CHAPTER 15

Despite sometimes not being recognized, the direct and indirect costs of TB,
and the social consequences, are often catastrophic for the individual patient,
the family, and the wider community

All Is Running – Angel Ramírez
Sculpture
(224 x 200 cm)
‘But it wasn’t! This day never existed
in any calendar of the world!...
Really, never existed. Life is good.’

The Fear (Poem) – Dulce María Loynaz
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DNA Vaccines for the
Prophylaxis of Tuberculosis
Marta Romano and Kris Huygen

Abstract
Plasmid DNA vaccination is a powerful and easy method for the induction of
strong humoral and CMI responses in mice. By virtue of its strong capacity to
induce CD4+ mediated Th1 and CD8+ mediated CTL responses, this vaccine
approach is particularly attractive for the prophylaxis of intracellular pathogens,
such as MTB and other pathogenic mycobacteria. DNA vaccination has also
been successfully applied for the characterization of immunodominant, human
T cell epitopes using HLA-transgenic mice. In small rodents, the potential
of mycobacterial DNA vaccines is well established but in humans and larger
animals, DNA vaccines are less immunogenic. In vivo electroporation and
the use of appropriate costimulants that trigger dendritic cells may help
to overcome this low immunogenicity. Also, DNA vaccines appear to be
particularly effective for priming immune memory and subsequent boosting
with recombinant protein, recombinant pox-viruses or with M. bovis BCG
vaccine are particularly promising for future applications. Although DNA
vaccines targeting TB or other mycobacterial diseases have not been tested in
humans so far, major breakthroughs in the field of cancer and AIDS and the
licensing of three DNA vaccines for veterinary use give reasonable hope that
these vaccines will get into the clinical pipeline sooner or later. The most likely
formulation that may eventually reach Phase I and Phase II clinical testing,
may be a combination of plasmid DNA—encoding protective (fusion)-proteins
or a string-of beads poly-epitope—with the existing M. bovis BCG vaccine.
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Vaccines protecting at the same time against primary TB and against reactivation
of latent TB will undoubtedly have the biggest impact on the control of this
infectious disease.

Introduction
Almost 20 years ago, Felgner and colleagues described for the first time that
intramuscular injection of naked plasmid DNA encoding the bacterial enzyme
β-galactosidase could lead to direct gene transfer to myocytes, transcription in
the nucleus, and subsequent synthesis of the enzyme by the muscle cell (1). In
1992, Tang demonstrated that this plasmid injection could elicit an immune
response (2) and the next year it was shown that mice (3) and chickens (4)
injected with influenza DNA could be protected against subsequent viral challenge.
Since then, DNA vaccines have been reported to induce protective immunity in
numerous animal models of parasitic, viral, and bacterial diseases (5–7). This
type of vaccine also holds promise for the treatment of cancer (8), allergies (9),
and autoimmune diseases (10). Conceptually, DNA vaccines have a number of
potential advantages when compared to current vaccines inducing CMI (which
are mostly live attenuated pathogens): ease of preparation, stability, and safety
for the immunocompromised host. Polynucleotide vaccines do not induce vector
immunity and can therefore be used for repeated boosting. Also they do not
require a cold chain for storage as they can be stored in a dry, precipitated form.
This is particularly important for vaccines designed for developing countries,
where maintenance of a cold chain can often not be guaranteed.

Immune Responses Induced
with DNA Vaccines
In a DNA vaccine, the gene encoding an antigen is inserted into a bacterial plasmid
vector, which is amplified in transformed bacteria, and the purified plasmid DNA
is administered to an immunocompetent host. Priming of the immune response
involves professional antigen presenting cells (APCs), such as dendritic cells
and Langerhans cells, that endocytose DNA into acidic vesicles for subsequent
transport to the nucleus, followed by transcription into mRNA and protein
translation in the cytoplasm. Bacterial plasmid DNA contains unmethylated
CpG sequences that act as polyclonal activator of B cells in vitro and as adjuvant
in vivo. These CpG motifs stimulate production of co-stimulatory molecules
by APCs through interaction with a specific intracellular TLR, that is, TLR-9,
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present on the surface of the early endosome (11). On the other hand, besides
immunostimulatory CpG motifs there also exist immunoinhibitory ones and the
latter motifs have been used for induction of tolerance in DNA vaccines targeting
autoimmune diseases (10). Monocyte/macrophages, NK cells, and B lymphocytes
also express the TLR-9 receptor and it has been postulated by Lanzavecchia that
CpG motifs from ubiquitous bacteria could continuously stimulate memory
B cells and hence play a role in the maintenance of serological memory (12).
The major co-stimulatory cytokines induced upon TLR-9 triggering are IL-12
(which stimulates NK cells to produce IFN-γ and favours the development of a
Th1 type T helper subset), TNF-α, and IL-6 (which favours antibody production
but also plays a role in cytotoxic T lymphocyte (CTL) and ThIL-17 differentiation).
Following DNA vaccination, antigenic material is generated in the myocyte/
keratinocyte but also within the APC (5), and exogenous and endogenous
antigen processing can proceed in much the same way as following infection with
intracellular pathogens. DNA vaccines stimulate both the exogenous (MHC class
II restricted) and the endogenous (MHC class I restricted) antigen presentation
pathway (5). Dendritic cells can also take up antigen-containing apoptotic bodies
from transfected myocytes and present the relevant peptides to CD4+ and CD8+
T cells (the so-called cross-priming phenomenon) (13). By virtue of this induction
of CD8+ T cell responses, DNA vaccines mimic strongly the infection with live
pathogens, in contrast to vaccines based on protein antigens or killed pathogens
that are preferentially processed through the exogenous presentation pathway
generating only MHC class II restricted CD4+ responses. It is particularly this
class I restricted presentation, resulting in strong CD8+ mediated immune
responses, that is a hallmark of DNA vaccines and that makes them particularly
attractive as vaccine formulations against viruses and intracellular bacteria, such
as mycobacteria.

