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Summary

The development of more effective vaccines against Mycobacterium tuberculosis (Mtb) remains a 

major goal in the effort to reduce the enormous global burden of disease caused by this pathogen. 

Whole-cell vaccines based on live mycobacteria with attenuated virulence represent an appealing 

approach, providing broad antigen exposure and intrinsic adjuvant properties to prime durable 

immune responses. However, designing vaccine strains with an optimal balance between 

attenuation and immunogenicity has proven to be extremely challenging. Recent basic and clinical 

research efforts have broadened our understanding of Mtb pathogenesis and created numerous new 

vaccine candidates that are designed to overcome different aspects of immune evasion by Mtb. In 

this review, we provide an overview of current efforts to create improved vaccines against 

tuberculosis based on modifications of live attenuated mycobacteria. In addition, we discuss the 

use of such vaccine strains as vectors for stimulating protective immunity against other infectious 

diseases and cancers.
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Introduction

The genus Mycobacterium, includes both saprophytic and pathogenic species, consists of 

more than 100 species (1) (http://www.bacterio.net/mycobacterium.html). In this review we 

will focus on just three species, M. tuberculosis (Mtb), M. bovis, and M. smegmatis, which 

comprise the basis for the majority of live vaccines currently under development. Mtb and 

M. bovis are closely related, slow growing mycobacteria that are highly pathogenic in 

humans, and are the etiological agents of human and cattle tuberculosis (TB), respectively 
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(2). M. smegmatis, in contrast, is a fast growing saprophytic mycobacterium that does not 

cause disease in immunocompetent humans, and lacks many of the specific adaptations that 

impart virulence to Mtb and M. bovis (3). The only vaccine currently available for human 

TB is the M. bovis Bacillus Calmette-Guèrin (BCG) vaccine, originally developed in the 

early 20th century by Calmette and Guèrin by using approximately 230 passages of M. bovis 
in culture between 1908 and 1921 to produce an attenuated live vaccine strain (4). Following 

its initial development, BCG was distributed to many global sites and further cultivation to 

produce multiple distinct daughter strains. These strains are named accordingly to the 

country, city, or laboratory in which they were produced, giving rise to designations such as 

BCG Pasteur, Danish, Russia, Tice, Connaught, Glaxo, Tokyo and many more. Although 

these BCG substrains were derive from the same common ancestor, they have been shown to 

harbor significant differences at the genomic level, at least some of which are likely to alter 

the specificity and quality of the immune responses that they stimulate following vaccination 

(5). Comparative genomic analyses have demonstrated multiple regions of difference (RD) 

that represent deletions that are present in one or more of the BCG substrains when 

compared to the genomes of parental virulent M. bovis or Mtb. Some of these contain 

virulence-related genes, including examples that encode type VII secretion systems, sigma 

factors and members of the PE_PGRS family of proteins (6, 7). The absence of the genes 

contained in some of these regions of difference, in particular RD1, is responsible for the 

marked reduction of virulence of BCG (8, 9), and its ability to be used as a live vaccine to 

induce protective immunity without causing disease.

As a vaccine, BCG offers partial protection against leprosy and childhood extra-pulmonary 

TB. This, along with its comparative safety and ease of production, accounts for its very 

widespread use with more than 3.5 billion people having been vaccinated to date. However, 

BCG has been found to provide inconsistent and often inadequate protection against 

pulmonary TB, and the level of attenuation of the organism is not always sufficient for 

immunocompromised patients (10). There is also concern that expression of important 

mycobacterial antigens might have been lost during the attenuation process that converted 

virulent M. bovis into the BCG vaccine (11, 12). On the other hand, it is likely that many 

virulence-related genes still present in BCG interfere with the optimal stimulation of anti-

mycobacterial immunity and the induction of long lasting protective immunity (13). The 

genomes of Mtb and BCG each contain approximately 4000 genes, with large numbers of 

these apparently contributing to intracellular survival and virulence as well as numerous 

mechanisms for adaptation and immune evasion in the mammalian host (14, 15). Although 

further engineering of live mycobacteria to achieve improved safety and immunogenicity is 

a complex undertaking, it is also likely that many opportunities exist for improving on the 

results obtained with BCG.

Manipulation of the host immune response by Mtb

The tight co-evolution between Mtb and its human host has shaped this organism into an 

extremely effective pathogen, with some estimates suggesting that as many as 1 out of every 

3 humans currently harbor latent infection (16). Mtb is an obligate intracellular pathogen 

that is transmitted mainly by inhalation of aerosolized infectious droplets. After entering the 

lung alveoli, Mtb is taken up by alveolar macrophages where it immediately begins to 
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manipulate the host innate immune responses (for reviews see (17)). Initial important events 

in this process include uptake by the macrophage through specific surface receptors, the 

inhibition of phagosome-lysosome fusion, neutralization of reactive oxygen and nitrogen 

species and further adaptations to the environment of the phagosome. Like many other 

intracellular pathogens, neutralizing the normally harsh lumen of the phagolysosome is a 

priority for Mtb, and is essential for its establishment and eventual persistence in the host 

(for reviews see (18, 19)). Mtb stalls phagosome maturation by inhibiting the fusion of the 

Mtb-containing phagosome with lysosomes (20, 21). Once in the phagosome, the bacterium 

activates genes such as ureC that neutralize the acidic pH of this compartment (22). Other 

bacterial genes, such as sodA, are involved in reducing the levels of reactive oxygen species 

in the infected cell (23). These and other mechanisms not only assist Mtb in dealing with the 

immediate consequences of the innate immune response against intracellular infection, but 

also interfere with stimulation of critically important adaptive immunity by blocking antigen 

presentation pathways (24), autophagy (25), the induction of apoptotic cell death (26), and 

the manipulation of regulatory T cell responses (27, 28). All of these effects are believed to 

contribute to suboptimal priming of mycobacteria-specific T cells (29), leading to an 

adaptive immune response that fails to clear the pathogen, and may actually promotes its 

survival through the formation of encapsulating granuloma.

Given the extensive immune evasion programs of Mtb, which are likely replicated to a great 

extent by BCG, any potential route to develop a more effective vaccine must take into 

account these immune evasion strategies of Mtb, either by overcoming or disabling them. 

