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bstract

Putative TB vaccine candidates were selected from lists of genes induced in response to in vivo-like stimuli, such as low oxygen and carbon
tarvation or growth in macrophages, and tested as plasmid DNA vaccines for their ability to protect against Mycobacterium tuberculosis
hallenge in a guinea pig aerosol infection model. This vaccination method was chosen as it induces the Th1 cell-mediated immune response
equired against intracellular pathogens such as M. tuberculosis. Protection was assessed in the guinea pig model in terms of mycobacteria
resent in the lungs at 30 days post-challenge. Protection achieved by the novel candidates was compared to BCG (positive control) and
aline (negative control). Four vaccines encoding for proteins such as PE and PPE proteins, a zinc metalloprotease and an acyltransferase,

ave a level of protection that was statistically better than saline in the lungs. These findings have enabled us to focus on a sub-set of vaccine
andidates for further evaluation using additional vaccination strategies.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Currently, the only available vaccine against tuberculo-
is (TB) is bacillus Calmette-Guérin (BCG) and has been
eceived by over three billion people worldwide [1]. Although

CG is most effective in protecting children from the disease,

ts efficacy varies globally, ranging from 0% to 80% [2], so
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hat the development of an improved vaccine is a research
riority [3].

The past two decades have seen a significant increase in
he development of potential new vaccines for tuberculosis,
ue mainly to advances in the discovery and characterisa-
ion of Mycobacterium tuberculosis virulence factors, aided
y the publication of the complete TB genome sequence [4].
everal methods of vaccine delivery have been used in pre-
linical screening of TB vaccines with no particular delivery
oute or formulation being favoured [5,6]. One method of
elivering sub-unit vaccines is the direct delivery of DNA
ncoding the gene of interest. Here the genes encoding the

rotein antigens are delivered into host cells thereby enabling
ntigen production to occur in vivo. DNA vaccines stim-
late both the MHC Class II restriction and MHC Class
restricted antigen presentation pathways, and the strong
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days post-aerosol challenge. We report here that four of the
selected genes were able to afford protection that was signif-
icantly better than the negative control group on two repeat
experiments.
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. Materials and methods

.1. Bacterial strains and plasmids

Escherichia coli strain DH5� was cultured in Luria-
ertani medium as previously described [29]. Plasmid
VAX1 and Pfx DNA polymerase were obtained from Invit-
ogen, Paisley, UK. Endotoxin-free plasmid purification kits
ere used according to the manufacturer’s instructions (Qia-
en, Crawley, UK).

.2. Selection of vaccine candidates

Lists of M. tuberculosis genes (data not shown) induced
uring infection of macrophages, were generated using dif-
erential fluorescence induction (DFI) as a silent marker
f gene expression in a model of infection [26]. Briefly,
. tuberculosis H37Rv was transformed with a plasmid

romoter library and a macrophage infection assay per-
ormed using J774A.1 cells (ECACC, Salisbury, UK). Mul-
iple rounds of differential screening using a CL3-contained
ACS sorter (Becton-Dickinson, New Jersey, USA) enabled
nduced promoters to be identified following sequencing of
ecovered plasmids from cell-sorted M. tuberculosis [30].
enes that were up- or down-regulated in response to relevant

nvironmental stresses, as determined by DNA microarray
nalysis, were selected from either an oxygen-depleted con-
inuous culture [27] or a carbon-depleted stationary-phase

odel [28] of M. tuberculosis, respectively. Briefly, a sam-
le of RNA was extracted from four independent chemo-
tat cultures grown under both oxygen-replete and oxygen-
epleted conditions, and from one culture grown under
arbon-depleted conditions, and then used for DNA microar-
ay as described previously [27,28]. Genes showing statis-
ically significant changes in expression level were selected
y at least a 1.5-fold change in expression combined with
elch’s approximate t-test and a P-value cut off of 0.05.

xpression levels of at least 5-fold higher or lower at day
0 relative to day 5 were used for those genes identified
rom the stationary-phase culture. The analysis of expres-
ion levels was performed using GeneSpring software and
nformation can be found at the Agilent Technologies web-
ite [31]. Selection criteria (e.g., novel, secretory, homology
o known virulence factors and predicted expression level)
ere applied to these lists to identify a sub-set of genes that
ere likely to provide novel vaccine candidates (Table 1 ).