DNA Vaccines against Tuberculosis
Between March 2006 and November 2008, the number of hits in a PubMed
search using the key words ‘DNA vaccines+ tuberculosis’ doubled from 250
to 497! Within the scope of this chapter, it is impossible to discuss all these
papers, and I refer to a couple of my previous reviews for the less recent
literature (14–16). Here we will highlight mostly the new findings published
between 2006 and 2008.
In 1996, the group of Jo Colston and Douglas Lowrie at the Medical Research
Council, London, and our group at the former Pasteur Institute in Brussels
(now integrated in the Scientific Institute of Public Health), were the first to
report on the use of DNA vaccines against TB, using DNA encoding hsp65 of
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M. leprae and Ag85A of MTB respectively (17, 18). Twelve years later, it is well
established that intramuscular immunization of mice with plasmid DNA encoding
mycobacterial antigens is a potent inducer of strong T helper type immune
responses, characterized by high levels of IL-2 and IFN-γ and little or no IL-4/
IL-5 in antigen stimulated spleen cell cultures. A wide variety of potential TB
vaccine candidates have been defined using this technique. Because pathogenic
mycobacteria remain largely confined to the phagosome in experimentally
infected mice, it has been very difficult to identify cognate specificities of CD8+
mediated immune responses in these models. As such, DNA vaccination has
been a valuable tool for the characterization of mouse MHC class I restricted
epitopes for mycobacterial antigens, such as the mycolyl-transferases of the
Ag85 complex (19), the phosphate-binding proteins PstS-1 (20) and PstS-3 (21),
MTB32 component of the 72F fusion protein (22), and the latency-associated
Rv2626c protein encoded by the dormancy DosR regulon (23). Immunization
of mice with plasmid DNA encoding the MTB41 gene sequence resulted in the
development of antigen-specific CD4+ and CD8+ T cells, and protection against
challenge with virulent MTB. However, in contrast to DNA immunization, strong
MTB41-specific CD4+ T cell response, but no MHC class I restricted CTL activity,
was detected in the spleen cells of infected mice; therefore, suggesting that the
induction of CD8+ T cell response to MTB41 epitopes by DNA immunization
may not be relevant to protection because these epitopes are not recognized
during the infectious process (24). However, in most experimental mouse
studies, demonstration of cognate CD8+ mediated responses has been very
difficult, possibly because of the delayed appearance of these cells. (25) At least
for PstS-3, we were able to demonstrate spleen cell IFN-γ responses and in vivo
CTL activity directed against the MHC class I (Db) restricted epitope identified
by DNA vaccination in TB infected mice (21).
Among the best documented mycobacterial plasmids are the DNA vaccines
encoding the mycolyl-transferases Ag85A and Ag85B. Plasmids encoding
these highly conserved, mycobacteria-specific antigens, have a definite vaccine
potential not only for human TB (18), but also for Buruli ulcer caused by
Mycobacterium ulcerans (26, 27), for leprosy caused by M. leprae (28), for M.
avium subsp. avium (29), and M. avium subsp. paratuberculosis infections (30).
Very strong Th1 type immune responses can be induced in mice with these
plasmids (31) and Ag85 specific CD4+ T helper cells induced by the vaccine
can even function as novel adjuvants for the effective induction of HIV-1
specific CTL responses (32).
Members of the PE-PPE family have also been reported to have a strong
vaccine potential. The PPE protein family of MTB includes 69 proteins rich
in glycine and, together with the PE (Pro-Glu) protein family, accounts for
approximately 10 per cent of the coding capacity of the MTB genome. There is little
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functional information about PPE proteins, but their polymorphic nature suggests
that they may represent antigens of immunological relevance (33). Subcellular
fractionation and immunoelectron microscopy studies have indicated that some
PPE proteins are located at the periphery of the bacterial cell and could therefore
be accessible to the host immune system. Moreover, they induce strong immune
responses in animals and humans infected with MTB (34). We have evaluated the
vaccine potential of PPE44 (Rv2770c), overexpressed in virulent MTB H37Rv as
compared with the attenuated H37Ra strain (35). Ppe44 gene expression shows
high quantitative variations in clinical isolates selected to represent the major
phylogenetic lineages of the MTB complex and, more specifically, strains of
Beijing type demonstrate high ppe44 expression (36). PPE44-specific immune
responses could be detected in mice acutely, chronically, and latently infected with
MTB. Vaccination of mice with a plasmid DNA vaccine coding for PPE44 and
of recombinant PPE44 protein formulated in adjuvant generated strong cellular
and humoral immune responses, and immunodominant T cell epitopes were
identified. Most importantly, vaccination of mice with both subunit vaccines
followed by an intratracheal challenge with MTB resulted in a protective efficacy
comparable to the one afforded by BCG (37).
Chaitra et al. reported on DNA vaccines encoding two PE-PGRS proteins,
encoded by Rv3812c and Rv3018c respectively. Strong immunogenicity was
demonstrated in BALB/c mice, both against MHC class II and MHC class I
restricted epitopes. Interestingly, an epitope-specific response was demonstrated
by the lysis of peptide-pulsed APCs, release of perforin, and IFN-γ production
(38). Finally, Singh et al. reported recently on DNA vaccination encoding three
MTB proteins, namely PE_PGRS 16 (Rv0977), PE_PGRS 26 (Rv1441c), and
PE_PGRS 33 (Rv1818c). All three PE_PGRS proteins were found to be cellsurface antigens, but immunization of mice with these PE_PGRS antigens as
DNA vaccines showed no protection in a TB aerosol challenge model (39).

Optimalization of Tuberculosis DNA Vaccines
Attempts to Increase Delivery to Antigen Presenting Cells
A major problem with DNA vaccines is their transfection efficacy and the
amount of actual protein synthesized. In vivo electroporation increases the
number of DNA transfected myocytes dramatically and, both in mice and
farmed ruminants, this electroporation technique was shown to increase the
immunogenicity of TB DNA vaccines (40, 41). Li et al. showed that an in vivo
DNA electroporation prime and protein boost strategy can also enhance
humoral immunity of TB DNA vaccines encoding Ag85A and ESAT-6 in
non-human primates (42).
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Cross-priming, in which antigen-containing apoptotic bodies from dead,
plasmid transfected muscle cells are engulfed by immature dendritic cells,
is thought to be essential in the priming of the immune response upon
intramuscular DNA vaccination (13). In an attempt to increase cross-presentation
through apoptosis, we inserted the DNA encoding caspase-2 prodomain
followed by wild-type or catalytically inactive mutated caspase-3 into a plasmid
encoding Ag85A. Transient transfection showed that the mutated caspase
induced slow apoptosis, normal protein expression, and NF-κB activation
while wild-type caspase induced rapid apoptosis, lower protein expression,
and no NF-κB activation. Ag85A specific antibody production was increased
by co-expressing the mutated and decreased by co-expressing the wild-type
caspase. Vaccination with pro-apoptotic plasmids triggered more Ag85A specific
IFN-γ producing spleen cells, and more efficient IL-2 and IFN-γ producing
memory cells in spleen and lungs after MTB challenge. Compared to DNA
encoding secreted Ag85A, vaccination with DNA co-expressing wild-type
caspase increased protection after infection with MTB, while vaccination with
plasmid co-expressing mutated caspase was not protective, possibly due to the
stimulation of IL-6, IL-10, and IL-17A production (43).
Complexation of DNA to adjuvants such as the cationic lipid vaxfectinTM
(44) can increase immunogenicity and protective efficacy of DNA, but as this
adjuvant is particularly effective for increasing antibody responses, through the
stimulation of the Th2 type cytokine IL-6, its use needs to be studied carefully,
particularly with respect to the possible induction of deleterious ThIL-17 cells (45).
For mucosal delivery of DNA vaccines it is essential to protect them against
host endonucleases by formulation in a carrier system. DNA vaccination has
been successfully used for the definition of human MHC class I restricted
epitopes, using HLA-A*0201 transgenic mice (46) and using these HLA-A*0201
transgenic mice, Bivas-Benita et al. demonstrated that pulmonary delivery
of chitosan-DNA nanoparticles could induce (be it weak) spleen cell IFN-γ
responses against four out of seven of the HLA-A2 predicted peptides encoded
by a poly-epitope DNA (47). Manganelli and his colleagues have developed a
non-pathogenic invasive commensal Escherichia coli BM2710 strain that can
be used for the intranasal delivery of plasmid DNA encoding Ag85A and HtpX
(48). Antigen-specific T cell responses and protection against MTB challenge
were induced with DNA doses at least a hundredfold lower that those needed
for intramuscular immunization. This mucosal approach using non-pathogenic
E. coli for needle-free plasmid delivery certainly merits further studies.