Although still incomplete, our understanding of the mechanisms of disruption of normal host 

cell processes by Mtb has progressed to the point that has enabled attempts at rational design 

of strains that more effectively engage the immune system at various levels. This can be 

done mainly through precise deletion or insertion of genes in Mtb or BCG, using methods 

that are now highly developed. As illustrated schematically in Figure 1 and detailed in the 

text that follows, many of the current approaches to novel vaccines for prevention of disease 

from Mtb infection involve modifying the immune evasion strategies of live mycobacteria. 

In addition, approaches have been developed to reduce or eliminate the ability of genetically 

modified mycobacteria to persist or replicate after introduction into human hosts, which 

provides improvements in the safety and tolerability of new live vaccine strains. The 

application of these approaches to new vaccine strains currently under development or in 

clinical testing is reviewed below.

New live BCG or tuberculosis vaccines in recent clinical trials

To date, three well-studied modified BCG strains (rBCG30, VPM1002, and AERAS-422) 

have progressed through multiple levels of preclinical assessment and have entered into 

clinical testing (30–32). In addition, one novel vaccine based on a live, attenuated form of 

Mtb (MTBVAC01) has progressed to this level (32). Each of these has been conceived 

primarily as a novel pre-exposure vaccine to replace the current BCG vaccines for use in 

newborns. The properties of these next generation vaccine candidates and the status of their 

clinical evaluations are briefly summarized below.
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rBCG30 vaccine strain (rBCGfbpB+)

The first live mycobacteria vaccine that was specifically designed to improve on the current 

BCG vaccine was rBCG30, a recombinant BCG strain transformed with a plasmid encoding 

overexpression of the immunodominant antigen 85B (Ag85B) encoded by fbpB (33, 34). 

Antigen 85B is part of the Ag85 complex that consists of Ag85A, Ag85C, and Ag85D (35, 
36). Like other Ag85 proteins in the complex, Ag85B has been characterized to have 

multiple biological activities, including binding to fibronectin (37, 38) and elastin (39), 

enzymatic activity important for cell wall structure (i.e., mycolic acid transferase) (40), and 

is an immunodominant antigen in both mouse and human infections (for reviews see (41)). 

Another recently documented feature of Ag85B is its ability to induce autophagy in host 

phagocytic cells (42). It is likely that Ag85B overexpression has multiple effects on the 

immune response, although its ability to induce strong CD4+ T cell responses associated 

with interferon-γ secretion provided the main rationale for the design of rBCG30.

Assessment of rBCG30 in a variety of animal models showed distinct improvements in 

immunogenicity and vaccine efficacy in direct comparisons to standard BCG immunization. 

In particular, studies in guinea pigs showed rBCG30 strains constructed in both the Tice and 

Connaught parental strains to be more immunogenic compared to their corresponding 

unmodified strains, and this corresponded with better protection against Mtb challenge (34, 
43). A phase I clinical trial established the safety of the rBCG30 vaccine in healthy adults, 

and its intended enhanced stimulation of immune responses to Ag85B in humans (33). 

However, current work on clinical development of rBCG30 as a substitute for standard BCG 

in humans is presently on hold, as the focus of the field has shifted to more attenuated and 

broadly immunogenic candidate vaccines (for reviews see (31)). Preclinical work continues 

with development of related rBCG30 strains that also incorporate additional attenuating 

mutations, such as a deletion in the mycobactin synthesis pathway (ΔmbtB), which is 

defective in iron acquisition (44). This and other forms of modified rBCG30 are of interest 

as potentially safer and more efficacious vaccines for use in neonatal populations with high 

prevalence of HIV infection or other types of immunosuppression.

VPM1002 modified BCG vaccine strain (rBCG ΔureC::hly)

The recombinant BCG VPM1002 vaccine was engineered to expresses the Listeria 
monocytogenes pore-forming protein listeriolysin O (LLO) encoded by the hly gene, which 

mediates the perforation of the phagosomal membrane. The design of this strain was based 

on the idea that expression of LLO should allow mycobacterial antigens to more efficiently 

access the host cell cytosol. This should lead to increased processing of antigens in the MHC 

class I antigen presentation pathway, and augmented CD8+ cytolytic T cell priming. In 

addition, LLO expression also appears to induce apoptosis in infected macrophages, which 

indirectly increases CD8 T+ cell responses by cross-priming through an alternate 

mechanism. Another feature of the VPM1002 strain is the deletion of the ureC encoding a 

urease that is involved in the inhibition of phagosome acidification. This modification 

improves the membrane disrupting activity of LLO, which is optimal at pH5.5 (22). In 

addition, stronger acidification of phagosomes in infected cells could also improve 

processing of protein antigens and their presentation by MHC class II to CD4+ T cells, such 
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as was shown in the case of Ag85B in infected macrophages (45). Studies in mice have also 

suggested that immunization with VPM1002 leads to greater expansion of IL-17 producing 

T cells compared to standard BCG vaccination, although the reasons for this are not clear 

(46).

The properties of the BCG ΔureC::hly strain have been well characterized in cultured 

macrophages and mouse models (22), and the clinical development of VPM1002 as a 

potential second generation vaccine to replace BCG has been extensively reviewed by 

Kaufmann et al. (30, 31). Phase I clinical studies in healthy adults have been completed in 

80 volunteers in Germany and 24 volunteers in Bloemfontein, South Africa, showing 

immunogenicity and safety that were judged sufficient for proceeding with clinical 

evaluation in newborn infants (47). A phase IIa trial in HIV-unexposed newborn infants in 

South Africa is currently in progress and shows that VPM1002 is as safe as BCG and elicits 

similar type of immunity reported in the phase I studies (30) (ClinicalTrials.gov identifier 

NCT01479972), and a phase IIb trial in HIV infected newborns is also being considered 

(48). The improved safety and enhanced immunogenicity of VPM1002 has prompted 

interest to test it as a potential agent for treatment of bladder cancer to replace BCG, which 

is currently licensed for use as a treatment for nonmuscle invasive bladder cancer. Although 

the precise anti-tumor mechanism of BCG is not fully known, it is believed that induction of 

strong Th1 immunity by BCG and the preferential uptake of the bacilli by tumor cells are 

factors that contributes to tumor immunity (49). Clinical trials to assess VPM1002 for 

treatment of bladder cancer have been planned but are not yet initiated (ClinicalTrials.gov 

identifier NCT02371447).

