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There is a need to improve the efficacy of Bacille Calmette-Guérin (BCG) vaccination against tuberculosis
in humans and cattle. Previously, we found boosting BCG-primed cows with recombinant human type 5
adenovirus expressing antigen 85A (Ad5-85A) increased protection againstMycobacterium bovis infection
compared to BCG vaccination alone. The aim of this study was to decipher aspects of the immune
response associated with this enhanced protection. We compared BCG-primed Ad5-85A-boosted cattle
with BCG-vaccinated cattle. Polyclonal CD4+ T cell libraries were generated from pre-boost and post-
boost peripheral blood mononuclear cells – using a method adapted from Geiger et al. (2009) – and
screened for antigen 85A (Ag85A) specificity. Ag85A-specific CD4+ T cell lines were analysed for their
avidity for Ag85A and their Ag85A epitope specificity was defined. Boosting BCG with Ad5-85A increased
the frequencies of post-boost Ag85A-specific CD4+ T cells which correlated with protection (reduced
pathology). Boosting Ag85A-specific CD4+ T cell responses did not increase their avidity. The epitope
specificity was variable between animals and we found no clear evidence for a post-boost epitope spread-
ing. In conclusion, the protection associated with boosting BCG with Ad5-85A is linked with increased
frequencies of Ag85A-specific CD4+ T cells without increasing avidity or widening of the Ag85A-
specific CD4+ T cell repertoire.

Crown Copyright � 2016 Published by Elsevier Ltd. This is an open access article under the Open
Government License (OGL). (http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/).
1. Introduction

Mycobacterium bovis, the main cause of bovine tuberculosis
(bTB), is a world-wide problem and is endemic in the south west
of England and parts of Wales [1–3]. As well as having a significant
economic impact, infection of cattle with M. bovis presents a risk
for human health. The incidence of bTB may be exacerbated by
wild-life reservoirs which are not easy to monitor accurately and
therefore there is a need to implement supplementary measures
to the current control methods [1,2,4,5]. Vaccination of cattle
would be a logistically convenient measure for controlling bTB [6].

To date, the live attenuated M. bovis Bacille Calmette-Guérin
(BCG) is the only available vaccine against TB but it has variable
efficacy in both humans and cattle (reviewed elsewhere [7–9]).
Nevertheless, strategies which boost BCG protection are being
explored because of the efficacy of BCG against non-pulmonary
infections [10]. One such strategy is boosting BCG with viral vec-
tors expressing mycobacterial proteins such as antigen 85A
(Ag85A).

Ag85A is one of a family of three secreted and membrane
retained enzyme isoforms, highly conserved across mycobacteria
and involved in the synthesis of important constituents for the cell
wall [11–13]. These proteins are classed as virulence factors
because they are thought to promote bacterial survival in macro-
phages along with adhesion/invasion and dissemination in host
cells [13]. Ag85A is also an immunogenic Ag that is recognised
by T cells and it is considered a potential candidate for boosting
cellular immunity primed by BCG [14,15].

Protection against mycobacteria has been shown to be medi-
ated mainly by T cells [16]. CD4+ T cells are thought to be particu-
larly important; depletion of CD4+ T cells in small animal models
has been shown to reduce protection against infection with
mycobacteria to a greater extent than depletion of other T cell
types [17].
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Previously, we showed that boosting BCG with viral vectors
such as human type 5 adenovirus (Ad5) or Modified Vaccinia
Ankara virus expressing Ag85A reduced the number of animals
presenting TB lesions/granulomas in cattle infected with M. bovis
[18,19]. However, there is a need to understand the immunemech-
anisms associated with the observed protection to devise means of
improving future vaccine development. We hypothesised that
enhanced immunity is associated with the magnitude, avidity
and specificity of the CD4+ T cell response to Ag85A. To test this
hypothesis, CD4+ T cell libraries were generated from BCG primed
and Ad5-85A boosted animals using a method adapted from Geiger
et al. [20] and compared to CD4+ T cell libraries generated from
BCG control cattle. Ag85A-specific CD4+ T cell lines were selected
for avidity studies and analysis of T cell receptor epitope
specificity.