.3. DNA vaccine vector construction

Standard molecular biology techniques were used
hroughout [29]. The plasmid pVAX1 was designed in accor-
ance with the FDA guidelines for DNA vaccine vectors.
J. Vipond et al. / Vaccin

CD8+ T cell response resulting from the MHC Class I presen-
tation is a characteristic of DNA vaccines [7]. DNA vaccines
have been used as a successful approach for several TB
candidates [8–11] and are likely to remain a common for-
mulation method for at least the initial evaluation of vaccine
potential, especially with their ease of preparation and stabil-
ity, plus the adjuvant effect that they elicit upon delivery.
To enhance DNA vaccination, plasmids can encode for a
secreted form of the protein by fusing the gene to the sig-
nal sequence of human tissue plasminogen activator (tPA),
often including the 12-residue pro-sequence [12–15]. These
are often more immunogenic than plasmids purely encod-
ing the mature form of the protein [16] and inclusion of
the pro-sequence is thought to enhance intracellular trans-
port [17].

Two of the main models used for preclinical TB vaccine
screening are the low-dose aerosol mouse and guinea pig
models. The majority of the work has been carried out in
various mouse models due to their low cost and the wealth
of immunological reagents. However, there is an increased
knowledge and availability of the guinea pig infection model
of tuberculosis and new immunological reagents are con-
tinuously being developed, thus leading to an increase in
vaccine testing in the guinea pig model [6,18–24]. Aerosol
infection of guinea pigs with a low-dose of M. tubercu-
losis results in a progression of disease that is similar to
that seen in humans [25]. The difference between vacci-
nated and unvaccinated guinea pigs tends to be greater
than similarly treated mice and thus the guinea pig model
is more discriminative than mice for vaccine evaluation
[23]. Guinea pigs also develop delayed-type hypersensitivity
(DTH) reactions that histologically closely resemble those of
humans.

An effective sub-unit vaccine would have many advan-
tages over a live, attenuated vaccine such as BCG, and
in this study we used two complementary approaches
to identify genes required for infection that could sub-
sequently be used as vaccines. Differential fluorescence
induction (DFI) was used to reveal genes expressed dur-
ing mycobacterial growth in macrophages [26], while
microarray and transcriptome analyses were undertaken
on cells grown under defined and controlled conditions
reflecting those likely to be encountered in the host
[27,28].

In this study we evaluated DNA vaccines encoding
selected genes for their ability to protect guinea pigs against
a low-dose of M. tuberculosis delivered via the aerosol route.
Candidates selected from those identified by DFI or con-
trolled growth conditions were compared against the current
vaccine, BCG and a saline control. Vaccine candidate effi-
cacy in guinea pigs was assessed on the basis of reducing
the bacterial burden of M. tuberculosis in the lungs at 30
he basic vector containing the cytomegalovirus (CMV)
mmediate/early promoter and bovine growth hormone (bgh)
olyadenylation sequence, was modified by the introduc-
ion of linkers encoding the signal peptide and pro-sequence



6342 J. Vipond et al. / Vaccine 24 (2006) 6340–6350

Table 1
Selected vaccine candidates with their predicted functions and conditions from which they were identified

Group number Vaccine candidate H37Rv gene Predicted function Identifying growth
condition

