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The clinical, social, and economic burden of tuberculosis (TB) remains high worldwide, thereby high-
lighting the importance of TB prevention. The bacilli Calmette-Guérin (BCG) vaccine that is currently
available can protect younger children but is less effective in adults, the major source of TB transmission.
In addition, the emergence of drug-resistant Mycobacterium tuberculosis (Mtb) strains and the high
prevalence of HIV infection have significantly complicated TB prognosis and treatment. Together, these
data highlight the need for new and more effective vaccines. Recently, several vaccines containing
multiple antigens, including some of those specific for dormant Mtb strains, have been developed. These

TB vaccines appear to be the best approach for satisfactory Mtb prevention. However, until a new vaccine is
Tuberculosis proven more effective and safe than BCG, BCG should remain part of the immunization schedules for
Vaccine neonates and children at risk for TB as a fundamental prophylactic measure.

© 2014 Published by Elsevier Ltd.

1. Introduction

The global clinical, social, and economic burden of tuberculosis
(TB) remains high despite the recent World Health Organization
(WHO) TB report indicating that major progress has been made
towards the global reduction of the TB burden [1]. There were an
estimated 8.6 million new TB cases in 2012 with 1.3 million TB
deaths. Most new TB cases and deaths occur among men; however,
an estimated 2.9 million cases and 410,000 deaths occurred among
women and 530,000 cases and 74,000 deaths among children.
More than 80% of the world's TB cases occurs in Southeast Asia, the
west Pacific, and Africa [1]. Nonetheless, Europe and the Americas
had 79,279 and 63,629 new TB cases, respectively, despite having a
generally higher income and more advanced health systems [1]. In
addition, the emergence of drug-resistant Mycobacterium tubercu-
losis (Mtb) strains and the high prevalence of HIV infection have
significantly complicated TB prognosis and treatment |[2,3].
Together, these data highlight the importance of effective TB pre-
vention and the limits of the available bacilli Calmette-Guérin
(BCG) vaccine. This paper summarizes the current status of TB
vaccine prevention discussing the attempts to develop new prep-
arations more safe and effective than the traditional BCG vaccine.
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PubMed was used to search for all of the studies published over the
last 15 years using the key words: “bacillus Calmette Guerin” or
“tuberculosis vaccine” or “tuberculosis prevention” or “tuberculosis
vaccine therapy” and “children” or “adolescent”. More than 150
articles were found, but only those published in English were
included in the evaluation.

2. The BCG vaccine

The BCG vaccine is the only licensed TB vaccine. It is available as
an intradermal vaccine that utilizes live attenuated Mycobacterium
bovis bacillus and was developed without any immunological
insight almost a century ago. Today, the BCG vaccine is part of
immunization schedules in many countries. Since 1974, the BCG
vaccine has been administered to neonates in high-risk TB pop-
ulations as part of the WHO Expanded Program on Immunization
[4]. However, a number of epidemiological studies and controlled
clinical trials have shown that the BCG vaccine has several limita-
tions [5]. The BCG vaccine induces an immune response that can
prevent miliary and meningeal TB but cannot prevent or eliminate
TB infection. The vaccine's efficacy depends on several factors such
as: patient age, TB localization, the geographic area in which the
vaccine is administered, previous sensitization to mycobacteria,
and the patient's immune status. The protection conferred by the
BCG vaccine is significantly greater when the vaccine is adminis-
tered to neonates or school children [6,7] and for miliary or
meningeal TB [5]. Protection against pulmonary TB, which accounts
for the majority of TB mortality and morbidity worldwide, is
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significantly lower and clearly age dependent [6,7]. In children,
protection against pulmonary TB can reach up to 80% [5]; however,
only 50% of adults are protected, and some studies have reported no
real preventive effects [8,9]. In addition, previous exposure to
environmental mycobacteria appears to be an important limiting
factor for the BCG vaccine [8,9]. Subjects with latent TB infection
are less protected and the vaccine’ efficacy has been shown to be
significantly lower in subjects living in countries near the equator
where exposure to environmental mycobacteria is more common.
Moreover, BCG vaccination can lead to adverse events that, even if
local and mild in most of the cases, can be sometimes severe.
Incidence of fatal complications, such as osteitis and disseminated
BCG infection, usually occur in immunosuppressed subjects [10],
and ranges from 0.01 to 43.4 cases per million vaccine's recipients
[11]. Finally, an important limit of the BCG vaccine is its inability to
induce long-term protection, even when booster doses are
administered. Subjects who receive the vaccine soon after birth are
not protected during adolescence and adulthood [12]. Thus, the
BCG vaccine can protect against TB in younger children but not
adults, the major source of TB transmission. Consequently, the
performance of the BCG vaccine is far from satisfactory, and this
explains why BCG vaccination has been discontinued or has been
limited to children at risk in a growing number of countries with
low to intermediate TB prevalence. It has been calculated that in
settings with prevalence levels below 5 sputum smear positive per
100,000, universal BCG vaccination might lead to an excess of
adverse events per case prevented [11]. Consequently, the devel-
opment of new vaccines more effective and safe than the BCG
vaccine is considered a priority.