2. Materials and methods

2.1. Vaccine experiment

The biological materials used in this study were derived from a
vaccine experiment described previously by Dean et al. [19].
Animal work was carried out according to the UK Animal (Scien-
tific Procedures) Act 1986. The study protocol was approved by
the APHA Animal Use Ethics Committee (UK Home Office PCD
number 70/6905). Briefly, all animals were vaccinated with
1 � 106 colony forming units (CFU) M. bovis BCG Danish 1331 sub-
cutaneously at week (wk) 0; Ad5-85A boosted cows were inocu-
lated at wk 8 with 1 � 109 infectious units of Ad5-85A by
intradermal injection on the shoulder; all animals were challenged
endobronchially with 2 � 103 CFU M. bovis AF2122/97 strain at wk
12. Total pathology score was determined at post-mortem exami-
nation at wk 26 [19]. The present study utilised cryopreserved
PBMC collected from nine BCG-primed Ad5-85A-boosted cows
and six BCG-vaccinated control cows.

2.2. CD4+/CD14+ cell sorting and culture

CD4+ and CD14+ T-cells were isolated as previously described
[21]. Briefly, CD4+ T cells from PBMC were labelled with mAb
CC8 to bovine CD4 (Bio-Rad AbD Serotec) and isolated using para-
magnetic beads conjugated to rat anti-mouse IgG2 (Miltenyi) as
described by the manufacturer’s instructions. CD14 cells from
PBMC were isolated using paramagnetic beads conjugated to anti-
bodies against human CD14 (Miltenyi) as described by the manu-
facturer’s instructions. CD4+ and CD14+ cell purities were assessed
by flow cytometry and found to be >95%. Cells were cultured in
RPMI 1640 containing 2 mM GlutaMax, 25 mM HEPES, 0.1 mM
NEAA, 5 � 10�5 M b-mercaptoethanol, 100 U/ml penicillin and
100 lg/ml streptomycin (all from Gibco Life Technologies, UK)
and 10% FCS (Sigma-Aldrich, UK).

2.3. CD4+ T cell libraries

Polyclonal CD4+ T cell libraries were generated from pre-boost
(wk 8) and post-boost (wk 11) PBMC using a method adapted from
Geiger et al. [20]. Autologous feeder cells were prepared by treat-
ing wk 0 PBMC with 50 lg/ml mitomycin C (Sigma-Aldrich) in
PBS, at a density of 107 PBMC/ml, for 30 min at 37 �C. Polyclonal
libraries were generated in 96-well flat-bottom plates using
6 � 104 autologous feeder cells/well and 4 � 103–1 � 104 CD4+ T
cells/well from BCG-vaccinated control samples or 1 � 103–
5 � 103 CD4+ T cells/well from post-Ad5-85A boost samples.
CD4+ T cells were stimulated with 1 lg/ml lectin from Phaseolus
vulgaris leucoagglutinin (PHA) (Sigma-Aldrich) in the presence of
10 U/ml recombinant human interleukin 2 (IL-2) (Gentaur, Bel-
gium). Libraries were fed with 10 U/ml IL-2 on day 5, expanded
and fed where necessary between days 6–8, and half the medium
was replaced with cytokine-free medium on day 9. 1 � 105–
2 � 105 CD4+ T cells per library well were screened for Ag85A-
specificity on day 11 using antigen presenting cells (APC) adhered
to flat-bottom 96-well plates (2 h adhesion of 1 � 105 PBMC/well,
washed 3 �with HBSS (Gibco)) either unpulsed (negative control)
or pulsed with 5 lg/ml Ag85A (Lionex, Germany) for 3 days.
2.4. Antigen-specific proliferation assay

Proliferation was determined on day 4 after radiolabelling
cells for 16 h with [Methyl-3H]-thymidine (3H-TdR) (1 lCi/well,
24.7 Ci/mmol, Perkin Elmer, USA). Cells were harvested onto
96-well glass filter plates (UniFilter-96, GF/C – PerkinElmer, USA)
using a Harvester 96 Mach III (TomTec Inc., USA) and analysed
for radioactivity using a MicroBeta2 2450 (Perkin Elmer) plate
counter.

Positive Ag85A-responses in the 96-well CD4+ T cell libraries
had to pass the following criteria:

(1) Ag85A counts per min (cpm)/negative control cpmP 2

And:

(2) Ag85A cpm – negative control cpmP the mean of all the
negative controls in the 96-well library plate.

