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A R T I C L E I N F O                A B S T R A C T 

Bacillus Calmette‐Guérin (BCG) vaccine against pulmonary tuberculosis (TB) 

exhibits poor protective efficacy. However, BCG is the only licensed vaccine 

against human TB. This review discusses the main research progress in the field 

of TB vaccine development and will summarize the current status as well as the 

main challenges for the development of a safer and more efficient TB vaccine.  

 

 

 

 

  

 

 

 

 

 

 

 

   
INTRODUCTION 

Currently, the global tuberculosis (TB) epidemic is a 

public health emergency. TB has been one of the most 

important diseases in the human history caused by 

Mycobacterium tuberculosis (M. tb) [1]. M. tb was discovered 

in 1882 by Robert Koch and is responsible for more deaths than 

any other human pathogen [2-4]. Beijing and Haarlem 

genotypes of M. tb are the prevalent genotypes responsible for 

multidrug resistant TB. Two meetings, the G20 Leader’s 

Declaration (June 2017) [5] and Stop TB Partnership Board 

Meeting in Delhi (March 2018) chose TB as the highest priority 

over other infectious diseases. According to recent data by 

World Health Organization (WHO), an estimated 1.7 million 

deaths are due to TB each year [6]. Mycobacterium bovis 

bacillus Calmette-Guérin (BCG) is a live attenuated strain of 

M. bovis that is used as an anti-tuberculosis vaccine in many 

countries. BCG vaccination was developed between 1908 and 

1921 by Albert Calmette and Camille Guérín in France. BCG 

was first administered to humans in 1921 and has been used for 

more than 98 years until now. In 1931, Calmette reported his 

research of three decades in which established that BCG was 

truly attenuated. Interestingly, BCG vaccination at birth is 

associated with decreased mortality in infants [7, 8]. Currently, 

BCG vaccination is widely practiced around the world and is 

the most widely used vaccine in human history with more than 

four billion doses given [9, 10]. To date, there have been 

several explanations for the poor protection of the BCG vaccine 

against pulmonary TB, such as the loss of many genetic regions 

encoding important immunodominant antigens [11, 12]. 

However, none of the explanation has clearly defined the 

observed variations in the efficacy of BCG against pulmonary 

TB, the most common form of the disease responsible for 

transmission of the bacterium. In addition, protection against 

BCG decreases after approximately 20 years [13]. Currently, in 

the absence of another alternative, BCG remains the only 

licensed vaccine against human TB and continues to be used in 

the immunization programs of different countries [14]. 

Therefore, development of new TB vaccines with the 

understanding for providing better degree of protection than the 

current BCG vaccine represents an important public health 

priority.  

 

Inactivated Whole-Cell Mycobacterial Vaccines  

Recent advances in the TB vaccine development include 

many different approaches. An important TB vaccine approach 

in clinical trials includes the inactivated whole‐cell 

mycobacterial vaccines, namely Mycobacterium vaccae (M. 

vaccae) vaccine, VPM1002 vaccine and Mycobacterium 

indicus pranii (M. indicus pranii; MIP) vaccine [15-17]. 

Important advantages of this vaccine approach are the 

overexpression of multistage immunodominant antigens and 

their safety usage in patients with HIV infection [18-20]. In 

addition, it has been demonstrated that mucosal vaccination 
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with whole‐cell TB vaccines provides a better degree of vaccine 

protective efficacy against M. tb than parenteral vaccination 

[21, 22] 

 

Live-Attenuated TB Vaccines to Replace BCG 

Recent vaccination approaches to develop better vaccines 

against human TB include live attenuated vaccines. The current 

status of the development of live vaccine candidates designed to 

replace licensed BCG vaccines is progressing [23- 25]. To date, 

MTBVAC and VPM1002 vaccines are two important 

candidates in the clinical TB vaccine pipeline, intending to 

replace BCG. MTBVAC is a vaccine which is rationally 

attenuated from a clinical M. tb strain and is developed by 

Universidad de Zaragoza (Spain) and Institut Pasteur (France) 

with the support of the Tuberculosis Vaccine Initiative [26]. 