3. Host immunity against TB and new vaccine development

For many years, cell-mediated immunity, particularly interferon
vy (IFNy) production by CD4" T cells, has been thought to be the
most important factor in host immunity against TB [13—15]. In
contrast, the role of antibody-mediated immunity in host defense
against TB has been considered marginal since no correlations
between antibody titer against mycobacterial antigens during TB
and protection or disease severity have been observed [16]. [FNy
has been shown to stimulate macrophage, which kill intracellular
Mt by activating downstream antimicrobial effector pathways [16].
Both experimental and clinical data support this central role for
[FNYy in host defense against TB. Mice that lack IFNy are extremely
susceptible to TB infection [17], and patients who have genetic
mutations for the interleukin-12-IFNy-signal transducer and acti-
vator of transcription 1 have an increased risk for disseminated
infections due to BCG or other non-tuberculosis mycobacteria [18].
In addition, patients with impaired T-cell responses, such as those
who are HIV infected [19] or receiving tumor necrosis factor
blockers [20], frequently suffer from severe TB. Thus, attempts to
develop new TB vaccines have tried to evoke robust cellular Th1
immune responses with IFNy secretion [21,22].

Vaccines designers have adopted three different approaches.
The first approach replaces the BCG antigen of the BCG vaccine to
confer longer protection with increased safety in immunocom-
promised patients. The second approach prepares vaccines capable
of boosting the immune response in subjects who have previously
receiving the BCG vaccine. The third approach studies novel ther-
apeutic TB vaccines, i.e. preparations that could increase the effect
of pharmacotherapy for active TB. Several strategies for inducing
immune responses using several vaccine preparations have been
examined. Vaccine preparations for clinical trials have used inac-
tivated whole cell or whole cell extracts, modified mycobacteria,
viral vectored Mtb genes, fusion protein subunits with Th1-
inducing adjuvants, and live recombinant BCG or attenuated Mtb.

The most important data regarding these vaccines are reviewed in
the following sections.

4. New vaccines for tuberculosis
4.1. BCG replacements

4.1.1. Recombinant BCG strains

The first recombinant BCG vaccine is rBCG30; rBCG30 was
constructed by inserting the plasmid pMBT30 into BCG, resulting in
the overexpression of the 30-kDA protein o antigen or antigen 85b
(Ag85b) [23]. This protein is a mycolyl transferase and is the most
abundant protein secreted by Mtb into broth culture and released
into the Mtb phagosome in infected human macrophages [24—26].
The immunogenicity and efficacy of rBCG30 have been evaluated in
experimental studies. The immune response and protection
induced by rBCG30 has been shown to be significantly greater in
animals that have received this vaccine compared to those that
received the BCG vaccine [26]. Moreover, rBCG30 has been found to
be equally safe and well tolerated as the BCG vaccine and also has
similar antibiotic susceptibility [27].

In a phase 1 clinical trial of tuberculin-negative adults, rBCG30
was shown to be safe and immunogenic [28]. The vaccine was able
to induce increased Ag85b-specific T cell lymphoproliferation, IFNy
secretion, IFNy enzyme-linked immunospot responses, and direct
ex vivo intracellular IFNy responses [28]. Moreover, it significantly
enhanced the population of Ag85b-specific CD4" and CD8™" T cells
that were capable of concurrent expansion and effector function.
Importantly, rBCG30 significantly increased the number of Ag85b-
specific T cells that were capable of inhibiting intracellular myco-
bacteria. However, despite these promising results, rBCG30 was not
pursued further.