Attempts to Increase Vector Immunogenicity
A promising approach to maximize expression of microbial genes in the
plasmid is the optimization of codon usage. A synthetic humanized Ag85B
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gene, codon-optimized for expression in human cells, was reported to display
about sixfold increased in vitro expression in Cos-7 cells. Antibody responses
were not affected by the optimization, but Th1-like and CTL responses (assessed
in BALB/c mice) induced with the humanized gene were higher than with the
plasmid encoding the wild-type Ag85B. Finally, reduced colony forming unit
(CFU) counts in spleen and lungs from animals challenged with MTB four
weeks after the third DNA immunization were also indicative of increased
potency of the humanized pAg85B DNA (49).
Multi-subunit vaccination by co-immunization with different DNA vectors
that are not very effective as single vaccines may result in a greater degree of
protection as indicated by reduced CFU counts (50) and, more convincingly,
even by up to sevenfold prolonged survival times following high dose aerosol
challenge as compared to mice vaccinated with vector DNA only (51). For
industrial purposes however, the use of hybrid genes or of multipromoter
plasmids is more interesting than a combination of plasmids. In this line of
thinking, Steven Reed and his colleagues at Corixa Corporation have shown
very convincing results for a MTB72F DNA encoding a fusion of the MTB39
PPE protein and a 32kD serine protease (22). Similarly, Marta Romano in my
group has analysed the use of a pBudCE4.1 vector encoding the genes for the
mycolyl-transferase Ag85A and the 40 kDa phosphate-binding protein PstS-3,
under control of the promoters for IE1 of CMV and of human elongation factor
EF1α respectively. Although both antigens were expressed by the pBudCE4.1
vector, humoral and cellular immune responses clearly indicated an antigenic
competition at the level of CD4+ (but not of CD8+) T cells, between the
Ag85A and PstS-3 protein, with the mycolyl-transferase being the dominant
partner over the phosphate transport receptor (52, 3). We hypothesize that
prior activation of Ag85A-specific CD4+ T cells directed against this common
mycobacterial antigen leads to cross-competition for MHC class II-restricted
peptide complexes of the Pst-3 antigen. This might have implications for future
combination vaccines using components of the Ag85 complex. The group
of Fadda et al. reported on a multigene DNA combination, encoding the
combination of Ag85Bcoupled to ESAT-6 (54), a fusion protein that has entered
into clinical Phase I and Phase II trials as Hybrid1 protein-subunit vaccine
(55). They showed that this Ag85B–ESAT-6 vaccine could not be enhanced
by broadening the antigen repertoire by adding other highly immunogenic
secreted proteins (54), which is largely in agreement with our findings on the
combination of Ag85A and PstS-3.
Another way to increase immunogenicity of DNA vaccines is the coadministration of plasmids encoding co-stimulatory molecules (CD80/CD86)
or adjuvant cytokines. Co-immunization with plasmids expressing granulocytemacrophage colony stimulating factor (GM-CSF) or IL-12 can enhance the
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T cell immunity of DNA vaccines, encoding Ag85B or MPT64, about twofold.
However, this is not sufficient to improve their protective efficacy at the peak of
infection after an aerosol challenge with MTB (56, 57). DNA encoding IL-23,
but not IL-27, was also reported to increase efficacy of DNA encoding Ag85B
from MTB (58). Dou et al. addressed the immune adjuvant effects of IL-21 on
a DNA vaccine encoding Ag85A. Their results showed that the DNA vaccine
construct pRSC-IL21-Ag85A elicited stronger immune responses in BALB/c
mice than pRSC-Ag85A (59). Finally, DNA encoding the cytokine IL-15, with
a pivotal role in maintenance of memory T cells, holds particular promise (60),
although to my knowledge, pIL-15 has not been tested in combination with
mycobacterial antigens.

Prime-boost Strategies
By virtue of the strong Th1 biased and MHC class I restricted immune responses
that DNA vaccines can induce, they are particularly attractive as priming agents
in prime-boost regimens. For HIV and malaria these prime-boost regimens
have progressed successfully to clinical trials (61).
Systemic boosting of DNA primed animals with mycobacterial proteins
(62–65) or with recombinant Modified Vaccinia Ankara type (MVA) (66)
or recombinant replication-deficient adenoviruses (67) have been reported
to increase immunogenicity and/or protective efficacy of TB DNA vaccines.
Similarly, boosting DNA primed mice with a live Salmonella typhimurium
vaccine carrier, expressing ESAT-6, has also been attempted (68).
Zhou Xing and his colleagues have demonstrated recently that airway delivery
of soluble Ag85A protein can restore protective mucosal immunity induced
by single intramuscular Ag85A DNA vaccination. Recruitment of systemically
activated antigen-specific T cells into the airway lumen of DNA vaccinated
mice appears to be critically dependent not only on proinflammatory signals
induced by the intranasal instillation but equally on parenteral immunization
and robust systemic antigen-specific T cell priming, which is an important
conceptual finding (69).

Combinations of Plasmid DNA with the
Existing M. Bovis BCG Vaccine
Feng et al. were the first to report that sequential immunization with
mycobacterial antigen 85B-expressing DNA and M. bovis BCG Tokyo was
more effective than BCG immunization alone in protecting B6 mice against
an aerosol MTB infection (70).
It is now well established that immune responses induced by the existing
BCG vaccine can be augmented by combinations with plasmid DNA in mice,
guinea pigs, and cattle either by priming with DNA (70–72) or by boosting
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with DNA (73–75). In most of these studies, increased efficacy of BCG has
been measured by CFU counting or pathological scoring in infected organs,
but effects on long-term survival were rarely reported. Performing long-term
survival studies in BALB/c mice infected intravenously with MTB, we have
shown that priming with DNA prior to BCG, but not boosting after BCG with
DNA (or recombinant protein or recombinant MVA for that matter) encoding
Ag85A, could increase the potency of the BCG vaccine, resulting in seven to
nine weeks longer mean survival times (76).
A BCG prime-DNA boost protocol, using plasmid encoding a 72F fusion
protein, did increase the long-term survival of guinea pigs infected by a low
dose aerosol challenge (75). The reason for the discrepancy with our report is
not clear, but may be linked to the different animal species used.
It is not very likely that boosting with BCG after priming with DNA will
be applicable as a vaccine regimen for developing countries, where neonatal
BCG vaccination is part of the expanded programme of immunization by
WHO. On the other hand, this regimen may have a better chance for testing in
populations at risk (health care workers, prisoners, exposed household contacts)
in developed Western countries where BCG is not routinely administered.