Ag85A-specific CD4+ T cell line frequencies were calculated
based on >37% negative wells according to the Poisson distribution
and expressed per million CD4+ T cells [22].
2.5. Ag85A-specific CD4+ T cell line maintenance

Ag85A-specific CD4+ T cells were selected from 1 � 105–2 � 105

CD4+ T cells using 5 lg/ml (initial screen) or 10 lg/ml (after
selection) Ag85A and 5 � 103 CD14+ APC per well of 96-well
U-bottom plates; this was carried out in parallel to the prolifera-
tion assays for 11 days. Cells were fed with 10 U/ml IL-2 on day
4/7; replacing half the medium with cytokine-free medium on
day 9. Ag85A-specific CD4+ T cell lines were expanded after each
selection using PHA/IL2 (plus CD14+ APC) for 9 days and cryopre-
served. Ag85A-specific CD4+ T cell line avidity was determined
after the first cryopreservation (3rd passage: PHA-Ag85A-PHA)
and epitope specificity was determined after the second
cryopreservation (5th passage: PHA-Ag85A-PHA-Ag85A-PHA).
2.6. Ag85A avidity and peptide assays

The avidity of each Ag85A-specific CD4+ T cell line (1 � 105

cells/well in a 96-well U-bottom plate) was assessed using
5 � 103 CD14+ APC/well in an Ag85A-dose dependent 3H-TdR pro-
liferation assay. Each of the dose-dependent proliferation curves
was normalised by dividing by the highest cpm value (=1). Half
maximal effective concentration (EC50) values were calculated
from the sigmoidal curves using a nonlinear regression curve as
illustrated in supplementary Fig. 1. The epitope specificity of indi-
vidual Ag85A-specific CD4+ T cell lines was assessed using six pools
of eleven synthetic peptides covering Ag85A: fifteen amino acid
(aa) long and overlapping by ten residues (Mimotopes Pty Ltd.,
Australia). Individual peptides were used at a concentration of
5 lg/ml (for concentration of peptides in moles, please see supple-
mentary Table 1) with CD14+ APC in a 3H-TdR proliferation assay
(same cell concentrations as above). Each stimulation index (S.I.)
was calculated by dividing cpm from peptide pool treated cells
by the cpm of the negative control medium treated cells (S.I.
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threshold P2). Pokeweed mitogen (PWM) at 5 lg/ml (Sigma-
Aldrich) was used as a positive proliferation control.

2.7. Statistics

All data analyses were performed using GraphPad Prism version
5.04 (GraphPad Software, La Jolla, CA, USA). Ag85A-specific CD4+ T
cell frequency data did not pass normality testing and was sub-
jected to the Wilcoxon matched-pairs signed rank test. Total
pathology score data did not pass normality testing therefore the
correlation between CD4+ T-cell frequency and pathology score
was determined using a nonparametric Spearman correlation
coefficient.

3. Results

3.1. Boosting BCG with Ad5-85A increases the frequency of Ag85A-
specific CD4+ T cells which correlate with protection against M. bovis
pathology

To evaluate the effect of boosting BCG with Ad5-85A on the fre-
quency of Ag85A-specific CD4+ T cells, CD4+ T cell libraries were
generated from pre-boost (wk 8) and post-boost (wk 11) PBMC
samples and compared to responses from animals vaccinated with
BCG alone. Wk 11 was selected as peripheral blood responses at
this time point had returned to background levels after the boost-
ing response increasing the chances of detecting memory
responses [19]; wk 11 was also the last sampling point after vacci-
nation prior to challenge. The frequencies of Ag85A-specific CD4+ T
cells in the Ad5-85A-boosted wk 11 (post-boost) libraries were
found to be significantly higher than the frequencies of Ag85A-
specific CD4+ T cells in the wk8 (pre-boost) libraries (Fig. 1A) – this
trend was not found in the BCG-vaccinated control animals. This
indicates that boosting BCG-vaccinated cattle with Ad5-85A
increased the frequencies of Ag85A-specific CD4+ T cells.

To determine whether increased Ag85A-specific CD4+ T cell fre-
quencies correlate with protection against M. bovis, wk 11 and wk
8 Ag85A-specific CD4+ T cell frequencies were plotted against the
total pathology scores that describe the extent and spread of tuber-
culous lesions within infected cattle (Fig. 1B). A significant negative
correlation was found between the frequencies of post-boost (wk
11) Ag85A-specific CD4+ T cells from Ad5-85A boosted animals
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Fig. 1. Boosting BCG with Ad5-85A increases the frequencies of Ag85A-specific CD4+ T c
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and their respective pathology score (n = 9: r = �0.6331,
P = 0.0317) which was not observed when using frequency
data from pre-boost (wk 8) Ag85A-specific CD4+ T cells (n = 9:
r = �0.1743, P = 0.4696). This suggests the increase in Ag85A-
specific CD4+ T cell frequencies, observed 3 wk after boosting with
Ad5-85A, is associated with enhanced protection.