The second recombinant BCG vaccine is VPM1002 [29], which is
based on live Mtb with two modifications. The gene encoding for
listeriolysin (Hly) of Listeria monocytogenes was integrated into the
BCG genome. Hly is responsible for pore formation in the macro-
phage phagosome after endocytotic pathogen uptake, which allows
the bacterium to move into the cytosol. In contrast to BCG, which is
trapped inside the phagosome and consequently enters the MHC II
pathway, VPM1002 allows BCG to move into the cytosol, which
results in MHC I presentation of its peptides [29]. Because MHC |
presentation and subsequent CD8" T cell induction resembles the
natural mechanism of protection against Mtb, it was thought that
this change could improve the induction of host immunity. The
second change in VPM1002 was the inactivation of the BCG gene for
urease C (ureC). Urease C catalyzes the hydrolysis of urea, leading to
ammonia production and a basic environment. Inactivating urease
C was necessary since Hly activity is optimal under acidic condi-
tions. During these modifications, hygromycin resistance was
incorporated as a selection marker.

The immunogenicity, safety and tolerability of VPM1002 have
primarily been tested in animals, including neonates, with very
encouraging results [29]. Compared to the BCG vaccine, VPM1002
evoked superior protection due to its abilities of stimulating both
type 1 and type 17 cytokine responses [30] and of generating
apoptotic vesicles in infected macrophages, which induce more
profound CD4 and CD8 T cell responses [31]. In human trials,
VPM1002 has been found to be immunogenic (as measured by IFNy
production), safe, and well tolerated in adults. The vaccine was able
to induce multifunctional CD4" and CD8* T cell subsets and
exhibited a trend of being better than a comparable dosage of BCG
[32]. A phase 2 study to evaluate the immunogenicity and safety of
VPM1002 compared to the BCG vaccine in newborn infants in South
Africa has been conducted, but results have not yet been published.
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Other authors combined the approaches used for rBCG30 and
VPM1002 [22,33]. Unfortunately, this vaccine had several problems.
They used a BCG strain that was genetically modified to over-
express three proteins (Ag85A, Ag85B, and Rv3407) and to produce
perfringolysin O, an enzyme from Clostridium perfrigens that, like
Hly, can perforate the cell's encapsulating membrane and allow
BCG proteins to enter the cytosol. Despite favorable results in ani-
mals [22], the administration of this vaccine to humans has recently
been halted due to safety concerns in a phase I clinical trial in the
US. Two individuals who received the vaccine developed shingles,
which is caused by reactivation of dormant varicella-zoster virus;
these shingles cases were ascribed to perfringolysin O activity [33].

4.1.2. Attenuated Mtb strains

MTBVACO1 is the only vaccine based on an attenuated Mt strain
of human origin in phase 1 clinical trials [33,34]. This vaccine
should be both safer and more effective than the BCG vaccine. The
PhoP and fadD26 genes of the Mtb strain were inactivated to in-
crease safety. This prevents the secretion of ESAT-6, the most
important Mtb virulence factor [34], and reduces the synthesis of
phtiocerol dimycocerosates, a component of cell envelope that
protects Mtb from host defenses [35]. MTBVACO1 does not produce
complex lipids regulated by PhoP, which interfere with the host
immune response [35]. Furthermore, the antigenic properties of
MTBVACO1 are enhanced by silencing Mcr7, an antisense RNA that
regulates the secretion of the twin arginine translocation (TAT)
protein of Mtb [35]. Silencing Mcr7 results in the secretion of TAT
substrates, which include the Ag85 family; these substrates are
considered the most important Mtb antigens, and increasing the
exposure of these antigens to the immune system is good for
developing the host immune response.

MTBVACO1 can be considered the next iteration of the live
attenuated Mtb vaccine SO,, which inserted a kanamycin-resistance
cassette into PhoP [36]. Ten years of rigorous preclinical testing has
generated robust data for the safety and improved immunogenicity
and protective efficacy of SO, compared to BCG in animals,
including those with severe combined immunodeficiency [37—40].
In mice, SO, was able to induce more differentiation of antigen-
specific CD4™ T cells into central memory T cells, which are corre-
lated with longer vaccine efficacy [41]. Despite these promising
results, the Geneva consensus for new live mycobacterial vaccines
requires the presence of two stable independent mutations
without antibiotic-resistance markers for Mtb-based vaccine can-
didates; thus, SO, was considered unsuitable for clinical trials [42].
However, data on MTBVACO1 has shown that it is functionally
comparable to SO,. Thus, data generated in preclinical studies of
SO, were accepted by the Swiss Regulatory Authority (Swissmedic)
as support for entering MTBVACO1 phase 1 clinical trials [42].