Post-Exposure and Therapeutic DNA Vaccines
Post-exposure TB vaccines are being developed to prevent disease in individuals
latently infected with MTB. However, concerns about the potential induction of
deleterious Koch-like reactions have limited progress in assessing the effectiveness
of post-exposure vaccination. Derrick et al. reported in a comprehensive study
on the safety of post-exposure vaccination with 12 different MTB preparations,
among which were 4 DNA vaccines in C57BL/6 mice. In a low bacterial burden
model (drug treatment for three months started one month after infection),
post-exposure vaccination did not induce significant reactivation and only
injection of BCG evoked increase in lung inflammatory responses at one month
after the immunizations. Additionally, although significant increases in lung
inflammation were seen for animals injected with the hsp65 DNA vaccine or
a MTB culture filtrate, no differences in the survival periods were detected
between vaccinated and non-vaccinated mice at 10 months post-vaccination
(77). In an active disease model of immunotherapeutic vaccination, significantly
more lung inflammation was observed one month after administration of hsp65
DNA but none of the vaccine formulations tested at this time increased (nor
decreased) the lung bacterial burden at this early time point. Furthermore,
vaccination of diseased mice with BCG or TB DNA vaccines did not significantly
affect mortality rates compared to non-vaccinated controls (77). These results
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are contradictory to different studies reported by Doug Lowrie and Celio Silva,
who showed that MTB infected BALB/c mice given four doses of plasmid DNA
encoding hsp65 of M. leprae demonstrated a rapid and spectacular decline in
live bacteria in spleen and lungs up to five months later (78). On the other
hand, they confirm indirectly the findings that Ag85A DNA vaccine, known to
induce protective immunity and prevent long-term necrosis in guinea pigs, failed
to protect mice when given in an immunotherapeutic model in mice earlier
infected by aerosol with MTB (79). It is possible that the genetic background
of the mice used in these studies (C57BL/6 versus BALB/c) and the origin of
the hsp65 gene (MTB versus M. leprae) are responsible for these discrepancies.
The use of DNA vaccines in the immunotherapy of TB therefore remains a
controversial matter but we would refer the reader to a comprehensive review
written by Lowrie in 2007 (80).
Finally, combinations of DNA vaccines with chemotherapy have been
described. In a report by Ha et al., combinations of chemotherapy with
a double-gene DNA vaccine, composed of Ag85A and PstS-3, completely
blocked TB reactivation and significantly prevented a secondary infection
when chemotherapy was combined simultaneously (81). Likewise, a report
by Nuermberger et al. has suggested a beneficial effect of the combination
of rifapentine, moxifloxacin, and DNA encoding hsp65 in a mouse model of
latent MTB infection (82).
Clearly more work is needed in the field of post-exposure prophylaxis,
which is hampered by the long duration time of the latency experiments.
The actual BCG vaccine is not very effective in inducing immune responses
against latency associated antigens such as HspX (Rv2031c) (83) and this could
partially explain the low efficacy of BCG against pulmonary, reactivation TB
(84). Combination of BCG with DNA vaccines encoding latency associated
antigens (eventually coupled to DNA vaccines encoding early secreted antigens,
effective against primary infection) is therefore a very tempting approach, but
a proof of concept remains to be given.

Tuberculosis DNA Vaccines in Animals
Other than Mice
DNA vaccines are very potent in a wide variety of experimental mouse models,
but some promising results have also been obtained with mycobacterial DNA
vaccines in guinea pigs and in ‘bigger’ animals such as cattle and sheep.
Specifically for human TB, published literature has reported on DNA vaccines
in guinea pigs and macaques.
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Guinea Pigs
A number of reports have analysed the potency of TB DNA vaccines in guinea
pigs. This animal species is often considered to be a better model for studying
TB vaccines than the mouse because TB-infected guinea pigs demonstrate a
necrotizing lung pathology similar to the one observed in humans, whereas in
mice, MTB remains confined to closed granulomas, without caseation. Baldwin
et al. have described that vaccination with DNA encoding Ag85A can prevent
the onset of caseating disease, which is the hallmark of the aerogenic infection
model in this species. Survival was prolonged in Ag85A DNA vaccinated guinea
pigs but shorter than in BCG vaccinated animals (85). Vaccination of guinea
pigs with DNA encoding the secreted antigen MPB83 reduced the severity
of pulmonary lesions after a low dose M. bovis aerosol challenge, but did not
protect the animals from haematogenous spread of bacilli to the spleen (86).
Vaccination with Ag85A DNA exerted no measurable protective effect against
infection with M. bovis in this study (86). The most promising results so far
in guinea pigs have been obtained with DNA encoding the MTB72F fusion
protein. Guinea pigs vaccinated with this fusion protein either as DNA or as
recombinant protein and challenged by aerosol with virulent MTB showed
prolonged survival times, comparable to those of BCG vaccinated animals (22).
More importantly, co-administration of this MTB72F either as protein or as
plasmid DNA together with the M. bovis BCG vaccine significantly prolonged
survival time of guinea pigs challenged with MTB by low dose aerosol as
compared to animals vaccinated with BCG alone (75).
Julia Vipond et al. selected a number of genes induced in response to
in vivo-like stress stimuli, such as low oxygen and carbon starvation or growth
in macrophages, and tested these candidates as plasmid DNA vaccines for
their ability to protect against MTB challenge in a guinea pig aerosol infection
model. Four vaccines encoding for proteins such as PE and PPE proteins, a
zinc metalloprotease, and an acyltransferase, gave a level of protection that
was statistically better than saline in the lungs (87).
Khera et al. analysed DNA vaccines expressing mycobacterial antigens
ESAT-6 (Rv3875), alpha-crystallin (Rv2031c), and superoxide dismutase A
(Rv3846) for protective efficacy in guinea pigs and showed that the DNA
vaccine expressing superoxide dismutase imparted the maximum protection as
observed by a 50- and 10-fold reduction in bacillary load in spleens and lungs,
respectively, in comparison to immunization with vector control (88).
De Paula et al. co-encapsulated DNA hsp65 and the adjuvant TDM into
biodegradable poly(DL-lactide-co-glycolide) (PLGA) microspheres (89). These
formulations were tested in mice as well as in guinea pigs by comparison with
the efficacy and toxicity induced by the naked DNA preparation or BCG.
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The single-shot prime-boost formulation clearly presented good efficacy and
diminished lung pathology in both mice and guinea pigs (89).
Sugawara and his colleagues compared the protective efficacy of recombinant
(Ag85A) BCG Tokyo with Ag85A peptide boosting against MTB-infected
guinea pigs in comparison with that of DNA vaccine encoding Ag85A. They
concluded that peptide boosting is important for the induction of higher
protective efficacy by recombinant BCG Tokyo or a TB DNA vaccine and that
both recombinant BCG Tokyo (Ag85A) and (somewhat unexpectedly) Ag85A
DNA vaccine induced significant Th2 cytokine mRNA expression (90).

Non-human Primates
As already mentioned earlier, in vivo electroporation has been described to
increase humoral immune responses induced by DNA vaccines in rhesus
macaques (42). More recently, Okada et al. reported on an evaluation of a novel
vaccine (HVJ-liposome/HSP65 DNA (MTB) + human IL-12 DNA) against TB
using the cynomolgus monkey model of TB (91). This novel vaccine provided
a higher level of protective efficacy than BCG based upon the assessment of
mortality, the Erythrocyte Sedimentation Rate (ESR), body weight, chest X-ray
findings, and immune responses. Furthermore, a prime-boost immunization
of HSP65+IL-12/HVJ and BCG showed a synergistic effect in the TB-infected
cynomolgus monkey (100 per cent survival). As a caveat, it should be mentioned
that the BCG strain used in the Okada study was BCG Tokyo, a strain that
has scored weakly in some comparative studies.

