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Review Article

TB-vaccines: Current status & challenges
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Tuberculosis continues to be among the leading causes of morbidity as well as mortality. It is appreciated 
that our aim of eliminating TB in the foreseeable future will not be realized until we have a new vaccine 
with significant efficacy among diverse populations and all age-groups. Although impressive strides have 
been made in more refined development of new TB vaccines based on learnings from past experiences, 
the substitute or a booster vaccine for the BCG vaccine is not available yet. This article puts in perspective 
the recent efforts in re-positioning BCG, development of newer vaccines based on novel approaches, the 
current TB vaccine pipeline, yet unmet challenges in vaccine development, exploring newer ideas in 
vaccine development and what the future holds. 
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India continues to contribute the highest 
tuberculosis (TB) burden globally with about 2.8 
million incident cases and 3,40,000 TB attributable 
mortality in the year 2022 accounting for 26 per cent 
of the global burden of 10.6 million incident cases and 
1.3 million TB attributable deaths1. These staggering 
numbers are despite concerted efforts and deployment 
of huge resources towards the implementation of 
myriad interventions aimed at reducing its incidence 
and mortality. India was among the first set of countries 
to have launched a TB control programme way back 
in 1962 and there have been major enhancements of 
that effort with the introduction of a DOTS-based 
Revised National Tuberculosis Control Programme 
(RNTCP) from 1997 further scaled up to a National 
TB Elimination Program (NTEP) from 20182 While 
millions of lives have been saved as an impact of TB 
Programme, the incidence rates remained static but for 

a slow rate of decline in the previous decade which 
was again arrested during the COVID pandemic1,3. 
Nevertheless, it is appreciated that the incidence would 
have increased multi-fold in the absence of these 
programmatic efforts. It has been envisaged to reduce 
TB incidence rate by 80 per cent and TB mortality rate 
by 90 per cent by the year 20304. Modelling studies 
suggest that to achieve an accelerated decline, a new 
TB vaccine will be required in addition to a shorter 
treatment regimen for active TB as well as latent TB, 
a point-of-care diagnostic test and greater efforts at 
preventing transmission of infection5.

An ideal TB vaccine would be the one that induces 
a high level of long-lasting immunity, protects against 
sustained infection as well as progression of infection to 
disease (all forms) and recurrence among all age groups, 
has high safety profile including among key populations 
like people living with HIV (PLHIV) and can be 
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manufactured, stored and administered using low-cost 
technology. At the same time, a therapeutic vaccine that 
reduces the period of infectivity for TB patients would 
add to our armamentarium to eliminate TB. 

This article summarizes the currently available 
vaccines, challenges in discovery of new TB vaccines 
and the status of various vaccine candidates in the 
pipeline and the future prospects. 

Bacillus Calmette–Guérin (BCG) vaccine

The BCG vaccine, an attenuated strain of M. bovis 
was produced after accidental observation that M. bovis 
lost its virulence when grown in bile. It was assumed 
that exposure to a non-virulent strain will increase 
the resistance of the host to a fully virulent infection 
by similar (antigenically) organisms. It was further 
attenuated by 230 serial cultures in potato-glycerol-bile 
medium. However, the knowledge of the pathogenesis 
of TB and immunological processes did not exist at that 
point of time. Subsequently, several controlled trials in 
different parts of the world revealed its efficacy against 
pulmonary TB (PTB) varying between 0-80 per cent 
with lowest efficacy seen in more endemic areas6,7. One 
of these was the Randomized controlled Trial (RCT) 
in Chengalpattu, India wherein two doses each (0.01 
mg, 0.1 mg) of the Paris strain and the Danish strain 
and placebo were randomized to about 2.6 lakh study 
participants (all ages) irrespective of their reaction size 
to tuberculin skin test (TST) during 1968-718. Follow 
up of study participants for 15 years revealed that BCG 
offered ‘NIL’ overall protection in adults and a low 
level of overall protection (27%; 95% CI: -8 to 50%) 
in children8,9. The factors likely to be associated with 
variable efficacy of BCG across different geographies 
in the world were hypothesized as,

(i) Masking: infection with environmental 
mycobacteria could lead to a low-level protection 
against infection with tubercle bacillus and BCG does 
not boost such naturally acquired protection. This 
could mask any protection due to BCG vaccination, 
partially or totally10; (ii) Blocking: Pre-existing natural 
protection acquired by NTM infection may interfere 
with the ability of BCG to replicate and thereby 
with the development of immune response to BCG. 
This is supported by the fact that the prevalence of 
environmental Mycobacterial (EM) infection decreases 
and the BCG efficacy increases as we move away from 
the equator11 and (iii) The original BCG strain has been 
lost and the variants (French Pasteur 1173 12, Danish 
1SI 1331, Glaxo 1077, Tokyo 172) maintained by 

different laboratories using different methods are not 
the same. India uses the Danish strain in its Universal 
Immunization Programme (UIP)12.

However, trials conducted across the world 
have shown efficacy of BCG 60-80 per cent against 
childhood TB meningitis and miliary TB13. Thus, 
under the immunization programme in India, 0.05 ml 
of the reconstituted vaccine is given intradermally at 
birth. It is contraindicated in HIV infected infants due 
to a poorer immune response observed in small number 
of studies and a higher incidence of disseminated 
BCG disease when given at birth. Hence, in infants 
born to HIV infected mothers, administration of BCG 
vaccination, should be delayed until HIV infection has 
been excluded (preferably by viral amplification test/
other tests after the window period). Till date, BCG 
remains the only vaccine licensed for use against TB. 

