ responses were observed in the ID83/R848-SE group at week 8 (i.e. 4 weeks
post second immunisation), albeit at lower levels compared to the ID83/ISA70 group.
Similar to the IFN-γ response, increased ID83-specific PBMC proliferation was observed
two weeks after the initial immunisation in the ID83/ISA70 group, which again appeared to
be boosted after the second immunisation at week 4 (figure 3B). Although at lower levels
when compare to the ID83/ISA70 group, PBMC proliferative responses were also observed
in the ID83/R848-SE group two weeks after the first immunisation, which were transiently
boosted following the second immunisation. Weaker transient responses were also observed
in the ID83/GLA-SE+R848-SE group after the second immunisation, while no ID83-
specific proliferative responses were seen in the ID83/GLA-SE or PBS control groups.
Lastly, ID83-specific bovine IgG was detected in the serum of ID83/ISA70 immunised
animals two weeks after the first injection, which peaked at week 6 and remained high for
the duration of the experiment (figure 3C). Although not detected after the first injection,
serum ID83-specific IgG was detected in all other ID83-immunised animals after the second
injection, albeit at lower levels compared to the ID83/ISA70 group. Vaccine induced ID83-
specific humoral responses were further evaluated by individually quantifying IgG1 and
IgG2 antibody isotypes. With the exception of the PBS control group, all other groups
demonstrated ID83-specific IgG1 isotype responses (figure 4A) with kinetics similar to that
seen for total IgG (figure 3C). In contrast, only immunisation with ID83/ISA70 induced
ID83-specific IgG2 isotype responses (figure 4B).
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DISCUSSION
Our initial screening experiments revealed that ID83 induced IFN-γ responses in TB-reactor
animals, suggesting that proteins present in this fusion construct are targets of the immune
system during natural infection with M. bovis. Indeed, the immunogenicity of this fusion
protein was further confirmed in the immunisation study, wherein injection with ID83 in
ISA70 adjuvant induced both cellular (IFN-γ production and PBMC proliferation) and
humoral (serum IgG) immune responses. To date, promising vaccine strategies for bovine
TB utilize a prime-boost approach, whereby the efficacy of a ‘priming’ BCG vaccination is
significantly improved following ‘boosting’ with DNA [2], protein [4], or viral subunit
vaccines [3, 18]. As shown in figure 1B, ID83-specific responses were observed in BCG
vaccinated animals, suggesting that BCG vaccination primes, amongst other things,
responses to the proteins contained in the fusion construct. Furthermore, mice immunised
with ID83 formulated in an oil-in-water emulsion containing a TLR4 agonist showed
significant reduction in bacterial burden following aerosol challenge with M. tuberculosis,
demonstrating a protective role for immune responses targeted to these proteins [19]. Taken
together, these data provide good rationale for the further development of ID83 as a cattle
subunit vaccine, particularly in the setting of prime-boost strategies in combination with
BCG.