Later clinical development was done by Biofabri Company 

(Spain) [27]. Interestingly, this TB vaccine has many genetic 

regions encoding important immunodominant antigens absent 

in BCG [28]. In addition, this vaccine has demonstrated 

improved protection compared to BCG in adults and new-born 

animal models [29-31]. It is important to consider that in 

clinical phase 1, this vaccine demonstrated comparable safety to 

BCG [32]. VPM1002 vaccine is a recombinant BCG developed 

by the Max Planck Institute in Berlin in collaboration with 

Vakzine Projekt Management (Germany), and the support of 

Serum Institute of India and the Tuberculosis Vaccine 

Initiative. This TB vaccine has been genetically manipulated to 

permit its escape from the endosome, resulting in cytosolic 

antigen processing [33-35]. In preclinical studies, VPM1002 

vaccine  has demonstrated significant protective efficacy [36-

39]. Currently, studies on this vaccine are underway in South 

Africa to evaluate it in efficacy trials aimed to prevent TB in 

HIV‐exposed and non‐HIV‐exposed new-borns [40]. 

Importantly, this TB vaccine may improve BCG vaccine 

protective efficacy for use in both infants and adults. 

 

BCG Vaccine Protective Efficacy    

Vaccine efficacy refers to the percentage decrease of TB 

in a vaccinated group of persons compared to an unvaccinated 

group. Controversies surrounding the protective efficacy of 

BCG vaccine account for variations in BCG vaccination 

policies. While BCG vaccine is believed to provide a 

significant protection against severe forms of TB (i.e. military 

and meningeal) during the childhood, most adult persons 

remain susceptible to pulmonary TB despite BCG vaccination 

[41]. Although the BCG vaccine’s protective efficacy is 

questionable, BCG vaccine is considered safe in 

immunocompetent individuals [42]. However, being a live 

vaccine, it can result in serious illnesses in 

immunocompromised patients [43]. In fact, individuals with 

primary immunodeficiency diseases are in a great risk of 

complications and represent a challenging group regarding 

BCG vaccination [44]. Therefore, BCG vaccination should be 

avoided for the immunodeficient patients [45]. 

The limited vaccine efficacy of BCG vaccine contributes 

to the inability of current programs to control TB adequately 

[46]. In order to improve BCG efficacy against pulmonary TB 

in current clinical TB vaccine pipelines, BCG boosting 

strategies and development of vaccines as a replacement for 

BCG, are being considered [47]. Twenty one years has passed 

since the quest for a more effective vaccine against human TB. 

Here, I would like to address main challenges, difficulties and 

future proposals in this regard. These issues may help to 

identify key areas which need attention to confer improved 

safety and protection compared to current BCG vaccine, in the 

future years. To enhance the vaccine’s protective efficacy 

which can regulate the immune responses during vaccination 

against TB, future research priorities should be focused on the 

delivery systems including diversification of the vaccine’s 

administration routes, immunization order, immunization times 

and immunization intervals. In particular, to induce significant 

immunity at the site of infection for the maximal effectiveness, 

the present challenge is to determine a method of administration 

for vaccines against TB. Moreover, it would be crucial to 

choose the antigen delivery platform that is best capable of 

inducing an advanced level of protection over BCG. Currently, 

intradermal vaccination is the route by which BCG in clinical 

trials is administered. However, this method of BCG 

administration does not reliably protect against pulmonary TB. 

To overcome this issue, inhalation appears to be a better route 

of the vaccine delivery than intradermal vaccination. This is 

due to the fact that an inhaled vaccine mimics the route of 

initial M. tb infection. In this context, mucosal vaccination 

against TB by intranasal or aerosol administration induce 

increased protection by prompting strong regional tissue 

immunity. However, BCG vaccination administered via the 

aerosol route induces significant local immune responses in the 

lungs with a weak circulating immunity. This important gap can 

be overcome in the future scientific investigations by the 

combined use of intradermal with aerosol administrations in 

order to induce both strong regional tissue and circulating 

immunities. In this regard, it is important to consider that big 

challenges to make an aerosol TB vaccine include formulation, 

selection of the aerosolizing device and to determine whether 

mucosal vaccination by aerosol administration is useful for 

human TB vaccination. Therefore, the future vaccine research is 

necessary to amplify aerosol vaccination studies in endemic 

areas for TB to determine the safety and efficacy of this method 

of administration.  Currently, it is well known that intravenous 

administration of BCG to rhesus macaques has elicited superior 

protection against airborne TB. Therefore, the future strategic 

directions might include this method of administration when 

contemplating vaccination against human TB and it could also 

be considered to diversify the route of the vaccine 

administration to induce a longer duration of protective 

immunity than BCG. A big challenge in this issue is to find an 

optimal dose to induce significant immune responses in the 

lung. In this regard, dose-scaling studies in TB-endemic 

countries to conserve a strong immunological memory of M. tb 

can be designed in the future studies. 