1

1
Rv1477 Putative exported p60

homologue
DFIa

Rv1478 Hypothetical Invasion
protein

2 Rv1994c Transcriptional
regulatory protein

Up-regulation under low
oxygen

3 Rv1919c Conserved hypothetical
protein

DFI

4 Rv3174 Probable short-chain
dehydrogenase

Up-regulation under low
oxygen

5 Rv3402c Conserved hypothetical
protein

Up-regulation under low
oxygen

6 Rv2462 tig Probable trigger-factor
protein

DFI

2

7
Rv1344 Probable acyl-carrier

proteins
Up-regulation under low
oxygen

Rv1345 fadD33 Possible polyketide
synthase

Rv1346 fadE14 Possible acyl Co-A
dehydrogenase

8
Rv1130 Conserved hypothetical

protein
Up-regulation under low
oxygen

Rv1131 gltA1 Probable citrate
synthase

Rv1132 Conserved membrane
protein

9 Rv2386c mbtI Putative isochorismate
synthase

Up-regulation under low
oxygen

10 Rv0251c hsp Heat shock protein Up-regulation under low
oxygen and carbon
starvation

11 Rv0384c clpB Probable ATP-binding
protein

DFI

12 Rv1179c Hypothetical protein DFI

3

13 Rv0111 Acyltransferase Up-regulation under
carbon starvation and
high oxygen

14 Rv1646 PE17 PE protein DFI
15 Rv1799 lppT Probable lipoprotein Up-regulation under

high oxygen
16 Rv1917c PPE34 PPE protein Up-regulation under

carbon starvation and
high oxygen

17

Rv1909c furA Ferric uptake regulatory
protein

DFI

Rv1910c Probable exported
protein

Rv1911c lppC Probable lipoprotein
Rv1912c fadB5 Possible oxidoreductase

18

Rv0913c Possible dioxygenase Up-regulation under
carbon starvation and
high oxygen

Rv0914c Possible lipid carrier
protein

Rv0915c PPE14 PPE family protein
Rv0916c PE7 PE family protein
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Table 1 (Continued )

Group number Vaccine candidate H37Rv gene Predicted function Identifying growth
condition

4

19
Rv2671 ribD Possible riboflavin

biosynthesis protein
DFI

Rv2672 Possible secreted
protease

Rv2673 Possible conserved
integral membrane
protein

20

Rv2037c Possible transmembrane
protein

DFI and up-regulation
under carbon starvation

Rv2038c Probable sugar-transport
ATP-binding protein

Rv2039c Probable sugar-transport
integral ABC transporter

Rv2040c Probable sugar-transport
integral ABC transporter

Rv2041c Probable sugar-binding
lipoprotein

21
Rv1167c Probable regulatory

protein
Rv1168c PPE17 PPE family protein Up-regulation under low

oxygen
Rv1169c PE11 PE family protein

22 Rv0785 Conserved hypothetical
protein

Up-regulation under
carbon starvation

23 Rv3639c Conserved hypothetical
protein

Up-regulation under low
oxygen

24 Rv0847 lpqS Probable lipoprotein Up-regulation under low
oxygen

5

25
Rv0395 Hypothetical protein Up-regulation under

carbon starvation and
low oxygen

Rv0396 Hypothetical protein
Rv0397 Conserved repeat family

protein

26

Rv3444c esxT Putative ESAT-6 like
protein

Rv3445c esxU Putative ESAT-6 like
protein

Rv3446c Hypothetical alanine
and valine rich protein

Up-regulation under low
oxygen

Rv3447c Probable conserved
membrane protein

27
Rv2316 uspA Probable ABC sugar

transport
Up-regulation under
high oxygen

Rv2317 uspB Probable sugar transport
membrane protein

Rv2318 uspC Probable periplasmic
sugar-binding
lipoprotein

28
Rv0816c thiX Probable thioredoxin Up-regulation under

high oxygen
Rv0817c Probable conserved

exported protein

29
Rv2667 clpC2 Possible ATP-dependent

protease
Up-regulation under
high oxygen

Rv2668 Possible exported
alanine and valine rich
protein

Rv2669 Conserved hypothetical
protein
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Table 1 (Continued )

Group number Vaccine candidate H37Rv gene Predicted function Identifying growth
condition