4.1.3. Engineered mycobacteria

Mice can become infected by mycobacteria containing the esx-3
region, an evolutionarily conserved set of genes that allow bacte-
rium to evade bacterial killing by the innate immune response.
Mice infected with a Mycobacterium smegmatis Aesx-3 mutant
were able to control and clear the infection via a MyD88-dependent
bactericidal immune response. This Aesx-3 mutant was called
IKEPLUS [43]. IKEPLUS remained susceptible to the innate immune
response, was highly attenuated in mice, and was able to stimulate
bactericidal immunity against challenges with virulent Mtb. This
highly protective bactericidal immunity elicited by IKEPLUS was
dependent on CD4" memory T cells and involved a distinct shift in
the pattern of CD4" cell cytokine response [43]. Thus, the esx-3
locus was shown to promote mycobacterial virulence, and IKE-
PLUS may be a potentially powerful vector for Mt vaccines.

4.1.4. Mycobacterium vaccae

Mycobacterium vaccae (Mv) is a saprophytic Mycobacterium that
contains a vast array of antigenic epitopes common to Mt such as
the heat shock proteins (Hsp; Hsp71, Hsp65, and lip-
oarabinomannan [LAM]) and some low molecular weight
(<40 kDa) secreted antigens [44]. An inactivated whole cell vaccine
of Mv was prepared since animals that were previously sensitized
by soluble Mtb and Mv antigens exhibited similar delayed hyper-
sensitivity responses [44]. The Mv vaccine was initially used as a
therapeutic TB vaccine in combination with drug therapy, but it had
debatable results and a risk of adverse events that was not marginal
[45]

More recently, the Mv vaccine has been used as a prophylactic
vaccine for TB [46]. In a phase III clinical trial, the Mv vaccine was
shown to be immunogenic and to confer protection against HIV-
associated TB in adults previously immunized with the BCG vac-
cine who had CD4 counts >200 cells/uL [46]. Furthermore, the
vaccine was not found to have any risk of significant adverse events.
The immunogenicity of the vaccine was evaluated using an IFNy
enzyme-linked immunosorbent assay, a tritiated thymidine
lymphocyte proliferation assay, and antibodies to the TB LAM
glycolipid. However, post-immunization immune responses did not
predict protection from HIV-associated TB [46].

4.2. Booster vaccines

4.2.1. Viral vectored vaccines

Aeras 402/Crucell Ad35 is a vaccine candidate that consists of a
replication-deficient adenovirus (Ad35) vector that contains the Mt
antigens 85A, 85B, and TB10.4 [47—49]. The Ad35 vector was
selected because there are relatively little preexisting neutralizing
antibodies against this adenovirus in people living in developing
countries [47]; furthermore, adeno-vectored vaccines consistently
induce high levels of CD8" T cell responses [48]. Aeras 402 was
shown to significantly protect mice against lung challenges of Mtb
[49]. Similar results were observed in humans by two studies of
BCG-vaccinated adults living in areas with different TB endemicity
(South Africa [50] and the US [51]). Both studies showed that Aeras
402 could safely induce multifunctional CD4" and CD8* T cell re-
sponses specific for Ag85A, Ag85B, and TB10.4; in both cases,
boosting was more remarkable for CD8" T cells. The CD8* T cell
response was fiftyfold higher than that at baseline, which was the
highest magnitude response seen for any previous TB vaccine
candidate. Clinical trials of Aeras 402 in children remain ongoing.

An aerosolized formulation of Aeras 402 has also been evaluated
[52]. Aeras 402 was delivered to the lungs of nonhuman primates,
which led to lung modifications consistent with the induction of an
immune response. Furthermore, a transient, vaccine-specific im-
mune response was observed in the peripheral blood as well as
sustained high-level polyfunctional CD4" and CD8" T cell re-
sponses in the bronchoalveolar lavage fluid. These data suggest that
aerosolized delivery of Ad35-based vaccine can be safe and induce
potent lung-specific immunity [52].