3.2. Assessment of T cell avidity pre- and post-boost

To further evaluate the functionality of Ag85A-specific CD4+ T
cell lines, an Ag85A-dose dependent proliferation assay was car-
ried out and EC50 values were calculated from the sigmoidal curves
using a nonlinear regression curve (supplementary Fig. 1). Fig. 2
illustrates comparisons of Ag85A-specific CD4+ T cell EC50 values
pre-boost and post-boost. We were able to make comparisons
between the EC50 values for 2 BCG animals (Fig. 2A) and for 3
BCG primed Ad5-85A boosted animals (Fig. 2B). Fig. 2C illustrates
Ag85A-specific CD4+ T cell EC50 values for all wk 8 Ag85A-
specific CD4+ T cell lines at pre-boost (all BCG and to be-boosted
animals – n = 9) and all Ad5-85A-boosted animals at wk 11
(post-boost, n = 5). Taken together, these data suggest that boost-
ing does not increase T cell avidity.

3.3. Boosting BCG with Ad5-85A leads to minimal epitope spreading

To map the regions of Ag85A recognised after BCG priming and
compare to the repertoire recognised post-Ad5-85A boost, the epi-
tope specificities of the Ag85A-specific CD4+ T cell lines were anal-
ysed using six pools of eleven peptides each (Fig. 3). There is
marked variation in epitope specificities between individual ani-
mals where: only #6642 reacted to pool one; #6509/#6639
reacted to pool two; after boosting all three animals reacted to pool
three which may contain the most dominant epitope; only #6509
reacted to pool four; and only #6642 reacted to pool six. Ag85A-
specific CD4+ T cell lines from these animals exhibited varying
levels of reactivity to the Ag85A protein (Fig. 3G) but they all had
the capacity to react to the PWM control (Fig. 3H). Only one out
of the three animals tested (#6509) exhibited a noticeable spread
in epitope specificity. This was indicated by positive reactions to
pool three from five cell lines derived from this animal out of the
eight post-boost Ag85A-specific CD4+ T cell lines; in comparison
to no positive reactions in the six pre-boost cell lines derived from
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evaluated in the Ag85A-dose dependent 3H-TdR proliferation assay and EC50 values were calculated from the sigmoidal curve using a nonlinear regression (Supplementary
Fig. 1). Figures A and B illustrate EC50 values (wk 8 vs wk 11) from 2 BCG-vaccinated control cows and 3 BCG-primed Ad5-85A-boosted cows, respectively. Figure C illustrates
all the Ag85A-specific CD4+ T cell EC50 values acquired from wk 8 (pre-boost) Ag85A-specific CD4+ T cell lines (from n = 9 animals) and Ad5-85A-boosted wk 11 (post-boost)
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Fig. 3. Pre- and Post-boost epitope specificities within Ag85A-specific CD4+ T cell lines from three BCG-primed and Ad5-85A-boosted cows. Ag85A-specific CD4+ T lines were
challenged with six pools of eleven overlapping Ag85A peptides in a 3H-TdR proliferation assay. Stimulation indexes (S.I.) for each of 3 Ad5-85A-boosted animals (X-axis)
were plotted in aligned dot-plots where open symbols represent pre-boost lines and closed symbols or crosses represent post-boost lines (left vs right, respectively, for each
animal). The horizontal dotted black line represents the S.I. threshold (=2).
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the same animal (Fig. 3C). No such widening of the epitope reper-
toire was observed when the peptide pool reactions were com-
pared pre- and post-boost in the other two animals. These data
indicate that boosting BCG-vaccinated cattle with Ad5-85A induces
minimal epitope spreading.
4. Discussion

In this study, we sought to determine whether increased pro-
tection against M. bovis infection, induced by boosting BCG with
Ad5-85A in cattle, was associated with changes in the: (i) fre-
quency of CD4+ T cells recognising Ag85A; (ii) avidity for Ag85A;
or (iii) changes in Ag85A epitope specificity. To this end, CD4+ T cell
libraries were generated – from animals used in previously pub-
lished vaccine efficacy experiments [19] – employing a method
adapted from Geiger et al. [20]. Analysis of these libraries, showed
that BCG vaccinated cattle boosted with Ad5-85A had increased
frequencies of Ag85A-specific CD4+ T cells and this correlated with
enhanced protection againstM. bovis-induced pathology. However,
boosting with Ad5-85A did not enhance the avidity of the Ag85A-
specific CD4+ T cell lines nor significantly alter their epitope speci-
ficity. Samples used to generate the post-boost libraries were from
wk 11 – two weeks after the peak of the response following the
boost [19] – when IFNc whole blood responses had returned to
background levels. This increased the probability of detecting
memory responses rather than effector responses.