30
Rv1840c PE-PGRS protein Up-regulation under low

oxygen
Rv1841c Conserved hypothetical

membrane protein
Rv1842c Conserved hypothetical

membrane protein

6

31 Rv0198c Probable zinc
metalloprotease

Down-regulation under
carbon starvation

32 Rv0228 Probable acyltransferase Up-regulation under
carbon starvation

33
Rv2999 lppY Probable conserved

lipoprotein
Rv3000 Conserved hypothetical

membrane protein
Up-regulation under low
oxygen

34
Rv1806 PE20 PE protein Up-regulation under

carbon starvation
Rv1807 PPE31 PPE family protein

35 Rv3812 PE PGRS62 PE-PGRS protein Up-regulation under low
oxygen

7

36 Rv1228 lpqX Probable lipoprotein Up-regulation under low
oxygen

37 Rv2516c Hypothetical protein Up-regulation under low
oxygen

38
Rv0544c Possible conserved

transmembrane protein
Down-regulation under
carbon starvation

Rv0545c pitA Probable low affinity
inorganic phosphate
transporter

39
Rv1342c Conserved membrane

protein
Up-regulation under low
oxygen

Rv1343c lprD Probable conserved
lipoprotein

40

Rv3756 proZ Possible osmoprotectant Up-regulation under low
oxygen

Rv3757 proW Possible osmoprotectant
Rv3758 proV Possible osmoprotectant
Rv3759 proX Possible osmoprotectant

8

41
Rv2896c Conserved hypothetical

protein
Rv2897c Conserved hypothetical

protein
Up-regulation under
high oxygen

Rv2898c Conserved hypothetical
protein

42
Rv1761c Hypothetical exported

proteins
Up-regulation under
high oxygen

Rv1762c Hypothetical protein

43
Rv0848 cysK2 Possible cysteine

synthase
Up-regulation under
carbon starvation

Rv0849 Probable conserved
integral membrane
transport protein

44 Rv0917 betP Glycine betane
transporter

Up-regulation under
carbon starvation

45
Rv1633 uvrB Probable exonuclease Up-regulation under low

oxygen
Rv1634 Possible drug efflux

membrane protein

46
Rv2144c Probable

transmembrane protein
Down-regulation under
carbon starvation

Rv2145c wag31 Conserved hypothetical
protein
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Table 1 (Continued )

Group number Vaccine candidate H37Rv gene Predicted function Identifying growth
condition

47
Rv2460c clpP2 Probable ATP-dependent

clp protease
DFI

Rv2461c clpP1 Probable ATP-dependent
clp protease

Where an identified gene formed an operon then each gene within that operon was represented in the vaccine with an equal concentration of DNA. Vaccines
were evaluated in eight independent experiments, designated groups 1–8.
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culosis. Vaccine efficacy was assessed in terms of reduction
a Differential fluorescence induction, used to identify genes expressed du

f tPA to form pVAX1tPA. To allow studies on candi-
ate expression in vitro, a linker encoding a 6-His tag was
nserted into the vector to form the derivative pVAX1tPAHIS.
CR amplification of the gene encoding eGFP (Clontech,
xford, UK) and ligation of the amplified fragment into
VAX1tPAHIS created a second in vitro expression vector
VAX1tPAeGFPHIS. All vectors contained in-frame cloning
ites with compatible cohesive ends corresponding to those
ntroduced into the ends of cloned antigens by PCR; these
ere AT-rich, and thus rare (HindIII) or absent (PacI) in the
. tuberculosis genome.

.4. DNA vaccine construction

Selected vaccine candidate genes were screened for the
resence of a predicted signal peptide using SignalP [32].
ll of the genes were amplified from M. tuberculosis H37Rv

hromosomal DNA using Pfx polymerase (Invitrogen), using
rimers designed from the M. tuberculosis genome sequence
atabase. Primers incorporated restriction sites to allow in-
rame fusion to the tPA signal peptide/pro sequence at the start
f the mature gene sequence (minus the start codon) and the
-His tag at the carboxy terminus where required. PCRs were
arried out using cycle conditions of 95 ◦C, 1 min, followed
y 30 cycles of 95 ◦C, 15 s, 60 ◦C, 15 s, 68 ◦C, 15 s, followed
y a final extension of 68 ◦C, 7 min. PCR amplified genes
ere cloned into pVAX1tPA. Selected clones were verified
y sequencing, following analysis by restriction digestion.
he sequenced gene fragments were sub-cloned into a related
ector for in vitro studies (pVAX1tPAeGFPHIS). Large-scale
ndotoxin-free preparations of plasmid (Qiagen) were then
ade to obtain plasmid DNA at 1 mg/ml (total of 6 mg per

andidate). Where the vaccine candidate was comprised of
ore than one gene (e.g., an operon such as vaccine candidate

, Table 1) then each gene within that operon was repre-
ented in the vaccine with an equal concentration of plasmid
NA.