Conclusion
In 2006, WHO published its official Global Plan to Stop TB 2006–2015,
highlighting 10 Actions that are key to the success of this Plan. It is heartwarming
to see that besides diagnostics and drugs a place was reserved for new TB
vaccines (92).
There are a few TB vaccine candidates (unfortunately no DNA vaccines)
which have recently passed the preclinical testing stage and for which Phase I
and Phase II trials have actually started (93). Most advanced are probably the
studies by the Oxford group that attempt to increase the efficacy of the existing
BCG vaccine by boosting with recombinant MVA expressing Ag85A (94). Two
fusion protein-subunit vaccines in adjuvant, that is, the Hybrid1 fusion protein
(Ag85B-ESAT-6) (95) and the 72F fusion protein (MTB 32 + MTB39) (96),
have also progressed to the clinic. Finally, Phase I trials have started with a
recombinant BCG vaccine developed by Marcus Horwitz and his colleagues
that overexpresses the Ag85B antigen (97, 98), and with a recombinant BCG
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vaccine developed by Stefan Kaufmann and colleagues that secretes listeriolysin,
in an attempt to generate stronger MHC class I responses (99). Some excellent
reviews on the preclinical testing of new vaccines for TB were written recently
(100, 101) and expounded in selected chapters of this book.

❒ References
1 Wolff JA, Malone RW, Williams P, Chong W, Acsadi G, Jani A, et al. Direct gene transfer into
mouse muscle in vivo. Science, 1990; 247: 1465–8.
2 Tang D, Devit M, and Johnston SA. Genetic immunization is a simple method for eliciting
an immune response. Nature, 1992; 356: 152–4.
3 Ulmer JB, Donnelly JJ, Parker SE, Rhodes GH, Felgner PL, Dwarki VJ, et al. Heterologous
protection against influenza by injection of DNA encoding a viral protein. Science; 1993;
259(5102): 1745–9.
4 Robinson HL, Hunt LA, and Webster RG. Protection against lethal influenza virus challenge
by immunization with a hemagglutinin-expressing plasmid DNA. Vaccine, 1993; 11: 957–
60.
5 Donnelly JJ, Ulmer JB, Shiver JW, and Liu MA. DNA vaccines. Annu Rev Immunol, 1997;
15: 617–48.
6 Gurunathan S, Klinman DM, and Seder RA. DNA Vaccines: immunology, application and
optimization. Annu Rev Immunol, 2000; 18: 927–74.
7 Da’dara AA and Harn DA. DNA vaccines against tropical parasitic diseases. Expert Rev
Vaccines, 2005; 4: 575–89.
8 Choo AY, Choo DK, Kim JJ, and Weiner DB. DNA vaccination in immunotherapy of cancer.
Cancer Treat Res, 2005; 123: 137–56.
9 Weiss R, Hammerl P, Hartl A, Hochreiter R, Leitner WW, Scheiblhofer S, et al. Design of
protective and therapeutic DNA vaccines for the treatment of allergic diseases. Curr Drug
Targets Inﬂamm Allergy, 2005; 4: 585–97.
10 Bar-Or A, Vollmer T, Antel J, Arnold D, Bodner C, Campagnolo D, et al. Induction of antigenspecific tolerance in multiple sclerosis after immunization with DNA encoding myelin basic
protein in a randomized, placebo-controlled phase 1/2 trial. Arch Neurol, 2007; 64: 1407–
15.
11 Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, et al. A Toll-like receptor
recognizes bacterial DNA. Nature, 2000; 408: 740–5.
12 Bernasconi NL, Traggai E, and Lanzavecchia A. Maintenance of Serological Memory by
Polyclonal Activation of Human Memory B cells. Science, 2002; 298: 2199.
13 Giri M, Ugen KE, and Weiner DB. DNA vaccines against human immunodeficiency virus
type 1 in the past decade. Clin Microbiol Rev, 2004; 17(2): 370–89.
14 Huygen K. Minireview: on the use of DNA vaccines for the prophylaxis of mycobacterial
diseases. Infect Immun, 2003; 71(4): 1613–21.
15 Huygen K. Plasmid DNA vaccination. Microbes and Infection, 2005; 7(5–6): 932–8.

Chapter-15.indd 297

9/3/2010 11:08:03 AM

298

The Art & Science of Tuberculosis Vaccine Development

16 Huygen K. DNA vaccines against mycobacterial diseases. Future Microbiol, 2006; 1(1):
63–73.
17 Tascon RE, Colston MJ, Ragno S, Stavropoulos E, Gregory D, and Lowrie DB. Vaccination
against tuberculosis by DNA injection. Nat Med, 1996; 2: 888–92.
18 Huygen K, Content J, Denis O, Montgomery DL, Yawman AM, Deck RR, et al. Immunogenicity
and protective efficacy of a tuberculosis DNA vaccine. Nat Med, 1996; 2(8): 893–8.
19 Denis O, Tanghe A, Palfliet K, Jurion F, Van den Berg TP, Vanonckelen A, et al. Vaccination
with plasmid DNA encoding mycobacterial antigen 85A stimulates a CD4+ and CD8+ T-cell
epitopic repertoire broader than that stimulated by Mycobacterium tuberculosis H37Rv
infection. Infect Immun, 1998; 66(4): 1527–33.
20 Zhu XJ, Venkataprasad N, Thangaraj HS, Hill M, Singh M, Ivanyi J, et al. Functions and
specificity of T cells following nucleic acid vaccination of mice against Mycobacterium
tuberculosis infection. J Immunol, 1997; 158: 5921–6.
21 Romano M, Denis O, D’Souza S, Wang X-M, Ottenhoff THM, Brulet JM, et al. Induction of
in vivo functional Db restricted cytolytic T cell activity against a putative phosphate transport
receptor of M. tuberculosis. J Immunol, 2004; 172: 6913–21.
22 Skeiky YA, Alderson MR, Ovendale PJ, Guderian JA, Brandt L, Dillon DC, et al. Differential
immune responses and protective efficacy induced by components of a tuberculosis
polyprotein vaccine, Mtb72F, delivered as naked DNA or recombinant protein. J Immunol,
2004; 172(12): 7618–28.
23 Roupie V, Leroy B, Rosseels V, Piersoel V, Noël-Georis I, Romano M, et al. Immunogenicity
and protective efficacy of DNA vaccines encoding MAP specific antigens MAP0586c and
MAP4308c of Mycobacterium avium subsp. paratuberculosis in mice. Vaccine, 2008; 26:
4783–94.
24 Skeiky Y, Alderson M, Ovendale P, Lobet Y, Dalemans W, Orme I, et al. Protection of mice
and guinea pigs against tuberculosis induced by immunization with a single Mycobacterium
tuberculosis recombinant antigen, MTB41. Vaccine, 2005; 23: 3937–45.
25 van Pinxteren LAH, Cassidy JP, Smedegaard BHC, Agger EM, and Andersen P. Control of
latent Mycobacterium tuberculosis infection is dependent on CD8 T cells. Eur J Immunol,
2000; 30: 3689–98.
26 Tanghe A, Content J, Van Vooren J-P, Portaels F, and Huygen K. Protective efficacy of a
DNA vaccine encoding Ag85A from M. bovis BCG against Buruli Ulcer. Infect Immun, 2001;
69(9): 5403–11.
27 Tanghe A, Danzy J-P, Pluschke G, and Huygen K. Improved Protective Efficacy of a speciesspecific DNA vaccine encoding mycolyl-transferase Ag85A from Mycobacterium ulcerans
by homologous Protein Boosting. PLoS Negl Trop Dis, 2008; 2(3): e199.
28 Martin E, Triccas JA, Kamath AT, Winter N, and Britton WJ. Comparative protective effects
of recombinant DNA and Mycobacterium bovis bacille Calmette-Guérin vaccines against
M. avium infection. Clin Exp Immunol, 2001; 126: 482–7.
29 Martin E, Kamath AT, Triccas JA, and Britton WJ. Protection against virulent Mycobacterium
aviuminfection following DNA vaccination with the 35-kilodalton antigen is accompanied
by induction of Gamma Interferon-Secreting CD4+ T cells. Infect Immun, 2000; 68(6):
3090–6.