The ID83 fusion protein consists of the following three proteins: Rv2608 (a member of the
PE/PPE protein family); Rv1813c (a member of the DosR regulon protein family) and
Rv3620c (a member of the ESAT-6 like protein family). Rv2608 and Rv1813c were tested
as individual proteins in our initial screening experiments (figure 1, arrowed). Rv2608
induced IFN-γ production in half of the TB reactor animals studied, however Rv1813c failed
to induce a response in any animal. Interestingly, the lack of immune response to Rv1813c is
consistent with previous data showing limited recognition of other DosR regulon gene
products in TB reactor cattle [20]. Although Rv3620c is encoded by a gene which is deleted
from the M. bovis genome, we have previously shown that this protein is also immunogenic
in TB reactor cattle[21], presumably due to its high degree of homology with other members
of the ESAT-6 like protein family that are expressed in M. bovis [22]. As shown in figure 3,
immunisation with ID83/ISA70 primed both proliferative and IFN-γ responses to this fusion
protein. To gain insight as to whether these responses were directed against a single
dominant protein or to multiple proteins contained within ID83, we also analysed cell
mediated immune responses to the individual proteins Rv2608, Rv3620c and Rv1813c.
Rv3620c specific IFN-γ production was observed in immunised animals, irrespective of the
adjuvant regime used, while Rv2608 specific responses were only apparent in the ISA70
adjuvant group (Supplemental figure S1). Little, if any, Rv1813c specific IFN-γ production
was observed. Thus, these results were consistent with the data from naturally infected TB-
reactor animals, demonstrating the immunogenicity of Rv3620c and Rv2608. Furthermore,
the lack of an IFN- γ response to the Rv1813c protein in TB-reactor animals may be due in
part to the poor immunogenicity (with regards to induction of IFN- γ responses) of this
protein in cattle, rather than issues in the level of expression of this potential latency-specific
antigen during active disease. In contrast to the IFN-γ data, PBMC proliferation experiments
revealed a broader repertoire of protein responses in ID83 immunised animals
(Supplemental figure 2). Although there was a trend in stronger responses to Rv2608,
PBMC proliferation was also observed with Rv3620c and Rv1813c, suggesting that these
proteins may contain immunogenic regions that induce T cell proliferation independent of
IFN-γ secretion or may act on other cell subsets present in PBMC (e.g. B-cells and NK
cells).

GLA and R848 exert their effect through interaction with TLRs present on the surface of
innate immune cells. In vitro experiments demonstrated that GLA stimulated the secretion of
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IL-12 and the pro-inflammatory cytokines IL-6 and TNF-α in mice and human dendritic
cells [23]. R848 activates cells through interaction with either TLR7 or TLR8 [24], and has
also been shown to induce the production of IL-12 and several pro-inflammatory cytokines
from both human [25, 26] and mice [27] innate immune cells. As shown herein, these
immunostimulatory properties of GLA and R848 can also be extended to cattle. Both
reagents induced production of pro-inflammatory cytokines (TNF-α and MIP-1β) and the
immunoregulatory cytokine IL-10, while R848 also induced production of the
immunoregulatory cytokine IL-12 in bovine dendritic cells. However, differences were
observed in the potency of the two TLR ligands, with R848 inducing greater levels of all
four cytokines. Of particular interest was the relative production of IL-10 and IL-12, where
area under the curve analysis demonstrated R848 induced an IL-12-polarised response, GLA
induced an IL-10-polarised response, while stimulation with both TLR ligands induced a
more balanced response (Supplemental table S1). Given the key roles of IL-12 and IL-10 in
promoting Th1-like cell mediated immunity and regulating T-cell responses respectively, we
hypothesised that immunisation in the presence of R848-SE, when compared to GLA-SE,
would result in qualitative and/or quantitative differences in vaccine-induced immune
responses. Our results demonstrated that vaccine-induced cell-mediated immune responses
were evident in cattle immunised with ID83 in adjuvants containing R848-SE, but were
absent when GLA-SE was used as the sole adjuvant (figure 3A and 3B). Thus, analysing the
stimulatory effects of adjuvants on bovine dendritic cells in vitro, with particular emphasis
on the relative levels of induced IL-12 and IL-10 production, may provide a useful tool in
pre-screening novel adjuvants for potential induction of cell-mediated immune responses
when used as adjuvants in vaccination studies.

Immunisation in either R848 or GLA adjuvants induced humoral immune responses, which
were restricted to the production of ID83-specific IgG1 isotype antibodies. In contrast,
immunisation with ID83 in ISA70 adjuvant induced both IgG1 and IgG2 isotype responses.
Previous studies in mice have suggested a link between the induction of Th1-like immune
responses and the generation of IgG2 isotype antibody, where addition of either the Th1-like
cytokine IFN-γ [28] or Th1-polarised T-cell clones [29] induced antigen-specific B-cells to
secrete IgG2a. Furthermore, in vivo administration of recombinant IFN-γ stimulated
production of antigen-specific IgG2a [30]. Thus, we speculate that the greater induction of
an antigen-specific IFN-γ response observed when ID83 is delivered in ISA70 adjuvant
(compared to R848 or GLA) drives the subsequent generation of ID83-specific IgG2
antibodies, which are not observed when the immunisations are delivered in adjuvants
containing R848 or GLA.