Another critical challenge is the importance of 

distinguishing the populations who are potentially sensitive in 

studying the efficacy of a BCG-replacement vaccine. In this 

context, the most sensitive population is the healthy neonates 

who have no pre-existing immunity to their environmental 

mycobacteria. In addition, adolescents and adults are important 

target population as the pulmonary forms are responsible for the 

transmission of the disease. However, a decline in BCG 

protection with an increase in age is well known. It is important 

to consider that in this older target population, vaccination with 

a BCG-replacement vaccine could result in a significant 

masking effect, due to pre-existing immune responses resulting 

from exposition to a variety of mycobacterial challenges which 

may inhibit the protection elicited by BCG. Interestingly, a 

current disadvantage in TB vaccine candidates based on live-

attenuated M. tb is that their administration in 
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immunocompromised individuals could be dangerous. To 

overcome this issue in the future investigations, a combination 

of different deletions into the same M. tb strain could be used to 

improve the deletion of M. tb virulence genes. 

 

Immune Mechanisms Necessary to Improve BCG 

Vaccine Protective Efficacy    

An important strategy for TB vaccine development is 

diversification of the immune mechanisms that contribute to the 

vaccine’s protective efficacy, including unrestricted T cells, 

antibodies, and B lymphocytes. Such studies in clinical trials 

will allow enhancing the correlation between the immune 

responses and the protective efficacy of TB vaccine candidates 

against human TB. In this regard, the challenge of achieving a 

BCG-replacement vaccine is to understand the adequate 

immunological mechanisms to protect against M. tb infection 

and disease. In this context, it is critical to recognize the 

vaccine-specific biomarkers needed to acquire protective 

efficacy in clinical trials and to confirm the protective immune 

mechanisms in clinical efficacy studies. To date, no information 

has been reported for BCG-replacement vaccines in terms of 

confirmation of the protective immunological mechanisms in 

clinical efficacy studies. Thus, further scientific investigations 

are needed to identify the relevant vaccine-specific biomarkers 

to obtain protective efficacy data in the clinical trials. In 

particular, future studies should address the efficacy and safety 

targets in the clinical development strategies. This would be 

required to develop a novel replacement vaccine to BCG, 

licensed for the prevention of M. tb infection and progression to 

TB disease in countries with high incidences of TB. In this 

regard, computerized tools must be considered to correlate the 

immune protection against TB in humans. In particular, the 

application of computational technologies utilizing three to four 

transcripts to identify signatures of the vaccine’s safety and 

efficacy could be very useful. 

 

CONCLUSION 
Research on human TB vaccination has made tremendous 

progress over the last 21 years as evidenced by M. vaccae, 

VPM1002 and MIP vaccines which have advanced into phase 3 

of the clinical trials. Indeed, at least 12 novel TB vaccine 

candidates are now in different phases of clinical trials, as 

reported in January 2018 by Aeras (USA). However, in order to 

reduce the TB epidemic in high-incidence countries, there is 

still much to do for development of vaccines against human 

TB; particularly, vaccines with improved safety and protective 

efficacy over BCG. Therefore, the challenge for human TB 

vaccination continues. Currently, TB costs the global economy 

approximately US  $21 billion annually [48]. Therefore, an 

effective TB vaccine represents a critically important strategic 

goal for controlling the TB epidemic. Although global funding 

for research in neglected infectious diseases in 2017 was the 

highest amount ever recorded, the investments in human TB 

research has remained stable [49]. Since vaccination is the 

single most cost-effective method to control human TB, 

additional infusion of funds should be mobilised to support the 

development of a more efficient vaccine against human TB. 
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