Chapter-15.indd 298

9/3/2010 11:08:03 AM

DNA Vaccines for the Prophylaxis of Tuberculosis

299

30 Sechi LA, Mara L, Cappai P, Frothingham R, Ortu S, Leoni A, et al. Immunization with DNA
vaccines encoding different mycobacterial antigens elicits a Th1 type immune response
in lambs and protects against Mycobacterium avium subsp paratuberculosis infection.
Vaccine, 2006; 229–35.
31 D’Souza S, Rosseels V, Romano M, Tanghe A, Denis O, Jurion F, et al. Mapping of murine
Th1 helper T-cell epitopes of mycolyl transferases Ag85A, Ag85B and Ag85C from
M. tuberculosis. Infect Immun, 2003; 71(1): 483–93.
32 Takamura S, Matsuo K, Takebe Y, and Yasutomi Y. Ag85B of mycobacteria elicits effective
CTL responses through activation of robust Th1 immunity as a novel adjuvant in DNA
vaccine. J Immunol, 2005; 175: 2541–7.
33 Cole ST. Learning from the genome sequence of Mycobacterium tuberculosis H37Rv. FEBS
Lett, 1999; 452: 7–10.
34 Okkels LM, Brock I, Follmann F, Agger E, Arend S, Ottenhoff T, et al. PPE protein (Rv3873)
from DNA segment RD1 of Mycobacterium tuberculosis: strong recognition of both specific
T-Cell epitopes and epitopes conserved within the PPE family. Infect Immun, 2003; 71(11):
6116–23.
35 Rindi L, Lari N, and Garzelli C. Search for genes potentially involved in Mycobacterium
tuberculosis virulence by mRNA differential display. Biochem Biophys Res Commun, 1999;
258: 94–101.
36 Rindi L, Peroni I, Lari N, Bonanni D, Tortoli E, and Garzelli C. Variation of the expression
of Mycobacterium tuberculosis ppe44 gene among clinical isolates. FEMS Immunol Med
Microbiol, 2007; 51: 381–7.
37 Romano M, Rindi L, Korf H, Bonanni D, Adnet P-Y, Jurion F, et al. Immunogenicity and
protective efficacy of tuberculosis subunit vaccines expressing PPE44 (Rv2770c). Vaccine,
2008; 26: 6053–63.
38 Chaitra MG, Shaila MS, and Nayak R. Characterization of T-cell immunogenicity of two PE/
PPE proteins of M. tuberculosis. J Med Microbiol, 2008; 57: 1079–86.
39 Singh PP, Parra M, Cadieux N, and Brennan MJ. A comparative study of host response to
three Mycobacterium tuberculosis PE_PGRS proteins. Microbiol, 2008; 154: 3469–79.
40 Tollefsen S, Tjelle TE, Schneider J, Harboe M, Wiker HG, Hewinson G, et al. Improved
cellular and humoral immune responses against Mycobacterium tuberculosis antigens
after intramuscular DNA immunisation combined with muscle electroporation. Vaccine,
2002; 20: 3370–8.
41 Zhang X, Divangahi M, Ngai P, Santuosso M, Millar J, Zganiacz A, et al. Intramuscular
immunization with a monogenic plasmid DNA tuberculosis vaccine: enhanced
immunogenicity by electroporation and co-expression of GM-CSF transgene. Vaccine,
2007; 25: 1342–52.
42 Li Z, Zhang H, Fan X, Zhang Y, Huang J, Liu Q, et al. DNA electroporation prime and protein
boost strategy enhances humoral immunity of tuberculosis DNA vaccines in mice and nonhuman primates. Vaccine, 2006; 24: 4565–8.
43 Gartner T, Romano M, Suin V, Kalai M, Korf H, De Baetselier P, et al. Immunogenicity and
protective efficacy of a tuberculosis DNA vaccine, co-expressing pro-apoptotic caspase 3.
Vaccine, 2008; 26: 1458–70.

Chapter-15.indd 299

9/3/2010 11:08:03 AM

300

The Art & Science of Tuberculosis Vaccine Development

44 D’Souza S, Rosseels V, Denis O, Tanghe A, De Smet N, Jurion F, et al. Improved tuberculosis
DNA vaccines by formulation in cationic lipids. Infect Immun, 2002; 70(7): 3681–8.
45 Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, and Stockinger B. TGF! in the context
of an inflammatory cytokine milieu supports de novo differentiation of IL-17 producing T
cells. Immunity, 2006; 24: 179–89.
46 Geluk A, van Meijgaarden KE, Franken KLMC, Drijfhout JW, D’Souza S, Necker A, et al.
Identification of major epitopes of Mycobacterium tuberculosis Ag85B that are recognized
by HLA-A*0201 restricted CD8+ T cells in HLA-transgenic mice and humans. J Immunol,
2000; 165: 6463–71.
47 Bivas-Benita M, van Meijgaarden KE, Franken KL, Junginger HE, Borchard G, Ottenhoff THM,
et al. Pulmonary delivery of chitosan-DNA nanoparticles enhances the immunogenicity
of a DNA vaccine encoding HLA-A*0201-restricted T cell epitopes of Mycobacterium
tuberculosis. Vaccine, 2004; 22: 1609–15.
48 Brun P, Zumbo A, Castagliuolo I, Delogu G, Manfrin F, Sali M, et al. Intranasal delivery of
DNA encoding antigens of Mycobacterium tuberculosis by non-pathogenic invasive E. coli.
Vaccine, 2008; 26: 1934–41.
49 Ko H-J, Ko S-Y, Kim Y-J, Lee E-G, Cho S-N, and Kang C-Y. Optimization of codon usage
enhances the immunogenicity of a DNA vaccine encoding mycobacterial antigen 85B. Infect
Immun, 2005; 73: 5666–74.
50 Kamath AT, Feng CG, MacDonald M, Briscoe H, and Britton WJ. Differential protective
efficacy of DNA vaccines expressing secreted proteins of M. tuberculosis. Infect Immun,
1999; 67: 1702–7.
51 Delogu G, Li A, Repique C, Collins F, and Morris SL. DNA vaccine combinations expressing
either tissue plasminogen activator signal sequence fusion proteins or ubiquitin-conjugated
antigens induce sustained protective immunity in a mouse model of pulmonary tuberculosis.
Infect Immun, 2002; 70(1): 292–302.
52 Romano M, Roupie V, Hamard M, and Huygen K. Evaluation of the immunogenicity of
pBudCE4.1 plasmids encoding mycolyl-transferase Ag85A and phosphate transport
receptor PstS-3 from Mycobacterium tuberculosis. Vaccine, 2005.
53 Romano M, Roupie V, Wang X-M, Denis O, Adnet PY, Laali R, et al. Immunogenicity and
protective efficacy of tuberculosis DNA vaccines combining mycolyl-transferase and
phosphate transport receptor PstS-3. Immunology, 2006; 118: 321–32.
54 Sali M, Clarizio S, Pusceddu C, Zumbo A, Pecorini G, Rocca S, et al. Evaluation of the antituberculosis activity generated by different multi-gene DNA vaccine constructs. Microbes
Infect, 2008; 10(6): 605–12.
55 Andersen P, Gicquel B, and Huygen K. Tuberculosis vaccine science. In Rom WN and Garay
SM, editors. Tuberculosis. 2nd Edition. Philadelphia: Lippincott Williams & Wilkins, 2004,
pp. 885–98.
56 Kamath AT, Hanke T, Briscoe H, and Britton WJ. Co-immunization with DNA vaccines
expressing granulocyte-macrophage colony-stimulating factor and mycobacterial proteins
enhances T-cell immunity, but not protective efficacy against M. tuberculosis. Immunol,
1999; 96: 511–16.
57 Palendira U, Kamath AT, Feng CG, Martin E, Chaplin PJ, Triccas JA, et al. Coexpression of
interleukin-12 chains by a self-splicing vector increases the protective cellular immune