AERAS-422 modified BCG vaccine strain (rBCGΔureC::pfoA 

Rv3407+fbpA+fbpB+)

The rBCG vaccine AERAS-422 combines the rationales of both the VPM1002 and rBCG30 

vaccine strains. AERAS-422 overexpresses the immunodominant antigens Ag85A (fbpA), 

Ag85B (fbpB), and a latently expressed TB antigen Rv3407. Instead of the L. 
monocytogenes LLO, the perforin perfringolysin O (PFO) of Clostridium perfringens has 

been introduced to disrupt phagosomal membrane. The PFO cassette was inserted into ureC 
to remove the urease activity of the AERAS-422 vaccine strain, even though the PFO was 

engineered to maintain porin activity at neutral pH (for reviews see (31)). Studies in mouse 

models clearly showed the vaccine strain was attenuated, has enhanced immunogenicity for 

responses to the overexpressed BCG antigens, and elicited protection against Mtb challenge 

superior to standard BCG vaccination (50). However, clinical development of AERAS-422 

as a novel TB vaccine was recently terminated during a phase I clinical trial due to 

occurrence of reactivation of varicella-zoster virus leading to shingles in two vaccinated 

healthy control subjects (31, 51). The cause of this unexpected adverse effect remains 

unclear, but it suggests the possibility of potentially significant immunosuppression as a 

result of vaccination with AERAS-422. This will likely need to be studied further in animal 

model systems before the possibility of resuming clinical trials can be considered.
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Attenuated M. tuberculosis MTBVAC01 vaccine strain (Mtb ΔphoP ΔfadD26)

The MTBVAC01 vaccine strain was constructed in the background of the virulent 

Mycobacterium tuberculosis strain MT103 isolated from an immunocompetent TB patient 

(52). Due to the guidelines established by the World Health Organization (WHO) which 

require a minimum of two independent strongly attenuating for live vaccine strains derived 

from Mtb, the MTBVAC01 vaccine strain contains stable unmarked deletions of both the 

phoP and fadD26 genes (52). PhoP is a transcriptional regulator of a two-component system 

involved in the regulation of approximately 2% of the M. tuberculosis genome, including 

genes responsible for responses to hypoxia and other types of stress, lipid metabolism, 

respiration and virulence (53). The other attenuating feature of MTBVAC01 is the deletion 

of the fadD26 gene, which encodes an acyl-CoA synthase required for lipid metabolism and 

the biosynthesis of phthiocerol dimycocerosates (DIMs), a component of the mycobacterial 

cell wall required for intracellular survival (54, 55). Preclinical data in animal models 

showed that the MTBVAC01 vaccine strain was as good as BCG in terms of safety, and 

induced better levels of protection following virulent Mtb challenge (52). The MTBVAC01 

vaccine entered a phase I clinical trial at the end of 2013 which is currently ongoing 

(ClinicalTrials.gov identifier NCT02013245). Further development of the MTBVAC01 

includes the hyper-attenuated MTBVAC Δerp mutant (56). The Mtb erp gene encodes for the 

exported repetitive protein (ERP), a secreted antigen found on the bacterial surface. The Mtb 

Δerp mutant fails to replicate in murine macrophages and is attenuated in mice (57). The 

MTBVAC Δerp− mutant strain achieved higher attenuation than MTBVAC01 while 

maintaining a similar level of immunogenicity in mice (56).

New and developing approaches for live mycobacteria vaccines

Out of the four vaccines described above, only the VPM1002 has proceeded into phase II 

trials, while the rest have either been halted or delayed due to potential safety concerns or 

the need for further optimization. The complexity of Mtb evasion and subversion of host 

immunity may require more complex modifications of live mycobacteria to generate 

vaccines that can fully recruit protective adaptive immunity against subsequent exposure. 

This would likely include further modifications of live vaccine strains to enable phagosome 

maturation, and to promote cellular processes that enhance antigen presentation such as 

apoptosis and autophagy. In addition, a range of other possible modifications are being 

considered, including some that modulate pro-inflammatory cytokines, enhance the 

formation of memory T cells, or make relevant mycobacterial antigens more available as 

targets for immune response through a variety of different mechanisms. New candidate 

vaccine strains based on some of these principles are briefly described below.

Auxotrophy mutations

The deletion of essential biosynthetic genes to create auxotrophic mutants is one of the most 

straightforward and effective ways to reduce the virulence of Mtb or BCG to negligible 

levels. One gene that has been extensively targeted for this is leuD, which encodes isopropyl 

malate isomerase, an essential enzyme for leucine biosynthesis. Mutants that are completely 

deficient in the activity of leuD are fully viable when grown in culture medium 

Porcelli et al. Page 6

Expert Rev Vaccines. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://ClinicalTrials.gov


supplemented with leucine, but are completely unable grow and persist in vivo in mice (58). 

Other auxotrophy mutations with similar properties are deletions of genes for pantothenate 

synthesis (panC and panD), and the lysA gene required for lysine biosynthesis. Typically, 

strains with deletion mutations in any of these genes are highly attenuated for growth even in 

severely immunodeficient SCID mice, greatly surpassing the level of attenuation of BCG.

A great challenge in the development of live vaccines is finding the optimal balance between 

attenuation and immunogenicity. While most of the auxotrophic mutants of Mtb or BCG 

show complete attenuation of virulence, they may have subtle differences in their levels of 

stimulation of durable protective immunity. For example, immunization of mice with an 

MtbΔleuD auxotroph gave a level of protection against virulent Mtb challenge that appeared 

to be inferior to standard BCG vaccination (59). On the other hand, vaccination with an 

MtbΔpanCD auxotroph gave protective immunity to virulent Mtb challenge at levels 

comparable in BCG immunization (60). Such differences in immunogenicity may be due to 

subtle variations in the degree of initial replication or persistence of the different auxotrophs. 