.5. In vitro expression
Vaccine candidates were sub-cloned into pVAX-
tPAeGFPHIS and transfected into COS-7 cells (ECACC,
alisbury, UK) grown on poly-d-lysine coated cover slips

i
g
w
c

wth in macrophages.

BD Bioscience) using Lipofectamine 2000TM (Invitrogen).
OS-7 cells were maintained in DMEM (supplemented with
00 U/ml penicillin, 100 �g/ml streptomycin, 10% foetal
alf serum and 2 mM glutamine) at 37 ◦C and 5% CO2
or 24 h. Cells were viewed 24 h post-transfection using a
ITC filter on a fluorescence microscope at a wavelength of
60–500 nm.

.6. Vaccination and aerosol infection of guinea pigs

Female Dunkin–Hartley guinea pigs (David Hall, Burton-
n-Trent, UK) were vaccinated with plasmid DNA consti-
utively expressing selected TB genes. Briefly, 100 �g of
NA was injected intramuscularly into both hind quadri-

eps muscles of each guinea pig (six animals per group).
s it was not possible to evaluate all 47 candidates in 1

xperiment, they were divided into 8 groups for evalua-
ion (generally 6 candidates plus controls). Each vaccina-
ion group also contained both positive (BCG) and negative
saline) controls against which the vaccine candidates were
ssessed. One group also included an empty vector control
o ensure there were no non-specific mechanisms of pro-
ection. The six positive control animals were inoculated
ub-cutaneously with 5 × 104 cfu BCG Pasteur, and six neg-
tive control animals received saline. DNA-vaccinated ani-
als received booster vaccinations as above after 3 and 6
eeks. Six weeks after the final vaccination animals were

erosol challenged, using a contained Henderson appara-
us with M. tuberculosis H37Rv (NCTC 7416) to give a
etained dose in the lung of approximately 20–50 cfu per ani-
al [33].
Protection was assessed 30 days post-challenge as

escribed previously [33]. Lung tissue was aseptically
emoved post-mortem and homogenised in10 ml sterile dis-
illed water. Ten-fold dilutions of these samples were per-
ormed (10−1, 10−2, 10−3) and plated onto Middlebrook
H11 plus OADC selective agar. Plates were incubated at
7 ◦C and examined after 3 weeks for growth of M. tuber-
n bacterial counts in lungs compared to the saline control
roup. The mean log10 cfu of test vaccines were compared
ith the negative controls and differences analysed statisti-

ally (see below).
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.7. Statistical analysis

Values for the mean and standard error of the mean were
alculated for each data set. Data was analysed both by the
tudent’s t-test and ANOVA, using Fisher’s pair-wise com-
arisons to compare the mean values of all the groups in the
xperiments. Probability values of <0.05 were taken as sig-
ificant and promising candidates were re-assessed in repeat
roups.

. Results

.1. Vaccine candidate selection

M. tuberculosis genes initially identified as possible vac-
ine candidates, included (i) those genes that were induced in
esponse to infection and growth in macrophage (identified by
FI [26,30]), and (ii) those that were up- or down-regulated

n response to oxygen and carbon limitation (identified by
NA microarray analysis of mRNA isolated from cultures

27,28]). Lists of genes were then subjected to further selec-
ion to reduce the number of candidates. The selection criteria
gainst which the candidates were chosen were:

1) Novel: to our knowledge, all candidates that were
selected were not patented, published or being investi-
gated by others as a TB vaccine at the time of the study.

2) Secretory: secreted antigens were considered to make
better candidates for activation of both CD4+ and CD8+

T cells, thereby explaining why the majority of immuno-
genic TB antigens are those present in the culture fil-
trate of M. tuberculosis. This was investigated by the
use of SignalP (a program that predicts the presence
and location of signal peptide cleavage sites based on
a combination of several neural networks and hidden
Markov models) [32]. Approximately 60% of selected

candidates were predicted to be secreted using this
approach.