Chapter-15.indd 300

9/3/2010 11:08:03 AM

DNA Vaccines for the Prophylaxis of Tuberculosis

301

response of DNA and Mycobacterium bovis BCG vaccines against Mycobacterium
tuberculosis. Infect Immun, 2002; 70(4): 1949–56.
58 Wozniak TM, Ryan AA, Triccas JA, and Britton WJ. Plasmid interleukin-23 (IL-23) but not
plasmid IL-27 enhances the protective efficacy of a DNA vaccine against Mycobacterium
tuberculosis infection. Infect Immun, 2006; 74: 557–65.
59 Dou J, Tang Q, Zhao F, Chu L, Chen J, Cao M, et al. Comparison of immune responses
induced in mice by vaccination with DNA vaccine constructs expressing mycobacterial
antigen 85A and interleukin-21 and Bacillus Calmette-Guérin. Immunol Invest, 2008; 37(2):
113–27.
60 Kutzler MA, Robinson TM, Chattergoon MA, Choo DK, Choo AY, Choe PY, et al. Coimmunization
with an optimized IL-15 plasmid results in enhanced function and longevity of CD8 T cells
that are partially independent of CD4 T cell help. J Immunol, 2005; 175: 112–23.
61 Donnelly JJ, Wahren B, and Liu MA. DNA vaccines: progress and challenges. J Immunol,
2005; 175: 633–9.
62 Tanghe A, D’Souza S, Rosseels V, Denis O, Ottenhoff THM, Dalemans W, et al. Improved
immunogenicity and protective efficacy of a tuberculosis DNA vaccine encoding Ag85 by
protein boosting. Infect Immun, 2001; 69(5): 3041–7.
63 Qingmin W, Shuhan S, Zhenlin H, Ming Y, Cunjie X, and Jiancheng Z. Improved
immunogenicity of a tuberculosis DNA vaccine encoding ESAT6 by DNA priming and
protein boosting. Vaccine, 2004.
64 Wedlock DN, Skinner MA, Parlane NA, Vordermeier HM, Hewinson RG, de Lisle GW, et al.
Vaccination with DNA vaccines encoding MPB70 or MPB83 or MPB70 DNA prime-protein
boost does not protect cattle against bovine tuberculosis. Tuberculosis (Edinb), 2003;
83(6): 339–49.
65 Palma C, Iona E, Giannoni F, Pardini M, Brunori L, Fattorini L, et al. The LTK63 adjuvant
improves protection conferred by Ag85B DNA-protein prime-boosting vaccination against
M. tuberculosis infection by dampening IFN-γ response. Vaccine, 2008; 28: 4237–43.
66 McShane H, Brookes R, Gilbert S, and Hill AVS. Enhanced immunogenicity of CD4+ T-Cell
responses and protective efficacy of a DNA-modified vaccinia virus Ankara prime-boost
vaccination regimen for murine tuberculosis. Infect Immun, 2001; 69(2): 681–6.
67 Wang J, Thorson L, Stokes RW, Santosuosso M, Huygen K, Zganiacz A, et al. Single
mucosal, but not parenteral immunization with recombinant adenoviral-based vaccine
provides potent protection from pulmonary tuberculosis. J Immunol, 2004; 173: 6357–
65.
68 Mollenkopf HJ, Groine-Triebkorn D, Andersen P, Hess J, and Kaufmann SH. Protective
efficacy against tuberculosis of ESAT-6 secreted by a live Salmonella typhimurium vaccine
carrier and expressed by naked DNA. Vaccine, 2001; 19: 4028–35.
69 Jeyanathan M, Mu J, Kugathasan K, Zhang X, Damjanovis D, Small C, et al. Airway
delivery of soluble mycobacterial antigens restores protective mucosal immunity by single
intramuscular plasmid DNA tuberculosis vaccination: role of proinflammatory signals in the
lungs. J Immunol, 2008; 181: 5618–26.
70 Feng CG, Palendira U, Demangel C, Spratt JM, Malin AS, and Britton WJ. Priming by
DNA immunization augments protective efficacy of Mycobacterium bovis BCG against
tuberculosis. Infect Immun, 2001; 69(6): 4174–6.