However, since the correlates of protective immunity against Mtb infection remain unknown, 

it has been difficult to determine which of the multiple possible auxotrophic mutations are 

optimal for providing the best balance of attenuation and immunogenicity. This is an 

important point that needs to be resolved, since the incorporation of at least two independent 

and non-reverting auxotrophic mutations is generally recognized as the best approach to 

generating a truly safe live Mtb or BCG vaccine strain for use in immunocompromised 

subjects. Double auxotroph mutants of Mtb have performed extremely well in terms of 

safety in animal models, and in most cases induce protective immunity similar to standard 

BCG (61–64). The introduction of additional mutations to enhance immunogenicity into 

double auxotrophic strains provides an attractive approach for generating extremely safe, 

improved live Mtb vaccines. For example, introduction of the ΔsecA2 mutation into an 

auxotrophic or double auxotrophic strain of Mtb has been shown to provide a pro-apoptotic 

effect with enhanced CD8+ T cell priming and enhanced protection against Mtb challenge 

(65–67).

Antigen overexpression

Following on the pioneering studies carried out with rBCG30, more sophisticated efforts 

have gradually developed for improving the immunogenicity of BCG by forced 

overexpression of one or more mycobacterial antigens. The enhanced safety and 

immunogenicity of BCGΔureC::hly (VPM1002) prompted its use as the basis for further 

genetic modification by this approach. This has led to the creation of the vaccine strain 

rBCGΔureC::hly (pMPIIB01) that constitutive overexpresses three mycobacteria antigens 

(Rv1733c, Rv2659c, and Rv3407) associated with latent Mtb infection (68, 69). By 

including these antigens, the pMPIIB01 vaccine can potentially enhance immune 

recognition of dormant mycobacteria and prevent TB reactivation. Although both the 

VPM1002 and the rBCGΔureC::hly (pMPIIB01) protected mice from Mtb challenge 

similarly at early time points, the latter was superior at a later time point (200 days post 

challenge) (68), which suggests the temporal features of Mtb antigen expression is an 

important consideration for vaccine design.
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Another modified BCG strain based on the antigen overexpression principle is rBCG:AB, 

which is a BCG China strain engineered to constitutively express both Ag85A and Ag85B 

encoded by the fbpA and fbpB genes, respectively. The rBCG:AB vaccine gave better 

protection as compared to vaccination with rBCG:A or rBCG:B strains overexpressing only 

one of the two antigens (70). Thus, targeting multiple immunodominant Mtb antigens as 

opposed to a single immunodominant antigen may have advantageous effects. As stated in 

the review by da Costa et al. (71), it is important to determine if the rBCG:AB can also 

enhance the establishment of functional long lasting memory.

Enhancement of phagosome maturation

Several novel mutations in BCG and Mtb have been identified that improve phagosome 

maturation, potentially improving processing of the bacteria to provide better antigen 

presentation. One example that has been studied on the BCG background is the BCGΔzmp1 
strain, in which deletion of the Rv0198c gene leads to deficiency of the zinc metalloprotease 

1 (Zmp1). The importance of Zmp1 in phagosome maturation was initially highlighted by 

studies implicating it in the degradation of cellubrevin (VAMP3), a v-SNARE molecule 

involved in fusion and trafficking of endosomal vesicles (72). Other studies to elucidate how 

Zmp1 stalls phagosome maturation have shown that Zmp1 overexpression in both rMtb and 

rBCG prevents inflammasome activation in infected cells by inhibiting both caspase 1 and 

IL-1β activities (73). As a vaccine strain, the BCGΔzmp1 is more immunogenic compared to 

standard BCG and induces stronger memory responses in mice (74) and bovine models (75). 

BCGΔzmp1 is attenuated in SCID mice, suggesting a favorable safety profile. In addition, it 

induced better protection than standard BCG vaccination following Mtb challenge in guinea 

pigs (76).

Screening of Mtb mutant libraries have identified additional Mtb mutants with defects in 

their ability to arrest phagosome acidification and inhibit phagosome-lysosome fusion (77). 

This function appears to be central to the mycobacterial immune evasion strategy, and the 

coordinated activity of multiple nonredundant pathways appear to be involved in controlling 

this aspect of the host cell environment. Several specific genes contributing to this 

mechanism have been deleted from Mtb, and the resulting mutants are of interest for novel 

vaccine design. One example involves deletion of the Mtb sigma factor σE (SigE; Rv1221), 

which regulates a complex network of gene expression that includes pathways important for 

maintaining cell wall stability such as mycolic acid biosynthesis. It was discovered that the 

MtbΔsigE mutant is more susceptible to stress, either from SDS or due to growth inside 

macrophages, and induces stronger innate immune responses including increased activation 

of Toll-like receptors 1 and 2, increased pro-inflammatory cytokines, chemokines and 

prostaglandins. The MtbΔsigE mutant show significant attenuation of virulence in BALB/c 

and nude mouse models. Immunogenicity of MtbΔsigE was superior to that of BCG, and in 

turn provided better protection after Mtb challenge (78). Further analysis shows that 

MtbΔsigE was not capable of arresting phagosome maturation as shown by an increase in 

phagosome-lysosome fusion (79). The mechanism for this is unclear, although it is possible 

that it relates to the important role of SigE in regulating cell wall integrity and effects on the 

display of surface lipids of Mtb such as ManLAM that are able to stall phagosome 

maturation (80).
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Another mutant of Mtb that has been found to be deficient for inhibition of phagosome-

lysosome fusion is the MtbΔfbpA strain, with a deletion of the gene encoding Ag85A. This 

strain failed to grow in nutrient poor media and inside macrophages (81), and was attenuated 

in mice (82). Further analysis revealed that the MtbΔfpbA vaccine strain remained latent in 

immunized mice and revived after 300 days, possibly due to declining immune function of 

the host animals due to aging (82). However, the MtbΔfpbA mutant only partially inhibited 

phagosome lysosome fusion (83). In order to augment this relatively weak phenotype, a 

further deletion was made in the sapM gene, which encodes an acid phosphatase that has 

been found to interfere with phosphotidylinositol 3-phosphate signaling and subsequent 

phagolysosome fusion. The double knockout MtbΔfpbAΔsapM_mutant was more 

attenuated, had increased phagosome-lysosome fusion and was more immunogenic in mice 

than the MtbΔfpbA or the MtbΔsapM single mutants (84).

Although further attenuation may be required to guarantee safety, this double mutant of Mtb 

is a potentially interesting candidate for further vaccine development.