MVABS85A is a recombinant strain of the modified Vaccinia
Ankara virus that expresses the immunodominant Mtb protein
antigen 85A. MVA85A was developed as a heterologous boost for
the BCG vaccine in 2002 [53]. Boosting the BCG vaccine with
MVABS85A improved BCG-induced protection against mycobacterial
challenge in several animal studies [39,54,55]. Currently, MVA85A
is the Mtb vaccine with the most studies in humans. Several clinical
trials have shown that MVAS85A is safe and well tolerated. However,
data on MVAS85A immunogenicity and efficacy are conflicting. The
first study of MVA85A in humans found that that MVA85A was
highly immunogenic in all vaccinated subjects; however, the CD4™"
T cell response was significantly higher in BCG-vaccinated subjects
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than in BCG-naive subjects [53]. This difference was not observed in
further studies in Africa, which suggests that the cumulative
mycobacterial immunity in adults living in tropical climates was
significantly lower than that in adults living in more temperate
climates; this may be due to higher exposure to mycobacteria an-
tigens in these tropical climates [56]. Nonetheless, the vaccine-
induced responses were higher than baseline in adults, adoles-
cents, and children, although the vaccine's efficacy in children was
disappointing. A double-blind, randomized, placebo-controlled
phase 2b trial in South Africa enrolled 2797 healthy infants (aged
4—6 months) without HIV infection who had previously received
the BCG vaccine [57]. The children were randomly allocated to
receive one intradermal dose of MVA85A or an equal volume of
placebo and were then actively followed every 3 months for up to
37 months. In this study, the safety of the vaccine was good
although more children who received the vaccine experienced local
reactions than those who received the placebo. Overall, 32 (2%) of
1399 MVAS8S5A recipients met the primary efficacy endpoint (TB
incidence of 1.15 per 100 person-years [95% confidence interval
[CI]: 0.79 to 1.62]; with conversion in 178 [13%] of 1398 infants [95%
Cl: 11.0 to 14.6]) as did 39 (3%) of 1395 controls (1.39 per 100
person-years [95% CI: 1.00 to 1.91]; with conversion in 171 [12%] of
1394 infants [95% CI: 10.6 to 14.1]). Efficacy against TB was 17.3%
(95% CI: —31.9—48.2) and against Mtb infection was —3.8% (95% CI:
—28.1-15.9).

4.2.2. Protein-adjuvanted vaccines

M72/MTB72F is the most advanced adjuvanted subunit vaccine
for TB. M72 contains a fusion protein of the Mtb antigens 32A and
39A [58—60]. It has been delivered with ASO1 (combination of li-
posomes, MPL and QS21) and AS02 (oil-in water emulsion) as ad-
juvants, and results suggest that formulation with ASO1 induced
the highest vaccine-specific responses [58]. Several phase II studies
have shown that M72/AS01 has moderate local reactogenicity
without serious adverse events [59,60]. Phase I/Ila trials have also
found that M72/AS01 has an acceptable safety profile and stimu-
lates both CD8" and CD4™ T cell responses. In a phase Ila trial, M72/
ASO1 triggered a T cell response separate from the typical Th1 and
Th17 responses observed in other vaccine candidates in 45 Mtb-
infected and -uninfected adults in South Africa [59]. These novel T
cell populations appeared to include Treg cells, which may mediate
the inflammation induced by Th1 and Th17 cytokines. T cell counts
after M72/AS01 administration were higher in Mtb-infected par-
ticipants than in Mtb-uninfected individuals. These results have
justified currently ongoing or recently completed phase Ila studies
designed to evaluate the safety and immunogenicity of M72/AS01
in: infants in Gambia; HIV-positive adults in Chennai, India; and
adults with TB in Taiwan and Estonia [60]. Moreover, a phase IIb
study has been planned to evaluate the vaccine's effectiveness for
preventing Mt infection; this trial will be the largest adult trial of a
novel TB vaccine and aims to enroll 4500 HIV-negative adult vol-
unteers in TB endemic communities in sub-Saharan Africa [60].

HyVac4/AERAS-404 (SSI/SP H4-I1C31), Hybrid 1/1C31, Hybrid 1/
CAFO01, and SSI H56-IC31 are a series of TB vaccines that have been
developed using protein subunits of different Mtbh antigens and
fusion molecules [61,62]. These preparations have been paired with
several different adjuvants.

Hybrid 1 contains the Mtb antigens 85B and ESAT6 and has been
studied in combination with either IC31 (a combination of an
antibacterial peptide and a Toll-like receptor 9 agonist) or CAF01 (a
synthetic glycolipid trehalose-dibehenate that is incorporated into
cationic dimethyldioctadecylammonium bromide liposomes) as
adjuvants [61,62]. Hybrid 1/IC31 has been shown to induce memory
T cell responses that were maintained over 2.5 years of follow-up in
BCG-naive volunteers [61]. Moreover, the vaccine enhanced TB-

specific immune responses in a study that enrolled individuals
who had received the BCG vaccination or had been previously
infected with TB [61]. A phase Ila trial of Hybrid 1/IC31 is currently
being planned. However, the inclusion of ESAT6 in the vaccine has
the potential to confound the new generation of diagnostic tests for
latent TB. In one study, 17% of the subjects who received a high dose
of Hybrid 1/IC31 were positive by Quantiferon Gold and remained
positive more than 2 years later [62].