It has been shown that antigen (Ag) persistence – as well as
dose – can lead to CD4+ T cell exhaustion (or terminal differentia-
tion) [23–26]. However, as Lindenstrom et al. indicated, none of
these studies examined differences in avidity or cytotoxic potential
[25]. Results from the current study indicate that boosting BCG
vaccinated cattle with Ad5-85A did not increase avidity; rather
there may be a tendency to low avidity in two out of three post-
boost libraries compared to the opposite trend in BCG-vaccinated
control animals. A low Ag85A-specific avidity might be advanta-
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geous during M. bovis infection because these cells may have
enhanced functional persistence during recall, as demonstrated
by Patke and Farber for influenza-specific CD4+ T cells [27]. Indeed,
Caserta et al. found, in situations of Ag persistence (e.g. tumour-
associated Ag), memory CD4+ T cells with low functional avidity
are more effective immune cells than those with high functional
avidity [28]. This may be due to: a delay in the expression of inhi-
bitory receptors (e.g. TIM3) which have been linked with T cell
exhaustion during bacterial recrudescence in chronic TB [29]; or
a reduced risk of T cell receptor down-regulation which has been
found to have a negative impact on the function (e.g. cytokine pro-
duction, recall proliferation and mycobacterial inhibition) of T cells
with high reactivity for ESAT6 in mice [30].

It is interesting to note one Ad5-85A boosted animal (#6639)
with the lowest post-boost EC50 values (high avidity) had the high-
est total pathology score in the Ad5-85A boosted group. However,
the frequencies of both pre- and post-boost Ag85A-specific CD4+ T
cells in this animal (#6639) were at the lower end of the spectrum
found in boosted cattle. This may suggest there was less efficient
BCG priming in this animal which may have restricted the
Ad5-85A boosting.

In this study, we foundminimal evidence of epitope spreading –
between the peptide pools – after boosting. In contrast, we found
marked variations in epitope specificities between animals, as seen
in the differences in Ag-specific reactivity to five out of the six
Ag85A peptide pools. This is likely to be a consequence of variation
in the Major Histocompatibility Complex (MHC) II alleles that pre-
sent antigen to CD4+ T cells. Indeed, molecular typing of animals
used in this experiment for one of the MHCII loci, DRB3 [31],
revealed diverse combinations of DRB3 alleles (data not shown)
which will lead to differences in the epitopes presented by differ-
ent animals. Diversity in MHC expression has been linked to vari-
ations in disease susceptibility [31] and it may have played a role
in the outcome of this experiment, i.e. some animals in the boosted
group were better protected than others.

Previous studies have reported different immunodominant
CD4+ and CD8+ T cell epitopes in the highly conserved Ag85 com-
plex (summarised by Huygen [32]). Interestingly, one of the three
Ad5-85A boosted animals in the present study had Ag85A-specific
CD4+ T cell responses to pool one (aa 1-55) (Fig. 3A) which includes
a region reported as a signal peptide (aa 1-33 [33]); we are not
aware of other studies that have reported epitopes in this region.
We also found the number of Ag85A-specific CD4+ T cell responses
to pool five (aa 221-285) was negligible (Fig. 3E) which is intrigu-
ing because at least one epitope with strong homology to this
region has been frequently reported in mice, guinea-pigs and
humans (reviewed by Huygen [32]). This may be an indication of
species-specific differences in Ag85A epitopes.

There is evidence to suggest that strong T helper 1 (Th1) Ag-
specific CD4+ T cell responses do not necessarily provide the best
protection during pulmonary TB infection but may instead facili-
tate mycobacterial dissemination [34–39]. Indeed, Coscolla et al.
found the majority of TB antigenic proteins are highly conserved
(76% epitopes analysed were in conserved non-essential genes
[34]) and hypothesise there may be a net evolutionary benefit from
T cell recognition for transmission [34,36]. Thus, a more modulated
immune response may be more effective at combating M. bovis
infection as suggested previously by Woodworth et al. [36,38].
Therefore, it may be beneficial to select for CD4+ T cells with a
low avidity for M. bovis Ag in future vaccine strategies.