3) Supporting data: if the candidate was identified from
more than one growth condition then there was more sup-

2
t
a
s

ig. 1. Schematic diagram of the various forms of pVAX1tPA showing orientation of
ion cloning site (RCS) and bgh polyadenylation sequence (bgh). Plasmid pVAX1tP
etection.
(2006) 6340–6350

porting data for its inclusion as a vaccine candidate (six
candidates met this criterion). Also, a focus on candidates
that had a virulence-associated function, or homology to
known virulence factors, increased the chances of the
candidate having a potential role in infection.

4) Predicted expression levels: where available, published
data detailing predicted gene expression levels, indicat-
ing genes that are highly expressed, were used to select
several candidates (data not shown) [34–36].

Ultimately 47 vaccine candidates (comprising 92 genes)
ere selected using the above criteria from the lists of DNA
icroarray analysis of cultures grown under defined condi-

ions and candidates identified by DFI (Table 1).

.2. Construction of pVAX1tPA and pVAX1tPAeGFPHIS
ectors

Fig. 1 details pVAX1tPA showing the orientation of the
MV promoter (PCMV), tPA signal peptide/pro-sequence

tPA), restriction cloning site (RCS) and bgh polyadenyla-
ion sequence (bgh). Plasmid pVAX1tPAeGFPHIS shows
he cloned His tag (His) and the eGFP fragment used
or immunofluorescence detection. DNA fragments of the
elected vaccine candidates obtained by PCR were digested
ith each restriction endonuclease and ligated into PacI- and
indIII-digested plasmid pVAX1tPA. The resultant clones
ere confirmed by restriction analysis and DNA sequencing

data not shown).

.3. In vitro expression

Positively identified vaccine clones were sub-cloned into
VAX1tPAeGFPHIS to evaluate expression in vitro prior
o vaccination. COS-7 cells (ECACC, Salisbury, UK) were
ransfected with the positive clones using Lipofectamine

000TM (Invitrogen). eGFP fluorescence in COS-7 cells
ransfected with the positive vaccine clones confirmed the
bility of the plasmid to produce the protein. All genes were
hown to be expressed prior to vaccination (data not shown).

the CMV promoter (PCMV), tPA signal peptide/pro-sequence (tPA), restric-
AeGFPHIS shows the cloned eGFP fragment used for immunofluorescence
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Fig. 2. (A) Bacterial log10 reduction in the lungs, compared to saline control,
as a marker of DNA vaccine candidate efficacy following aerosol challenge
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ith M. tuberculosis H37Rv. (B) Bacterial log10 reduction following a repeat
hallenge experiment. The bars indicate the mean ± S.E. (n = 6), *P < 0.05
Student’s t-test).

.4. Protection against M. tuberculosis aerosol
hallenge

To evaluate any potential protective effect of the candidate
accines, groups of six guinea pigs received three DNA vac-
inations followed by an aerosol challenge of H37Rv at week
5. Fig. 2(A) shows log10 cfu reduction from saline in lungs
f animals challenged with virulent M. tuberculosis by the
erosol route. The antigens used for vaccination are indicated
nd the results are the mean ± S.E. from groups of six guinea
igs. Also included in the evaluation was an empty vector
ontrol group to ensure there was no non-specific protection.
he experiment was repeated with the DNA vaccine candi-

ates that showed statistically significant cfu reduction in the
ungs compared to saline, and these are shown in Fig. 2(B).

In summary, none of the candidates protected better than
r as well as BCG, although eight candidates gave a level

a
t
t
g

(2006) 6340–6350 6347

f protection that was better than the saline or vector con-
rol groups in the lungs on the first evaluation. Four of these
andidates (Rv0111, Rv0198c, Rv3812 and Rv1806–1807)
isplayed protection that was statistically better than saline,
y the Student’s t-test (p < 0.05) and ANOVA, after the sec-
nd repeat experiment (Fig. 2 and Table 2), but there was no
tatistically significant difference between these candidates.