A transposon library screen of Mtb identified Rv1503c, which encodes an enzyme involved 

in cell wall glycolipid syntheses, to also play a role in the inhibition of phagosome 

maturation. An MtbΔRv1503c mutant accumulated the acyl sulfoglycolipids Ac3SGL and 

Ac4SGL, which are thought to be among the relevant stimuli that drive phagosome 

maturation and acidification (85). This emphasizes the importance of mycobacterial 

glycolipids as mechanisms for evading the host immune response (86, 87), and points to 

additional pathways that may be targeted to improve immunogenicity of modified vaccine 

strains.

Promoting apoptosis

As discussed earlier, Mtb and BCG actively inhibit pathways leading to apoptosis of infected 

cells, and this eliminates a major alternate pathway for antigen processing and presentation. 

Several genetic modifications of these mycobacteria have been shown to restore apoptotic 

death of infected macrophages. One example is the deletion of the Mtb nuoG gene, which 

encodes a subunit of the type I NADH dehydrogenase complex that suppresses reactive 

oxygen species in macrophages and inhibits the induction of TNF-mediated apoptosis (88). 

The MtbΔnuoG mutant was less virulent than the wild type Mtb and induced apoptosis, and 

these effects of nuoG deletion are also seen in BCG. Currently, development of a nuoG 
deleted mutant in the background of rBCG with deletion of a urease gene and expression of 

the pore forming listeriolysin O (rBCGΔureC::hlyΔnuoG ) is underway (89).

A phenotype similar to nuoG deletion has also been observed for secA2 deletion in Mtb, 

although not in BCG. The Sec-dependent protein export pathway in Mtb not only consists of 

the essential housekeeping SecA1, but also a non-essential secA2 for secretion of a relatively 

small set of virulence-related proteins. The MtbΔsecA2 mutant showed moderate attenuation 

of virulence, but gave a major improvement in immunogenicity that was correlated with its 

increased ability to induce apoptosis of infected phagocytes. This phenotype was attributed 

to diminished secretion of the enzymes SodA (superoxide dismutase A) and KatG (catalase-

peroxidase), leading to increased accumulation of superoxide radicals and hydrogen 
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peroxide (90). Consistent with this, a Mtb mutant with reduced SodA production was found 

to be attenuated and more susceptible to killing by hydrogen peroxide (23), similar to a 

MtbΔsecA2 mutant (90). Vaccination studies using the MtbΔsecA2 mutant revealed this 

strain to be more effective in priming antigen specific CD8+ T cells, resulting in better 

protection against Mtb challenge as compared to BCG in both the murine and the guinea pig 

models (91).

Another approach for upregulating apoptosis induction is the expression of specific 

apoptosis promoting proteins in recombinant vaccine strains. One example is the 

rBCG::BAX strain, which expresses the pro-apoptotic protein BAX, a Bcl-2 family protein 

that induces apoptosis by triggering cytochrome c release from the mitochondria (92). 

Indeed, rBCG::BAX induced more apoptosis in both in vitro macrophage experiments and in 
vivo mouse models. Splenocytes from immunized mice showed a stronger BCG specific 

immune responses in rBCG::BAX as compared to those in the wild type BCG group (93). 

Improving safety and testing for protection against Mtb challenge are the next steps for the 

development of this vaccine strain.

Increasing autophagy

Autophagy has been increasingly recognized in recent years as an important alternate 

mechanism for delivering pathogen-derived antigens to the MHC class I and II presentation 

pathways. It appears likely that Mtb and BCG both encode programs that interfere with 

autophagy in infected cells, thus providing another immune evasion strategy that may 

compromise vaccine induced immune responses. Paradoxically, it has been found that the 

mycobacterial Ag85B protein actually promotes autophagy through mechanisms that are not 

yet understood. Thus, forced over-expression of Ag85B in BCG represents one effective 

approach to enhance autophagy induction, and this has been found to improve antigen 

presentation and increase protective immunity against Mtb challenge (42). Similarly, the 

VPM1002 vaccine strain (rBCGΔureC::hly) mentioned above which expresses a pore 

forming toxin that creates leakage of phagosomal contents into the cytosol has also been 

found serendipitously to increase autophagy. This appears to be due to its ability to activate 

the AIM2 inflammasome, probably through the release of bacterial DNA into the cytosol 

(94). The identification of genes encoding mycobacterial effectors that actively block 

autophagy is an area of active research, and this should open up new avenues for improving 

immunogenicity of novel live vaccine strains.

Production and modulation of cytokines

Cytokines are proteins secreted by immune cells to communicate and influence each other in 

order to establish a robust and functional immune response (95). Shortly after internalizing 

pathogens such as Mtb, infected macrophages and dendritic cells begin to secrete pro-

inflammatory cytokines such as TNF-α, IL-1, IL-6, and IL-12 (96). Cytokines such as IL-12 

are important for the activation of naïve T cells, thus bridging together the innate and 

adaptive immune responses (97). The induction of a long-term immunological memory is 

important in generating an ideal and optimal adaptive immune response especially in the 

context of vaccine development, and it has been shown that the cytokine IL-15 is important 
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for the maintenance of memory CD8+ T cells (98). Besides the interplay between antigen 

presenting cells and T cells, other immune cells, such as NKT and NK cells can also be 

involved in the establishment of the adaptive immune response through secretion of pro-

inflammatory cytokines. Here we briefly discuss several approaches to manipulating the 

cytokine milieu induced by live vaccine strains that have shown potential promise.

One example is the generation of Mtb strains that enhance production of IL-12 by infected 

phagocytes, as this is a key cytokine for the priming of adaptive immunity that appears to be 

actively suppressed by BCG and Mtb infection (99). A genetic screen identified the Mtb 

mmaA4 gene, which encodes a methyl transferase involved in mycolic acid synthesis, as a 

factor involved in the suppression of both IL-12p40 and TNF by infected macrophages (99, 
100). Deletion of the mmaA4 gene from either Mtb or BCG significantly augmented the 

production of these cytokines by macrophages. However, immunization of mice with 

BCGΔmmaA4 did not induce better protection following Mtb challenge than standard BCG 

immunization. Nevertheless, administration of this strain to mice in a formulation with 

cationic liposomes did result in improved protection from Mtb challenge and stronger 

induction of multifunctional CD4+ T cells (101). Thus, restoration of IL-12 production may 

be a viable strategy for enhancing vaccines, but only in combination with other factors.