In summary, although the number of animals used in this study
is relatively small, the results from these experiments indicate that
protection induced by boosting BCG with Ad5-85A is associated
with increased frequencies of Ag85A-specific CD4+ T cells but not
with increased avidity. This study also indicates that Ag-specific
CD4+ T cell epitope spread does not necessarily correlate with
the level of protection conferred by the vaccination strategy. To
our knowledge, this is the first study in cattle aiming to determine
whether there is an association between vaccine-induced protec-
tion and Ag-specific CD4+ T cell avidity and repertoire.
Funding

This work was funded by a BBSRC grant (BB/K010018/1); the
animal experiment from which material was derived was funded
by Defra project SE3224. MV is a Jenner Investigator. The funding
bodies did not have a role on the study design, collection, analysis
or interpretation of the data or the writing of the manuscript or in
the decision to publish the manuscript.
Conflict of interest

None.
Author contribution

Hannah J. Metcalfe adapted the CD4+ T cell methods to the
experiments, performed the experiments and wrote the paper;
Sabine Steinbach optimised the bovine CD4+ T cell library/avidity
methods and reviewed/edited the paper; Gareth J. Jones provided
advice in the setting up of the system and reviewed/edited the
paper; Tim Connelley was involved in design of the project and
contributed to experimental planning; W. Ivan Morrison was
involved in design of the project, contributed to experimental plan-
ning and reviewed/edited the paper; Bernardo Villarreal-Ramos
and Martin Vordermeier were both involved in design of the pro-
ject, contributed to experimental planning, provided advice in
the setting up of the system and reviewed/edited the paper. All
authors approved the final version of the submitted manuscript.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.vaccine.2016.07.
055.

References

[1] Vordermeier HM, Chambers MA, Buddle BM, Pollock JM, Hewinson RG.
Progress in the development of vaccines and diagnostic reagents to control
tuberculosis in cattle. Vet J 2006;171(2):229–44.

[2] Chambers MA, Carter SP, Wilson GJ, Jones G, Brown E, Hewinson RG, et al.
Vaccination against tuberculosis in badgers and cattle: an overview of the
challenges, developments and current research priorities in Great Britain. Vet
Rec 2014;175(4):90–6.

[3] Abernethy DA, Upton P, Higgins IM, McGrath G, Goodchild AV, Rolfe SJ, et al.
Bovine tuberculosis trends in the UK and the Republic of Ireland, 1995–2010.
Vet Rec 2013;172(12):312.

[4] Riviere J, Carabin K, Le Strat Y, Hendrikx P, Dufour B. Bovine tuberculosis
surveillance in cattle and free-ranging wildlife in EU Member States in 2013: a
survey-based review. Vet Microbiol 2014;173(3–4):323–31.

[5] Noonan MJ, Rahman MA, Newman C, Buesching CD, Macdonald DW. Avoiding
verisimilitude when modelling ecological responses to climate change: the
influence of weather conditions on trapping efficiency in European badgers
(Meles meles). Glob Change Biol 2015;21(10):3575–85.

[6] Krebs JR, Anderson R, Clutton-Brock T, Morrison I, Young D, Donnelly C. Bovine
tuberculosis in cattle and badgers – report to the Rt Hon Dr. Jack Cunningham
MP. The Ministry of Agriculture FaF; 1997.

[7] Griffin JF, Mackintosh CG, Buchan GS. Animal models of protective immunity
in tuberculosis to evaluate candidate vaccines. Trends Microbiol 1995;3
(11):418–24.

[8] Mangtani P, Abubakar I, Ariti C, Beynon R, Pimpin L, Fine PE, et al. Protection by
BCG vaccine against tuberculosis: a systematic review of randomized
controlled trials. Clin Infectious Diseases 2014;58(4):470–80.

[9] Waters WR, Palmer MV, Buddle BM, Vordermeier HM. Bovine tuberculosis
vaccine research: historical perspectives and recent advances. Vaccine
2012;30(16):2611–22.

http://dx.doi.org/10.1016/j.vaccine.2016.07.055
http://dx.doi.org/10.1016/j.vaccine.2016.07.055
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0005
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0005
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0005
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0010
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0010
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0010
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0010
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0015
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0015
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0015
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0020
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0020
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0020
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0025
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0025
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0025
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0025
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0035
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0035
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0035
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0040
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0040
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0040
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0045
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0045
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0045


H.J. Metcalfe et al. / Vaccine 34 (2016) 4520–4525 4525
[10] McShane H. Tuberculosis vaccines: beyond bacille Calmette-Guerin. Philos
Trans R Soc Lond B Biol Sci 2011;366(1579):2782–9.

[11] Backus KM, Dolan MA, Barry CS, Joe M, McPhie P, Boshoff HI, et al. The three
mycobacterium tuberculosis antigen 85 isoforms have unique substrates and
activities determined by non-active site regions. J Biol Chem 2014;289
(36):25041–53.