To address this problem, ESAT6 has been replaced with the
antigen 10.4. One such vaccine is HyVac4/AERAS-404, which is also
referred to as SSI/SP H4-IC31; this vaccine uses the H4 antigen (a
fusion protein of 85B and 10.4) and has been tested before and after
TB exposure in preclinical animal models [63]. HyVac4/AERAS-404
is currently being evaluated for TB prevention in infants and ado-
lescents who have received the BCG vaccine.

ID93/GLA-SE is another protein-adjuvanted vaccine that uses
ID93, a fusion protein comprised of four Mtb antigens (RV2608,
RV3619, RV3620, and RV1813), and GLA-SE, an adjuvant (gluco-
pyrasonyl lipid-stable emulsion). This vaccine has been shown to be
safe and immunogenic in both BCG-vaccinated and -unvaccinated
animals; in these animals, the vaccine was able to evoke CD4" T cell
production of tumor necrosis factor (TNF)a and interleukin (IL) 2
[64]. ID93/GLA-SE was also able to elicit CD4" and CD8™" T cell re-
sponses in human peripheral mononuclear cells [65].

The Hybrid 56 vaccine uses an antigen contained in dormant
Mtb, which is the most difficult Mtb strain to eradicate. Hybrid 56
has recently entered clinical trials [65,66]. The antigen used in
Hybrid 56 is poorly immunogenic alone; however, when adminis-
tered in conjunction with ESAT6 and Ag85B, it is able to induce
protective immune responses in experimental animals. Moreover,
in nonhuman primate models, Hybrid 56 has been shown to control
TB reactivation after animals received the BCG vaccine [66].
Another multistage booster vaccine that contains antigens
expressed by Mtb (Rv2608, TV3619, Rv3620, and RV1813) is also
currently being studied [65].

4.3. Therapeutic vaccines

Several therapeutic TB vaccines, including Mv, have been
developed; however, only some have entered clinical trials [45].
The most widely studied therapeutic TB vaccine is the RUTI vaccine.
RUTI is comprised of detoxified and liposomal cellular Mt frag-
ments, which are cultured under stress conditions (intra-granulo-
matous conditions) to induce latency antigens that are normally
hidden from the immune system [67]. Moreover, RUTI is detoxified
to decrease the risk of an exacerbated immune response as well as
fragmented to facilitate the processing and presentation of cell wall
antigens. RUTI contains very low levels of LAM, an endotoxin-like
molecule that has been implicated in intra-granulomatous necro-
sis. RUTI is delivered via liposomes to warrant the homogeneity of
the preparation and likely promotes access to intracellular com-
partments, resulting in MHC class 1 presentation to CDS™ T cells.
Studies in animals and in humans have reported that RUTI is safe,
and only mild to moderate local adverse events have been reported
[68]. RUTI has been shown to induce a poly-antigenic response
against Mt antigens. A phase Il trial is planned to analyze the
protective effect of one 25 pug RUTI vaccination in HIV-positive
subjects after standard latent TB treatment has been administered.

5. Criticisms of candidate TB vaccines

Table 1 summarizes the main characteristics of the TB vaccines
under development. This global evaluation of current data on the
safety, tolerability, and of TB vaccine candidates indicates that a
substitute or booster for the BCG vaccine is not yet available. The
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Table 1
Main characteristics of the TB vaccines under development.

Type of vaccine Name Characteristics and composition

Recombinant rBCG30 Overexpression of Ag85b
BCG strains ~ VPM1002 Deletion in urease gene and expression
of listerysin to promote phagosome lysis
AERAS422 Expression of perfringolysin and several

Mtb antigens
Inactivation of PhoP and fadD26 genes
Mutation in Mycobacterium smegmatis

Attenuated Mtb MTBVAC

Engineered IKEPLUS
Mycobacteria

Mycobacterium
vaccae

Mycobacteriun A strain containing a vast array of antigenic
vaccae epitopes common to Mth