Another strategy is to actually engineer secretion of functional cytokines by the 

mycobacteria itself. An example of this is provided by a novel rBCG strain expressing IL-15 

fused to the secreted Ag85B protein. Overexpressing Ag85B in rBCG to provide this antigen 

for augmenting T cell responses has been described above as a rationale for improving 

vaccination. By fusing murine IL-15 to Ag85B in the rBCG-Ag85B-IL15 strain, a live 

vaccine combining enhanced antigen delivery with modification of the cytokine milieu was 

created. Given its normal functions in supporting T cell proliferation and maintenance of 

memory T cells, it was thought that providing IL-15 in this way during vaccine-induced 

responses would improve long term protective immunity. In fact, mice immunized with the 

rBCG-Ag85B-IL15 developed stronger BCG-specific CD8+ and CD4+ memory T cell 

responses compared to rBCG-Ag85B. Vaccination with rBCG-Ag85B-IL15 also provided 

enhanced protection against Mtb challenge as compared to rBCG-Ag85 vaccination (102). 

Interestingly, it has been shown that administration of free recombinant IL-15 during Mtb 

infection did not enhance Mtb specific memory T cell responses (103), possibly due to rapid 

clearance of the cytokine in the host. However in the case of rBCG-A85B–IL15, the slow 

and continuous release of the cytokine by the rBCG might overcome this problem and thus 

contribute to generation of BCG-specific memory T cell populations (102). These findings 

with IL-15 provide an early proof-of-concept for this approach, and this method could 

readily be extended to many other cytokines of interest (104).

Another approach to inducing an effective cytokine milieu during T and B cell priming 

following vaccination is through the activation of NKT and NK cells. NKT cells are a 

specialized group of T cells which recognized glycolipid compounds bound to the CD1d 

molecule. They are a highly attractive candidate to modulate because of the availability of 

specific activating compounds (105). Upon TCR ligation by CD1d-glycolipid complexes, 

NKT cells can rapidly release a variety of cytokines, and induce secondary activation of 

other leukocytes including dendritic cells, NK cells, B cells and T cells, thus amplifying the 
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immune response (105). A potential disadvantage of using NKT cell activating glycolipids 

as vaccine antigens is their tendency to induce NKT cell anergy as well as toxicity, 

especially in the liver (106–108). However, recent work has shown that these problems can 

be circumvented by incorporating NKT cell activating glycolipids directly into live bacterial 

vaccine strains (105, 109, 110). When tested in the context of TB infection, BCG modified 

in this way with NKT cell activating glycolipids confers better protection against Mtb 

challenge than unmodified BCG (110). This appears to be due at least in part to an 

enhancing effect of NKT cell activation on the priming of CD8+ T cells specific for 

mycobacterial antigens.

Vaccine strains based on M. smegmatis

Mycobacterium smegmatis is a fast growing non-pathogenic mycobacterium often used in 

laboratories for genetic manipulation. The ease of genetic manipulation of this organism, 

and its extremely low potential for causing disease, makes it attractive as a potential live 

vaccine vector. For example, the envelope protein (Env) of HIV (111) and several Mtb 

antigens such as Ag85C, MPT51, and HspX (112) have been expressed in M. smegmatis and 

to be immunogenic in mice when delivered in this context (111, 112). In addition, M. 
smegmatis expresses many homologues of Mtb antigens, and significant levels of 

immunologic crossreactivity exist between the two species (113, 114). In an unmodified 

form, M. smegmatis has not performed well as a vaccine against Mtb in animal models, 

generally inducing protective immunity that is lower than that achieved with standard BCG 

vaccination. However, genetically modified forms of M. smegmatis have recently been 

developed that show promising improvements. For example, transposon mutants of M. 
smegmatis that have enhanced protein secretion have been isolated, and these show 

improved priming of T cell responses against specific secreted protein antigens produced by 

the bacteria (115). Another interesting candidate vaccine strain was constructed by deletion 

of the chromosomal region encoding the ESX-3 type VII secretion system in M. smegmatis. 

This region is implicated in iron acquisition, intracellular persistence and virulence in 

pathogenic mycobacteria such as Mtb and is substantially conserved in M. smegmatis. 

Deletion of the genes encoding ESX-3 along with introduction of the homologous genes 

from Mtb led to the creation of a M. smegmatis strain designated IKEPLUS, which 

demonstrated powerful induction of anti-mycobacterial immunity when injected into mice 

(116). The mechanism for this effect appears to involve priming of polyfunctional CD4+ T 

cells that cross-react with endogenous Mtb antigens. Further studies of IKEPLUS may help 

to establish M. smegmatis as a viable platform for construction of live vaccine strains.

Other applications of live mycobacteria vaccines

Based on safety, ease of production and strong adjuvant effects of BCG, there has long been 

interest in using it as a vector for vaccines or immunotherapies to address diseases other than 

Mtb infection. Other targets have included major chronic infections such as HIV and 

malaria, as well as cancer. Recent advances such as those made on expression of HIV 

antigens in recombinant BCG have helped to increase interest in this approach (117). 

Concomitant infection with HIV and Mtb is a major global health problem and it has been 

reported recently that one third of Mtb-related deaths are attributable to HIV infection, most 
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likely due to the increased incidence of reactivation of latent TB (118). Against this 

backdrop, the possibility of a safely attenuated recombinant BCG or Mtb strain that 

expresses HIV antigens to induce immunity against both pathogens is extremely appealing. 

Multiple efforts toward this goal have been attempted, and in some cases studies of 

immunogenicity and safety have been initiated in rodent and non-human primate models 

(117, 119, 120). This approach remains an active area of preclinical investigation, and it is 

unclear at this time whether it ultimately will find an application in the effort to create 

effective vaccines for prevention or control of HIV infection.

Similarly for malaria, it has been shown that expression of Plasmodium falciparum antigens 

in rBCG can induce malaria specific immune responses (121–123). One antigen that has 

been studied in this context is the MSP-1 protein, a surface antigen on P. falciparum that is a 

major target for antibodies (124). A mutant form of the C-terminal 19 kDa fragment of 

MSP-1 was expressed in BCG (rBCG016), and immunization of mice with this strain 

induced antibodies that recognized the parasite surface and blocked P. falciparum invasion of 

human erythrocytes in vitro. Although this and other related studies represent early stages in 

development of potential BCG based malaria vaccines (122), they point to the possibility of 

the rational use of rBCG as a blood-stage malaria vaccine candidate.