[12] Tanghe A, Dangy JP, Pluschke G, Huygen K. Improved protective efficacy of a
species-specific DNA vaccine encoding mycolyl-transferase Ag85A from
Mycobacterium ulcerans by homologous protein boosting. PLoS Negl Trop
Dis 2008;2(3):e199.

[13] Kuo CJ, Ptak CP, Hsieh CL, Akey BL, Chang YF. Elastin, a novel extracellular
matrix protein adhering to mycobacterial antigen 85 complex. J Biol Chem
2013;288(6):3886–96.

[14] McShane H, Pathan AA, Sander CR, Keating SM, Gilbert SC, Huygen K, et al.
Recombinant modified vaccinia virus Ankara expressing antigen 85A boosts
BCG-primed and naturally acquired antimycobacterial immunity in humans.
Nat Med 2004;10(11):1240–4.

[15] Stylianou E, Griffiths KL, Poyntz HC, Harrington-Kandt R, Dicks MD, Stockdale
L, et al. Improvement of BCG protective efficacy with a novel chimpanzee
adenovirus and a modified vaccinia Ankara virus both expressing Ag85A.
Vaccine 2015.

[16] Orme IM, Collins FM. Adoptive protection of the Mycobacterium tuberculosis-
infected lung. Dissociation between cells that passively transfer protective
immunity and those that transfer delayed-type hypersensitivity to tuberculin.
Cell Immunol 1984;84(1):113–20.

[17] Guleria I, Mukherjee R, Kaufmann SH. In vivo depletion of CD4 and CD8 T
lymphocytes impairs Mycobacterium w vaccine-induced protection against M.
tuberculosis in mice. Med Microbiol Immunol 1993;182(3):129–35.

[18] Vordermeier HM, Villarreal-Ramos B, Cockle PJ, McAulay M, Rhodes SG,
Thacker T, et al. Viral booster vaccines improve Mycobacterium bovis BCG-
induced protection against bovine tuberculosis. Infect Immunol 2009;77
(8):3364–73.

[19] Dean G, Whelan A, Clifford D, Salguero FJ, Xing Z, Gilbert S, et al. Comparison of
the immunogenicity and protection against bovine tuberculosis following
immunization by BCG-priming and boosting with adenovirus or protein based
vaccines. Vaccine 2014;32(11):1304–10.

[20] Geiger R, Duhen T, Lanzavecchia A, Sallusto F. Human naive and memory CD4+

T cell repertoires specific for naturally processed antigens analyzed using
libraries of amplified T cells. J Exp Med 2009;206(7):1525–34.

[21] Endsley JJ, Hogg A, Shell LJ, McAulay M, Coffey T, Howard C, et al.
Mycobacterium bovis BCG vaccination induces memory CD4+ T cells
characterized by effector biomarker expression and anti-mycobacterial
activity. Vaccine 2007;25(50):8384–94.

[22] Lefkovits IaW H. Limiting dilution analysis of cells in the immune
system. Cambridge: Cambridge University Press; 1979.

[23] Honda T, Egen JG, Lammermann T, Kastenmuller W, Torabi-Parizi P, Germain
RN. Tuning of antigen sensitivity by T cell receptor-dependent negative
feedback controls T cell effector function in inflamed tissues. Immunity
2014;40(2):235–47.
[24] Han S, Asoyan A, Rabenstein H, Nakano N, Obst R. Role of antigen persistence
and dose for CD4+ T-cell exhaustion and recovery. Proc Natl Acad Sci USA
2010;107(47):20453–8.

[25] Lindenstrom T, Knudsen NP, Agger EM, Andersen P. Control of chronic
mycobacterium tuberculosis infection by CD4 KLRG1-IL-2-secreting central
memory cells. J Immunol 2013;190(12):6311–9.

[26] Henao-Tamayo M, Obregon-Henao A, Ordway DJ, Shang S, Duncan CG, Orme
IM. A mouse model of tuberculosis reinfection. Tuberculosis 2012;92
(3):211–7.

[27] Patke DS, Farber DL. Modulation of memory CD4 T cell function and survival
potential by altering the strength of the recall stimulus. J Immunol 2005;174
(9):5433–43.

[28] Caserta S, Kleczkowska J, Mondino A, Zamoyska R. Reduced functional avidity
promotes central and effector memory CD4 T cell responses to tumor-
associated antigens. J Immunol 2010;185(11):6545–54.