. Discussion

Complementary approaches have been used to identify
enes that were expressed or up- or down-regulated under
onditions that M. tuberculosis might encounter in the host
nd which could, therefore, be considered as potential vaccine
andidates. DFI was used as a silent marker of gene expres-
ion to reveal TB genes induced during uptake and replication
n the macrophage, a key step in the infection process, while
he controlled environment culture studies enabled us to grow

. tuberculosis in a defined and virulent physiological state
nder conditions relevant to the host (low oxygen [27], carbon
tarvation [28]). The strategy for identifying putative pro-
ective antigens from the gene lists generated from the DFI
tudies and from microarray analysis of extracted RNA, was
ased upon specific selection criteria (e.g., proteins likely to
e secreted and thus more accessible to the immune system,
enes that were identified by more than one approach, genes
hat were novel, and any additional supporting data such
s putative virulence-associated functions). This enabled a
hort-list of 47 candidates to be drawn up for evaluation out
f a total of several hundred genes. Lists of genes have also
een generated by others studying the gene expression pro-
le of M. tuberculosis [37,38]. In one of these studies, where
hanges in the expression profile of H37Rv and a sigH mutant
ere examined in response to the oxidising agent, diamide,

wo of our vaccine candidates were identified. Rv0251c was
hown to be induced due to this general stress response in a
igH-independent manner and Rv1130 in a sigH-dependent
anner [37]. This provided subsequent confirmatory data (to

ur finding of induction under low oxygen and carbon starva-
ion) that these genes are involved in the response to stresses
hat may be encountered in vivo and therefore could be rel-
vant targets for a directed immune response. The selected
7 candidates were systematically evaluated for their ability
o protect guinea pigs against a low-dose of M. tuberculosis
ompared with BCG and a saline control.

There was no obvious relationship between the putative
unctions of the four candidates that were protective in both
he first and second rounds of evaluation. Three of the can-
idates, PE and PPE proteins (Rv1806–1807, Rv3812) and
n acyltransferase (Rv0111), were up-regulated under con-
itions of stress that may be encountered in the host (oxygen

nd carbon starvation) and were thought to be important in
he stress response or in persistence. Approximately 10% of
he M. tuberculosis genome is allocated to the PE and PPE
ene families, and although their exact function is unknown,
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Table 2
Viable M. tuberculosis log10 cfu counts in the lungs from guinea pigs vaccinated with DNA vaccines compared to unvaccinated (saline) animals and BCG-
vaccinated animals relevant to each experiment group

Vaccine First evaluation log10 cfu Log10 reductiona Second evaluation log10 cfu log10 reductiona

BCGb 3.79 ± 0.12 2.11 3.23 ± 0.14 2.01
Saline 5.90 ± 0.21 0.00 5.24 ± 0.08 0.00
Rv0111c 5.21 ± 0.11 0.69 4.55 ± 0.17 0.69
BCGb 3.49 ± 0.34 1.77 3.45 ± 0.32 1.96
Saline 5.26 ± 0.33 0.00 5.41 ± 0.20 0.00
Rv0785 4.41 ± 0.20 0.85 5.33 ± 0.33 0.08
Rv0847 4.40 ± 0.10 0.86 5.20 ± 0.09 0.21
Rv2037 4.52 ± 0.23 0.74 5.20 ± 0.18 0.21
BCGb 3.23 ± 0.14 2.01 3.45 ± 0.10 2.1
Saline 5.24 ± 0.08 0.00 5.55 ± 0.20 0.00
Rv0198cc 4.42 ± 0.10 0.82 5.02 ± 0.19 0.53
Rv3812c 4.73 ± 0.14 0.51 4.89 ± 0.09 0.66
Rv2999 4.53 ± 0.16 0.71 5.31 ± 0.18 0.24
Rv1806c 4.72 ± 0.23 0.52 4.94 ± 0.21 0.61

The values given are means (±S.E.) (n = 6) for both the first and second evaluations.
a log10 reduction in cfu compared to saline.
b p < 0.01 for first and second evaluations.
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c p < 0.05 for first and second evaluations.