Viral vectored ~ AERAS-402 Replication-deficient adenovirus expressing
vaccines Ag85a, Ag85b and TB10.4
MVAS85A Vaccinia virus Ankara expressing Ag85a
Protein- MTB72F Fusion protein of the Mtb antigen 32A
adjuvanted and 39A
vaccines Hybrid 1 Mtb antigens 85B and ESAT6 combined
with IC31 or CAFO1
AERAS-404 Fusion protein of Mtb Ag85b and TB10.4
antigens
ID93 Fusion protein of RV2608, RV3619, RV3620
and RV1813 antigens and GLA-SE
Hybrid 56 Fusion protein of Ag85b,ESAT6 and Rv2660c

Therapeutic RUTI
vaccines

Liposomes containing detoxified fragmented
Mtb cells

studies that have been performed to date are limited by a poor
understanding of the specific human immune response to Mtb
infection and the mechanisms that lead to TB; furthermore, there
are no validated animal models or immunological correlates of
protection that can predict vaccine efficacy in humans with cer-
tainty [69]. Moreover, clinical trials to obtain reliable data on vac-
cine efficacy require thousands of participants in multiple regions
with different mycobacteria exposure. Finally, some study results
were unexpected and completely unsatisfactory. The new TB vac-
cines were frequently shown to be highly immunogenic but clini-
cally ineffective. These results were slightly inconsistent with the
theory that the T cell response and IFNYy secretion are the primary
host defense to Mt infection and TB disease. The best example of
this was the South African study of MVAS85A, which enrolled
healthy infants who had received the BCG vaccine [57]. In this
study, a positive CD4 response and high IFNYy levels was observed in
the vaccinated children but not in children who received the pla-
cebo; however, these effects were not accompanied by efficacy
against Mtb infection or TB. The inefficiency of this promising
vaccine was considered an indicator that T cells and IFNy may not
be sufficient for preventing active TB despite being essential parts
of the host immune response against Mtb. Studies in experimental
animals have supported this conclusion. Knockout animals that
lack different cytokines, such as TNF, IL1, IL 6, or granulocyte-
macrophage colony-stimulating factor (GM-CSF), but still produce
adequate IFNy levels are extremely susceptible to Mtb infection; if
infected, these animals die as rapidly as IFNy-deficient animals
[70—72]. Furthermore, CD4" cells have been shown to protect mice
against Mtb independently of IFNy, which suggests that T cell
functions besides IFNy production are able to defend against Mtb. It
has been hypothesized that a balance between IFNy and other cy-
tokines, including Th2 cytokines, can influence disease outcome
[73]. In humans, progression from Mtb infection to active disease is
directly associated with the number of IFNy-secreting T cells as well
as IFNy levels [ 74]. Thus, the immune response elicited by immune-
dominant Mtb antigens could be beneficial for not only the host but
also for direct pathogen-induced lung tissue destruction and cavi-
tation, which facilitates the spread of bacilli and contributes to TB
transmission [75].

Since studies have shown that IFNy and CD4" cells are not the
only factors that host defenses depend on to fight Mtb, attempts
have been made to identify other immune mechanisms that play a
major role in TB defense. Several other factors of cell-mediated
immunity have been identified. The loss of TNF, GM-CSF, and IL1
B have all been reported to increase susceptibility to Mtb infection
and TB disease [76—79]. Moreover, cytotoxic T lymphocytes (CD8*
T cells) have been shown to kill Mtb via different molecular path-
ways such as exocytosing cytotoxic proteins (e.g., perforin) and
expressing factors like CD95, which mediates apoptosis and TNFa.
secretion [80—83]. Finally, anti-inflammatory signals and immune
cells besides CD4" and CD8" have been indicated in host defense
against Mth. CD4"CD25™" regulatory T cells suppress inflammation
and limit the immune response by producing immunosuppressive
cytokines, such as IL10 and transforming growth factor [84]. Factors
that mediate T cell exhaustion after long-term antigen stimulation,
which occurs in TB, have been identified; suppressing these factors
has been associated with an increase in the number and function of
Mtb-specific T cells [85]. Invariant natural killer T cells have also
been reported to be significantly lower in infected individuals, and
increasing their numbers to normal concentrations has been
associated with improved treatment outcome and greater synergy
with antibiotics [86.87]. Other cells, such as CD1-restricted T cells,
vd T cells, MAIT cells, and Th17 cells, also clearly influence the im-
mune response against Mtb, but their specific roles have not been
completely defined [88—91].