[29] Jayaraman P, Jacques MK, Zhu C, Steblenko KM, Stowell BL, Madi A, et al. TIM3
mediates T cell exhaustion during Mycobacterium tuberculosis infection. PLoS
Pathog 2016;12(3):e1005490.

[30] Gallegos AM, Xiong H, Leiner IM, Susac B, Glickman MS, Pamer EG, et al.
Control of T cell antigen reactivity via programmed TCR downregulation. Nat
Immunol 2016;17(4):379–86.

[31] Behl JD, Verma NK, Tyagi N, Mishra P, Behl R, Joshi BK. The major
histocompatibility complex in bovines: a review. ISRN Vet Sci
2012;2012:872710.

[32] Huygen K. The immunodominant T-cell epitopes of the mycolyl-transferases
of the antigen 85 complex of M. tuberculosis. Front Immunol 2014;5:321.

[33] UniProtKB - P0C2T1 (A85A_MYCBO). Universal Protein Resource (UniProt);
2007 [cited 2015]. Diacylglycerol acyltransferase/mycolyltransferase Ag85A
protein sequence from Mycobacterium bovis (strain ATCC BAA-935/AF2122/
97)]. <http://www.uniprot.org/uniprot/P0C2T1>.

[34] Coscolla M, Copin R, Sutherland J, Gehre F, de Jong B, Owolabi O, et al. M.
tuberculosis T cell epitope analysis reveals paucity of antigenic variation and
identifies rare variable TB antigens. Cell Host Microbe 2015.

[35] Venkataswamy MM, Goldberg MF, Baena A, Chan J, Jacobs Jr WR, Porcelli SA. In
vitro culture medium influences the vaccine efficacy of Mycobacterium bovis
BCG. Vaccine 2012;30(6):1038–49.

[36] Woodworth JS, Andersen P. Reprogramming the T cell response to
tuberculosis. Trends Immunol 2016;37(2):81–3.

[37] Orme IM, Robinson RT, Cooper AM. The balance between protective and
pathogenic immune responses in the TB-infected lung. Nat Immunol 2015;16
(1):57–63.

[38] Woodworth JS, Aagaard CS, Hansen PR, Cassidy JP, Agger EM, Andersen P.
Protective CD4 T cells targeting cryptic epitopes of Mycobacterium
tuberculosis resist infection-driven terminal differentiation. J Immunol
2014;192(7):3247–58.

[39] Andersen P, Woodworth JS. Tuberculosis vaccines–rethinking the current
paradigm. Trends Immunol 2014;35(8):387–95.

http://refhub.elsevier.com/S0264-410X(16)30653-3/h0050
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0050
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0055
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0055
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0055
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0055
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0060
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0060
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0060
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0060
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0065
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0065
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0065
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0070
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0070
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0070
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0070
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0075
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0075
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0075
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0075
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0080
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0080
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0080
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0080
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0085
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0085
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0085
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0090
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0090
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0090
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0090
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0095
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0095
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0095
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0095
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0100
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0100
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0100
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0105
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0105
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0105
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0105
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0110
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0110
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0115
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0115
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0115
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0115
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0120
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0120
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0120
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0125
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0125
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0125
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0130
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0130
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0130
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0135
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0135
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0135
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0140
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0140
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0140
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0145
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0145
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0145
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0150
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0150
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0150
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0155
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0155
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0155
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0160
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0160
http://www.uniprot.org/uniprot/P0C2T1:
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0170
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0170
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0170
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0175
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0175
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0175
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0180
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0180
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0185
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0185
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0185
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0190
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0190
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0190
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0190
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0195
http://refhub.elsevier.com/S0264-410X(16)30653-3/h0195

	Protection associated with a TB vaccine is linked to increased frequency�of Ag85A-specific CD4+ T cells but no increase in avidity for Ag85A
	1 Introduction
	2 Materials and methods
	2.1 Vaccine experiment
	2.2 CD4+/CD14+ cell sorting and culture
	2.3 CD4+ T cell libraries
	2.4 Antigen-specific proliferation assay
	2.5 Ag85A-specific CD4+ T cell line maintenance
	2.6 Ag85A avidity and peptide assays
	2.7 Statistics

	3 Results
	3.1 Boosting BCG with Ad5-85A increases the frequency of Ag85A-specific CD4+ T cells which correlate with protection against M. bovis pathology
	3.2 Assessment of T cell avidity pre- and post-boost
	3.3 Boosting BCG with Ad5-85A leads to minimal epitope spreading

	4 Discussion
	Funding
	Conflict of interest
	Author contribution
	Appendix A Supplementary material
	References