Chapter-15.indd 301

9/3/2010 11:08:03 AM

302

The Art & Science of Tuberculosis Vaccine Development

71 Ferraz JC, Stavropoulos E, Yang M, Coade S, Espitia C, Lowrie DB, et al. A heterologous DNA
priming-Mycobacterium bovis BCG boosting immunization strategy using mycobacterial
Hsp70, Hsp65 and Apa antigens improves protection against tuberculosis in mice. Infect
Immun, 2004; 72(12): 6945–50.
72 Skinner MA, Buddle BM, Wedlock DN, Keen D, de Lisle GW, Tascon RE, et al. A DNA primeMycobacterium bovis BCG boost vaccination for cattle induces protection against bovine
tuberculosis. Infect Immun, 2003; 71: 4901–7.
73 Derrick SC, Yang AL, and Morris SL. A polyvalent DNA vaccine expressing an ESAT-6-Ag85B
fusion protein protects mice against a primary infection with Mycobacterium tuberculosis
and boosts BCG-induced protective efficacy. Vaccine, 2004; 23: 780–8.
74 Skinner MA, Wedlock DN, de Lisle GW, Cooke MM, Tascon RE, Ferraz JC, et al. The
order of prime-boost vaccination of neonatal calves with Mycobacterium bovis BCG and
a DNA vaccine encoding mycobacterial proteins Hsp65, Hsp70 and Apa is not critical for
enhancing protection against bovine tuberculosis. Infect Immun, 2005; 73(7): 4441–4.
75 Brandt L, Skeiky YA, Alderson MR, Lobet Y, Dalemans W, and Turner OC. The protective
effect of the Mycobacterium bovis BCG vaccine is increased by coadministration with the
Mycobacterium tuberculosis 72-kilodalton fusion polyprotein Mth72F in Mycobacterium
tuberculosis infected guinea pigs. Infect Immun, 2004; 72: 6622–32.
76 Romano M, D’Souza S, Adnet P-Y, Laali R, Jurion F, Palfliet K, et al. Priming but not boosting
with plasmid DNA encoding mycolyl-transferase Ag85A from M. tuberculosis increases the
survival time of M. bovis BCG vaccinated mice against low dose intravenous challenge with
M. tuberculosis H37Rv. Vaccine, 2006; 24: 3353–64.
77 Derrick SC, Perera LP, Dheenadhayalan V, Yang AL, Kolibab K, and Morris SL. The safety
of post-exposure vaccination of mice infected with Mycobacterium tuberculosis. Vaccine,
2008; 26: 6092–8.
78 Lowrie DB, Tascon RE, Bonato VLD, Lima VMF, Faccioli LH, Stavropoulos E, et al. Therapy
of tuberculosis in mice by DNA vaccination. Nature, 1999; 400: 269–71.
79 Turner J, Rhoades ER, Keen M, Belisle JT, Frank AA, and Orme IM. Effective preexposure
tuberculosis vaccines fail to protect when they are given in an immunotherapeutic mode.
Infect Immun, 2000; 68(3): 1706–9.
80 Lowrie DB. DNA vaccines for the therapy of tuberculosis: Where are we now? Vaccine,
2006; 24: 1983–9.
81 Ha SJ, Jeon B-Y, Youn J-I, Kim S-C, Cho S-N, and Sung Y-C. Protective effect of DNA vaccine
during chemotherapy on reactivation and reinfection of Mycobacterium tuberculosis. Gene
Therapy, 2005.
82 Nuermberger EL, Tyagi S, Willimas KN, Rosenthal I, Bishai WR, and Grosset JH. Rifapentine,
moxifloxacin, or DNA vaccine improves treatment of latent tuberculosis in a mouse model.
Am J Respir Crit Care Med, 2005; 172: 1452–6.
83 Lin MY, Geluk A, Verduyn M, Friggen A, Franken KL, van Meijgaarden K, et al. BCG vaccination
induces poor responses against DosR regulon encoded antigens that are upregulated in
latent Mycobacterium tuberculosis infection. Infect Immun, 2007; 75: 3523–30.
84 Stewart GR, Robertson BD, and Young DB. Tuberculosis: a problem with persistence.
Nature Reviews/Microbiol, 2003; 1: 97–105.

Chapter-15.indd 302

9/3/2010 11:08:03 AM

DNA Vaccines for the Prophylaxis of Tuberculosis

303

85 Baldwin SL, D’Souza C, Roberts AD, Kelly BP, Frank AA, Liu MA, et al. Evaluation of new
vaccines in the mouse and guinea pig model of tuberculosis. Infect Immun, 1998; 66(6):
2951–9.
86 Chambers MA, Williams A, Hatch G, Gavier-Widén D, Hall G, Huygen K, et al. Vaccination
of guinea pigs with DNA encoding the mycobacterial antigen MPB83 influences pulmonary
pathology but not hematogenous spread following aerogenic infection with Mycobacterium
bovis. Infect Immun, 2002; 70(4): 2159–65.
87 Vipond J, Vipond R, Allen-Vercoe E, Clark S, Hatch G, Gooch K, et al. Selection of novel
TB vaccine candidates and their evaluation as DNA vaccines against aerosol challenge.
Vaccine, 2006; 24: 6340–50.
88 Khera A, Singh R, Shakila H, Rao V, Dhar N, Narayanan PR, et al. Elicitation of efficient,
protective immune responses by using DNA vaccines against tuberculosis. Vaccine, 2005;
23: 5655–65.
89 de Paula L, Silva C, Carlos D, Matias-Peres C, Sorgi C, Soares E, et al. Comparison of
different delivery systems of DNA vaccination for the induction of protection against
tuberculosis in mice and guinea pigs. Genet Vaccines Ther, 2007; 5: 2.
90 Sugawara I, Udagawa T, and Taniyama T. Protective efficacy of recombinant (Ag85A) BCG
Tokyo with Ag85A peptide boosting against Mycobacterium tuberculosis-infected guinea
pigs in comparison with that of DNA vaccine encoding Ag85A. Tuberculosis (Edinb), 2007;
87(2): 94–101.
91 Okada M, Kita Y, Nakajima T, Kanamaru N, Hashimoto S, Nagasawa T, et al. Evaluation of
a novel vaccine (HVJ-liposome/HSP65 DNA+IL-12 DNA) against tuberculosis using the
cynomolgus monkey model of TB. Vaccine, 2007; 25(16): 2990–3.
92 WHO. The global plan to stop TB, 2006–2015/Stop TB Partnership. WHO Library, 2006,
ISBN 92 4 159399 7.
93 Young DB, Perkins MD, Duncan K, and Barry CE 3rd. Confronting the scientific obstacles to
global control of tuberculosis. J Clin Invest, 2008; 118(4): 1255–65.
94 McShane H, Pathan AA, Sander C, Keating SM, Gilbert SC, Huygen K, et al. Recombinant
modified Vaccinia Ankara expressing antigen 85A boosts BCG-primed and naturally
acquired antimycobacterial immunity in humans. Nature Med, 2004; 10: 1240–4.
95 Olsen AW, Williams A, Okkels LM, Hatch GJ, and Andersen P. Protective effect of a
tuberculosis subunit vaccine based on a fusion of antigen 85B and ESAT-6 in the aerosol
guinea pig model. Infect Immun, 2004; 72: 6148–50.
96 Reed SG and Lobet Y. Tuberculosis vaccine development: from mouse to man. Microbes
Infect, 2005; 7: 922–31.
97 Harth G, Horwitz M, Tabatadze D, and Zamecnik PC. Targeting the Mycobacterium
tuberculosis 30/32 kDa mycolyl-transferase complex as a therapeutic strategy against
tuberculosis: Proof of principle by using antisense technology. Proc Natl Acad Sci USA,
2002; 99(24): 15614–19.
98 Hoft DF, Blazevic A, Abate G, Hanekom WA, Kaplan G, Soler JH, et al. A new recombinant
bacille Calmette-Guérin vaccine safely induces significantly enhanced tuberculosis-specific
immunity in human volunteers. J Infect Dis, 2008; 198(10): 1491–501.

Chapter-15.indd 303

9/3/2010 11:08:03 AM

304

The Art & Science of Tuberculosis Vaccine Development

99 Grode L, Seiler P, Baumann S, Hess J, Brinkman V, Nasser Eddine A, et al. Increased
vaccine efficacy against tuberculosis of recombinant Mycobacterium bovis bacille
Calmette-Guérin mutants that secrete listeriolysin. J Clin Invest, 2005; 115(9): 2472–9.
100 Ly L and McMurray D. Tuberculosis: vaccines in the pipeline. Expert Rev Vaccines, 2008;
7: 645–50.
101 Dockrell HM. Real vaccines in the real world: tuberculosis vaccines move south. Expert
Rev Vaccines, 2008; 7: 703–7.

Chapter-15.indd 304

9/3/2010 11:08:03 AM