Humoral immunity has also attracted new interest. Even if many
antibodies elicited by Mtb are nonfunctional or enhance the in-
flammatory response, various studies have suggested that certain
antibodies are protective against TB [92]. IgG-bound BCG can in-
crease both anti-Mt macrophage activity and Mtb-specific cell-
mediated immunity. Moreover, it can promote the clearance of
cell wall immunomodulatory antigens, such as lipoarabinomannan,
and modulate inflammation [93]. IgM can also activate the com-
plement system [94], whereas IgG has both pro- or anti-
inflammatory properties depending on the antigen and receptor
it engages [95].

6. Future perspectives

In the near future, the results of the current ongoing clinical
trials for several TB vaccine candidates will become readily avail-
able. Hopefully, one or more of these vaccines will prove to be
effective and can either replace the BCG vaccine or be used as
booster in individuals who have already received the BCG vaccine.
However, even if the results of these studies are unsatisfactory,
these studies will provide insight into the development of better
candidates. Currently, it seems clear that an approach based on only
inducing CD4+ and CD8+ cells has limitations. However, the
development of an effective TB vaccine is very complex. An effec-
tive vaccine required long, protracted and costly clinical trials to
evaluate vaccine efficacy, and no correlate or surrogate of protective
immunity is available. Thus, the efficacy of each new TB vaccine
addresses new hypotheses rather than simply pursuing an
approach that has already failed or presented debatable results. It
has recently been suggested that characterized Mtb surface con-
stituents, particularly the proteins involved in the early stages of
infection, will lead to the development of better vaccines against
Mtb infection. Mtb reportedly enters macrophages via the CR3 re-
ceptor, which increases bacterial survival [21]. Identifying bacterial
components involved in this receptor-mediated entrance may offer
new insights into developing antibody-based strategies. This could
be accomplished by determining whether Mtb surface components
are able to evoke protective antibodies in TB patients who remain
uninfected despite prolonged exposure. More effective priming or
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booster vaccines will likely be multicomponent vaccines that
include proteins that play a role against both active and dormant
Mtb; these vaccines would limit both the development of active TB
and the damage caused by more dangerous active strains. Multi-
valent TB vaccines that target the esx family are another interesting
possibility; the esx antigens are thought to induce a broad-
spectrum immune response. A recent vaccine based on 15 esx an-
tigens that were representative of all esx family members was
found to elicit a substantial, broad Ag-specific IFNy response and
multifunctional CD4+ and CD8+ T cell responses [96]. Moreover,
new laboratory methods will improve studies of vaccine efficacy
in vitro and in vivo. Currently, Mtb is grown in liquid culture, which
contains detergent to limit bacterial clamping. Antibody-based
vaccines should be assessed using bacteria with a well-preserved
surface to better mimic what happens in vivo. Finally, experi-
mental animals that are exposed to Mtb are currently exposed to a
single dose with a relatively high Mtb concentration; these exper-
iments should be conducted using multiple, consecutive lower
doses, which is typically observed in humans.

7. Conclusions

A better understanding of the immune response to Mtb infection
in humans indicates that multiple mechanisms are involved in host
attempts to eliminate Mtb and prevent TB development. This ex-
plains why vaccines that evoke only a partial immune response
have such low efficacy. Unfortunately, what constitutes protective
immunity against Mt has yet to be precisely defined and remains
the most important limitation for TB vaccine development. In
particular, why only a minority of infected individuals develop TB
remains unknown. Mtbh also persists in infected subjects but re-
mains dormant unless immunodeficiency occurs. This seems to
indicate that the immune system can control but not eliminate Mtb
after infection, and in most cases, the latent pathogen is unable to
become activated and lead to TB. Identifying the immune mecha-
nisms that act on the different stages of Mtb infection appears to be
essential to vaccine development. Given the complexity of the
immune response induced by Mtb, it is reasonable to imagine that
vaccines containing antigens that evoke simple immune response
will have poor efficacy.

In the past decade, impressive strides have been made in the
development of new TB vaccines. Several vaccine candidates are
currently being studied. However, TB vaccination still faces signif-
icant obstacles. There have been several attempts to develop vac-
cines that are able to prevent Mtb infection, reduce the risk of TB
development, and have therapeutic ability; however, no vaccine to
date can be considered more safe and effective than the BCG vac-
cine. A definitive TB vaccine is likely far off despite more refined
vaccine attempts in recent years that have been based on a better
understanding of the host immune response to Mtb. This improved
understanding has led to the development of vaccines containing
multiple antigens. However, until a new vaccine has been proven to
be more effective and safe than the BCG vaccine, the BCG vaccine
should be maintained in immunization schedules for neonates and
children at risk as a fundamental prophylactic measure.
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