similar example has been observed where unknown sur-
ace antigens of other pathogens that are targets for the
ost’s immune response have been used as vaccine candidates
39]. Interestingly, TB patients have been shown to mount
n immune response to PE proteins, in particular Rv1759
nd Rv3367 [7,36], and a significant proportion of BCG-
accinated donors have been found to recognise the PPE
rotein, Rv3873 [40]. Mice have also been shown to produce
ntibodies to the PE PGRS protein encoded by Rv1818c fol-
owing an aerosol infection with M. tuberculosis [41]. These
ata indicate that at least some of the genes belonging to this
amily are expressed by M. tuberculosis in vivo and could be
ecognised by the host immune response. Although there is no
upporting evidence for the use of an acyltransferase as a vac-
ine candidate, other than the consistent results we obtained,
uch a protein may play a critical role in enzyme activity,
uch as in lipid metabolism and cell wall biosynthesis. We
re currently trying to establish a guinea pig model of chronic
nfection, aimed at simulating latency, and studies to identify
hether Rv0111 is expressed in acute or chronically infected
uinea pigs are underway. The fourth candidate, a zinc met-
lloprotease (Rv0198c), was selected based on its possible
irulence-associated function. Unlike the other candidates,
his gene was down-regulated under carbon starvation. This

ay reflect a shift in expression towards a general stress
esponse, whereby the bacterium is tightly regulating its viru-
ence factors and expressing them only when required, and in
his instance, not during carbon starvation. Zinc metallopro-
eases are widely distributed in both Gram positive and Gram
egative bacteria, and although a role as a virulence factor in

. tuberculosis has not been identified, they have been pro-

osed as a major virulence determinant in several pathogens,
.g. Burkholderia cenocepacia, Clostridium botulinum and
acillus anthracis [42–45].

u
p
t
m

Many TB vaccine candidates have been identified using
he mouse challenge model; however, some of these candi-
ates are not necessarily protective when they are progressed
hrough the hierarchy of animal models, in particular the
uinea pig [18,21,46–48]; a notable exception to this is M.
uberculosis 72 kDa fusion polypeptide, where survival in
he guinea pig has been shown to be comparable with BCG
49,50]. The guinea pig is regarded as a more stringent model
f human tuberculosis than the mouse model and for this
eason it is widely used to evaluate new vaccines. Conse-
uently, we chose to screen candidates for protective efficacy
irectly in the guinea pig aerosol infection model. This strat-
gy of using a more discriminatory screening model, together
ith our selection criteria, enabled us to reduce the num-
er of candidates to be evaluated to a manageable number
nd to identify four that afforded a significant and repro-
ucible level of protection. The levels of protection seen in
ur study are comparable to other DNA vaccines tested in the
uinea pig model (e.g. Ag85A and Mtb72f), with a cfu log
eduction of between 0.5 and 1.0 [18,50,51]. Sub-unit vac-
ines (delivered as either protein adjuvant or naked DNA)
enerally afford lower and rarely equal protection to BCG
gainst challenge with M. tuberculosis in guinea pigs; how-
ver, prime-boost strategies are able to enhance the level of
rotection. In these strategies DNA can be used to prime
he immune response, then a second vaccination is used
o induce a greater response, or BCG can be used as the
rime followed by a sub-unit boost [52]. The regimen of
NA as a prime for the Th1 and MHC Class I type immune

esponse, followed by a subsequent protein boost has been

sed successfully with HIV and malaria [53,54]. Thus, the
rime-boost regimen may be the most effective approach in
he future for DNA vaccination, particularly in larger animal

odels.
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In conclusion, we have demonstrated the success of using
ur selection process coupled with the more stringent guinea
ig model to move from lists of several hundred potential vac-
ine candidates down to four that afforded a significant level
f protection. We have shown that a plasmid-based system is
deal for screening large numbers of candidate vaccines with
espect to relative ease of preparation, cost and time; how-
ver, DNA vaccination is likely to be more effective in larger
nimal models and humans when administered as a prime-
oost vaccination regimen, or when given as a combination
pproach with BCG. These delivery approaches will be used
o further evaluate a selection of the protective candidates
dentified in this study.
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