Interest in the use of BCG for cancer immunotherapy has an extremely long history, going 

back to the first half of the twentieth century. In 1976, BCG was used for the first time in the 

treatment of superficial bladder cancer by instillation directly into the bladder (125, 126). 

This approach has been proven effective, and is still used as a primary therapy to prevent 

recurrence after transurethral resection of tumors of non-muscle invasive bladder cancer 

(127, 128). The anti-tumoral activity of intravesical BCG includes the innate susceptibility 

of tumor cells to be infected by intracellular bacteria (129), and the binding of BCG to 

fibronectin present in the malignant but not on the normal urothelial cells that are usually 

covered with glycosaminoglycans (130). After internalization, the mechanism of BCG 

vaccine in anti-tumor immunity may be similar to the pathology of mycobacteria infection 

of the lung, including secretion of pro-inflammatory cytokines and chemokines, and 

recruitment of lymphocytes (131), macrophages, dendritic cells, neutrophils, and NK cells 

(132) leading to the formation of a BCG induced granuloma in the bladder wall. It is unclear 

whether modification of BCG by any of the approaches currently considered might further 

improve its efficacy in bladder cancer. However, the live rBCG vaccine strain VPM1002 

mentioned earlier is currently being entered into clinical trials to test its efficacy against 

bladder tumor. In addition, modified forms of BCG or other attenuated mycobacteria, remain 

of potential interest as vectors for delivering tumor associated antigens or for general 

immunostimulation in cancer patients.

Expert commentary and five-year view

With the emergence of drug resistant strains of Mtb and the HIV epidemic, better vaccines 

for prevention and control of tuberculosis are urgently needed. Given that the original BCG 

vaccine strain was developed almost a century ago, it is astonishing that this remains the 

only vaccine for tuberculosis that is currently approved for use in humans. This fact is even 

more sobering given that multiple studies have shown that as a vaccine, the protective 
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efficacy of BCG against adult pulmonary tuberculosis is often poor and varies greatly 

according to geographic region and poor identified factors (133, 134). Despite the obvious 

challenges, the potential advantages of live mycobacterial vaccines continue to inspire 

efforts in this field. Great progress has been made in developing approaches to safely 

attenuating live mycobacteria, especially through precise gene deletions that result in 

auxotrophy for multiple nutrients or essential metabolites that are unavailable in the tissues 

of the vaccinated host. Using this approach, it is very likely that BCG or even Mtb strains 

that are significantly safer than the current BCG vaccine can now be produced for use in 

immunosuppressed individuals. In addition, methods for stable expression of foreign 

antigens in BCG or attenuated Mtb also continue to advance, and this may ultimately enable 

the use of live mycobacterial vaccine strains as vectors for vaccination against other 

infections such as HIV and malaria. Basic research remains the most important tool in 

pushing forward new frontiers in vaccine design, which are hoped to lead to eventual 

breakthroughs for controlling tuberculosis. Identification of the key protective mycobacterial 

antigens, improved methods for genetic modification of mycobacteria, rational approaches 

to attenuation and new understanding of adjuvants have all contributed to new concepts in 

vaccine design. An enormous amount of information has accumulated on Mtb infection 

since the introduction of BCG vaccination, both in terms of our understanding of the 

pathogen and the host response against it. It seems likely that application of this new 

knowledge will eventually lead us to a better live mycobacterial vaccine strain that will 

replace BCG, but the realization of this goal is still not clearly within our grasp.

A variety of different approaches are currently being pursued in the effort to make better TB 

vaccines, and these include the use of selected Mtb antigens delivered using a range of 

different vectors or in the form of purified proteins. However, the live vaccine strain remains 

a preferred option for a number of very relevant reasons. Experience in the vaccine field has 

generally shown that live-attenuated organism vaccines, such as BCG, are superior to killed 

or subunit vaccines for conferring durable immune responses. Live whole cell vaccines also 

provide the broadest possible coverage of the antigenic repertoire of a pathogen, and have 

inherent adjuvant properties that can be extremely effective for enhancing the magnitude, 

potency and durability of immune responses. However, the lack of success to date in 

producing a clearly superior replacement for BCG indicates that we are still hampered by an 

incomplete understanding of the mechanisms or correlates of protective immunity to Mtb 

infection. For example, deletion of the RD regions removed several virulence genes and 

made BCG safe for use as a vaccine. However, this also removed genes encoding 

immunodominant antigens, which could account for the suboptimal level of protection 

confers by the BCG vaccine against Mtb. The importance of these immunodominant 

antigens in the context of protective immunity are also not well understood since most Mtb 

(135) and BCG (12) human T cell epitopes are highly conserved, and thus appear not to be 

responsive to immune pressure to generate escape variants. Furthermore, the lack of animal 

models that can truly represent the human population puts strong emphasis on human 

clinical trials, which require enormous outlay of resources, time and effort. This creates an 

unavoidable bottleneck in vaccine development, and severely slows the pace of development 

and testing of new vaccine candidates.
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Going forward in the search for an improved live-attenuated vaccine strain to replace BCG, 

there are a number of obvious issues that must be resolved. Perhaps the most basic of these 

is whether a new live vaccine strain should be built on an existing BCG strain, or instead 

created de novo from M. tuberculosis. Since BCG was derived from M. bovis, it is extremely 

similar but not identical to pathogen it is intended to vaccinate against. The significance of 

the differences between BCG and M. tuberculosis in this regard remain unclear. Common 

sense would suggest that it might be better to use an attenuated version of the actual 

pathogen for vaccination, since this should provide an immunization that is more precisely 

matched to the subsequent challenge. Although the great majority of expressed proteins are 

highly conserved between BCG and Mtb, there nevertheless are easily discernible 

differences in the immunological targets presented by the two species. In fact, on recent 

study has highlighted this by showing that approximately 23% (358/1530) of the currently 

known human T cell epitopes of Mtb are missing from BCG (12). The vast majority of these 

missing epitopes are contained within the deleted genomic regions (RDs) of BCG, although 

a few amino acid substitutions have also been indentified in known antigens such as Ag85B. 