In summary, we have identified ID83 as a target of the immune system in both M. bovis-
infected and BCG-vaccinated cattle. Furthermore, immunisation with this fusion protein
induced both cell-mediated and humoral immune responses when used in combination with
the ISA70 water-in-oil adjuvant. Taken together, these data provide encouraging preliminary
data for the further development of ID83 in vaccine strategies for bovine TB. Indeed, the
fusion protein ID93, which contains all of the individual proteins of ID83, will soon enter
into phase I clinical studies for human TB. Although GLA-SE and R848-SE failed to prime
strong ID83-specific cell mediated immune responses when used as adjuvants, they did
show stimulatory activity on bovine innate immune cells, as demonstrated by the induction
of pro-inflammatory cytokines in bovine dendritic cell cultures. Therefore, we believe that
the results presented herein warrant further vaccination studies, particularly addressing
antigen and adjuvant dose optimisation, alongside evaluating the effect of GLA and R848
when delivered in the ISA70 water-in-oil system. Given that ID83 was a target of the
immune system in BCG-vaccinated cattle, future studies should also evaluate the
immunogenicity of adjuvanted ID83 when used as a ’boost’ in BCG ‘primed’ vaccinated

Jones et al. Page 7

Vaccine. Author manuscript; available in PMC 2014 October 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



animals. These experiments would ultimately allow for the rational design of a vaccination/
challenge study to assess the efficacy of immunisation with ID83 against bovine TB.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

Novel fusion protein constructs are frequently recognised in M. bovis infected cattle

TLR4 and TLR7/8 agonists induce cytokine production in bovine dendritic cells

ID83 immunisation in ISA70 adjuvant induces cell mediated and humoral immune
responses

ID83 immunisation in TLR-agonist adjuvants induces mainly humoral immune
responses
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Figure 1. Selection of the ID83 fusion protein for vaccination studies
(A) Responder frequency of 22 TB reactor animals to 54 recombinant proteins from the
IDRI protein repository. Filled bars denote responses to novel IDRI fusion proteins. (B)
Responder frequency of 22 TB reactor and between 5 and 9 (depending on the protein) BCG
vaccinated animals to the 6 IDRI fusion proteins. In both graphs, the responder frequency is
based on IFN-γ production as the readout.
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Figure 2. Cytokine production by bovine MDDC following stimulation with GLA and R848
Bovine MDDC were cultured for 24 hours in the presence of increasing concentrations of
GLA, R848 or a mixture of GLA and R848. Quantification of (A) TNF-α, (B) MIP-1β, (C)
IL-10 and (D) IL-12 was performed using a cytokine multiplex assay. Data shown is
representative of two experiments.
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Figure 3. Immunisation with ID83 induces cellular and humoral immune responses
Cattle (four per group) were immunised at week 0 and week 4 as detailed in the material and
methods. Blood samples were taken at 2 weekly intervals for assessment of (A) ID83-
specific whole blood IFN-γ production, (B) ID83-specific PBMC proliferation, and (C)
ID83-specific IgG serum antibody levels. Median responses for each group are plotted. *
p<0.05, ** p<0.01, *** p<0.001, nonparametric ANOVA with Dunn’s Multiple Comparison
Test (versus the PBS control group at each time point).
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Figure 4. Immunisation with ID83/ISA70 induces production of ID83-speficic IgG2 serum
antibodies
Cattle (four per group) were immunised at week 0 and week 4 as detailed in the material and
methods, and blood samples taken at 2 weekly intervals for assessment of (A) ID83-specific
IgG1, or (B) ID83-specific IgG2 serum antibody levels. Median responses for each group are
plotted. * p<0.05, ** p<0.01, *** p<0.001, nonparametric ANOVA with Dunn’s Multiple
Comparison Test (versus the PBS control group at each time point).
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