This may have significant implications for some of the candidate vaccines that incorporate 

overexpression of Ag85B, such as the rBCG30, rBCG:AB, and rBCG fbpB vaccines 

described in this review. Nevertheless, in spite of the potential significant antigenic 

differences between BCG and Mtb, an obvious advantage of BCG is its general acceptance 

as a safe vaccine and the vast experience that has accumulated on its use in many human 

populations. This makes regulatory approval, testing and production significantly more 

straightforward. Thus, the issue of whether to pursue a modified BCG versus a novel 

attenuated Mtb-based strain to replace the current BCG vaccine remains unsettled, and both 

approaches will likely continue to proceed in parallel.
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Key issues

• The costs and efforts required for clinical trials impose severe limitations on the 

number of vaccines that can be tested. This issue is compounded by the lack of 

clearly predictive animal models for testing protective efficacy of candidate 

vaccines against Mtb challenge.

• Basic research to better understand the pathogenesis of Mtb and its mechanisms 

for evading host immunity remains critically important for refining vaccine 

design and selecting the best vaccine candidates for clinical trials.

• Research development in recent years, including identification of mycobacterial 

antigens, improved methods for genetic modification of mycobacteria, rational 

approaches to attenuation and new understanding of adjuvants, have all 

contributed to new concepts in vaccine design. These advances have accelerated 

the creation of new candidate vaccine strains that show promise in various 

animal models.

• Live Mycobacteria vaccines provide a broad antigen exposure and intrinsic 

adjuvant properties to prime durable immune responses. However, due to the 

complexity of Mtb pathogenesis, it is often difficult to achieve a balance 

between attenuation and immunogenicity for improved vaccine efficacy.

• Efforts to improve live mycobacterial cell vaccines against TB can be applied to 

other infections and diseases such as HIV, malaria, and cancer, further 

consolidating efforts in designing vaccines against various diseases.
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Figure 1a
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Figure 1b

Figure 1. Targeting mechanisms of immune evasion by Mycobacteria to develop novel live 
attenuated mycobacteria vaccines
Live mycobacteria vaccine strains have been engineered either by deletion or insertion of 

genes to enhance the immune response. (A) An antigen presenting phagocyte (DC or 

macrophage) is illustrated schematically to illustrate host cell processes that are disrupted or 

manipulated during infection with live mycobacteria. Vaccines are listed in grey boxes and 

are grouped according to the intended mechanism(s) to achieve improved efficacy against 

TB. Red font indicates vaccines in in clinical trials, and black font indicates those in pre-

clinical development. The six intended mechanisms of the vaccines shown are: 1) Improved 

phagosome-lysosome fusion, 2) increase attenuation / decrease replication of the bacilli, 3) 

increase acidification of the bacteria containing vacuoles, 4) induction of apoptosis and 5) 

autophagy, and 6) overexpression of mycobacteria antigens. (B) The direct mechanisms by 

which modified vaccine strains enhance antigen presenting cell function lead to enhanced 

activation of adaptive immune effector cells, including CD4+ and CD8+ T cells, and NKT 
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cells. Also, some vaccine strains can modulate cytokines which can have a pronounce effect 

on the immune response to improve vaccine efficacy.
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Table 1

Live attenuated mycobacteria vaccines

Vaccines Mechanisms Status References

Overexpression

rBCG30 (fbpB+) / ΔmbtB Ag85B rBCG30: Clinical 
Phase I
ΔmbtB: Pre-clinical

33,34,43,44

rBCGΔureC::hly (pMPIIB01) Reactivation in Mtb: Rv1733c, Rv2659c, Rv3407 Pre-clinical 68,69

rBCG:AB Ag85A and Ag85B Pre-clinical 70

M. smegmatis high secretors Enhanced protein secretion mutant Discovery 115

IKEPLUS Mtb ESX3 region Pre-clinical 116

AERAS-422 (rBCGΔureC::pfoA
Rv3407+fbpA+fbpB+)

Early and latent antigens Clinical Phase I
(Terminated)

31,50,51

Phagosome maturation

BCGΔzmp1 Zinc metalloprotease: inflammasome Pre-clinical 72–76

MtbΔsigE Sigma factor σE: cell wall lipids Pre-clinical 78–80

MtbΔfpbAΔsapM Ag85A: phagolysosome fusion
SapM: PI3P signaling

Pre-clinical 81–84

Phagosome acidification

Mtb ΔRv1503c TDP-4-oxo-6-deoxy-D-glycolipids: acyl sulfoglycolipids Pre-clinical 85

Pro apoptotic

rBCGΔureC::hlyΔnuoG (nuoG) type I NADH dehydrogenase: inhibits TNF mediated 
apoptosis

Pre-clinical 88,89

MtbΔsecA2 Secretion of sodA Pre-clinical 23,90,91

rBCG::BAX Apoptosis regulator BAX Pre-clinical 92,93

Pro autophagic

rBCG fbpB Ag85B Pre-clinical 42

VPM1002 (BCGΔureC::hly) Activation of AIM2 inflammasome Clinical Phase IIa 22,31,94

Modulate cytokines

rBCG-Ag85B-IL15 T cell proliferation Pre-clinical 102,104

Glycolipid adjuvant incorporation NK and NKT cells Pre-clinical 105,109,110

Attenuated / Auxotrophs

MTBVAC01 (MtbΔphoPΔfadD26) Transcriptional regulator, acyl-CoA synthase Clinical Phase I 52–57

MtbΔleuD Isopropyl malate isomerase: leucine biosynthesis Pre-clinical 58,59

MtbΔpanCD Pantothenate biosynthesis Pre-clinical 60

MtbΔlysA Lysine biosynthesis Pre-clinical 62

MtbΔlysAΔpanCD Lysine and pantothenate biosynthesis Pre-clinical 61,63

MtbΔlysAΔsecA2 Lysine biosynthesis and sodA secretion Pre-clinical 65–67

MtbΔleuDΔpanCD Leucine and pantothenate biosynthesis Pre-clinical 64

BCGΔmmaA4 Methoxy mycolic acid synthase 4 Pre-clinical 99–101
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