BCG revaccination: BCG re-vaccination has not 
been implemented as a policy thus far due to the 
lack of evidence of additional protection. Currently, 
an implementation study of adult BCG vaccination 
(practically amount to revaccination considering 
the high BCG vaccination coverage in India), under 
programme conditions is in progress wherein eligible 
adults (>18 yr) across 274 districts across the country 
are given 0.1 ml dose of BCG intradermally14. The 
eligibility criteria include a previous episode of TB in 
last five years, history of contact with a TB patient in 
last two years, BMI<18 kg/m2, aged >60 yr, history 
of diabetes or tobacco smoking. Vaccine effectiveness 
is typically measured through observed changes in 
notified TB cases over a 36 month post-intervention 
period compared to that in 273 comparator districts.

Earlier, a RCT in Malawi among 46,000 study 
participants three months to 70 yr age followed for 
six to nine years revealed no significant protection 
by BCG revaccination15. In fact, the ongoing trial of 
VPM1002 in India also amounts to revaccination albeit 
with a recombinant BCG16. 

Newer vaccines 

Since BCG induced cell mediated immune response 
was not enough to protect against PTB, subsequent 
efforts at vaccine development focused on boosting 
immune response primed by BCG. A major part of 
these efforts focused on designing subunit vaccines that 
deliver immune-dominant Mycobacterium tuberculosis 
(MTB) antigens using viral/protein adjuvants. 
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After 1968, the first vaccine to enter efficacy trial 
was MVA85A which expresses MTB antigen 85A 
considered among the most important MTB antigens 
required for cell wall synthesis on an attenuated 
vaccinia Ankara viral vector. This antigen is conserved 
across different mycobacterial species including, BCG, 
MTB and EM. Animal studies, phase 1 and 2a clinical 
trials among infants showed that even though it induced 
strong T-cell mediated immunogenicity as elicited by 
Ag85A specific CD4+ and CD8+ counts, interferon 
gamma release assay (IGRA) and other cytokine 
assays, no protection against clinical TB was seen 
on three-year follow up17. Another study among HIV 
reactive adults revealed a mono-functional immune 
response and nil protection against TB18. Two important 
learnings from these findings were that antigen 85A 
on Ankara viral vector and a mono-functional (single 
cytokine production) immune response might be 
insufficient to mount an effective immune response. 
Therefore, subsequent efforts at vaccine development 
were to use newer technologies to develop vaccines 
that could deliver 85A using modified approaches, viz. 
on a different viral vector, through aerosol route, in 
combination with other antigens.

Another strategy was to develop adjuvanted protein 
subunit vaccines in which one component is a protein-
based antigen(s) and the other is an adjuvant- an 
antigen delivery system that also might have immune 
stimulating properties.

However, all the subunit and adjuvant vaccines 
altogether included only 12 of 4500 targetable MTB 
antigens. Therefore, whole-cell mycobacterial vaccines 
that contain a broader range of immunogenic molecules 
are expected to induce a more diverse immune response 
to a range of protein and lipid antigens.

The properties of various candidate vaccines that 
have been developed over the period are summarized 
in Table I19-37 and the candidates currently in different 
phases of clinical trials are depicted in Table II38,39. These 
trials are being conducted in diverse groups of study 
participants, viz. infants, HIV reactive/non-reactive 
adults, BCG naïve/vaccinated individuals, purified 
protein derivative positive/negative individuals; mostly 
for prevention of disease and a few for prevention 
of infection and as adjunctive immunotherapy to 
patients on anti-TB treatment. Besides, there are other 
candidates still in the pre-clinical stage. 

While Mw/MIP (Mycobacterium indicus pranii 
vaccine) a killed vaccine was demonstrated to have 

significant efficacy against leprosy during a placebo 
controlled randomized trial among household contacts 
of 1226 multibacillary (MB) and 3757 paucibacillary 
(PB) cases of leprosy40, its potential for protection 
against TB has been demonstrated in experimental 
animals as well as in human studies41. The ongoing 
VPM1002 and Immuvac vaccine trial in India is 
expected to provide further insights. MIP and M. vaccae 
are also being evaluated as therapeutic vaccines with the 
aim to compliment therapeutic effect of chemotherapy 
by increasing treatment success rate and to decrease 
the required duration of treatment. Efficacy of MIP as 
an adjunct to anti-TB drug therapy was demonstrated 
among erstwhile so classified category-II (CAT-II) 
pulmonary TB cases (unfavorable treatment outcome 
after treatment as a new TB patient and re-treated with 
a streptomycin containing re-treatment regimen of first 
line anti-TB drugs)42. However, further studies are 
warranted to understand its role in enhancing bacillary 
clearance amongst drug resistant TB patients as well 
as new drug sensitive cases and those co-infected with 
HIV especially as the earlier CAT-II treatment is no 
longer in vogue. Similarly, M. vaccae has beneficial 
value in bacillary clearance43. 

The Phase III POD (prevention of disease) trial of 
VPM and MIP is currently in progress in India16. In 
this multi-centric double blind randomized trial, 12000 
household contacts of bacteriologically confirmed 
index TB patients were randomized into three arms-
VPM1002, MIP and placebo during 2019-2021 and 
followed up for three years for incident TB. While 
the results are expected in the near future, there is a 
likelihood that the true efficacy of the vaccines if any 
might be masked because of telephonic follow up 
for a significant proportions of study participants for 
presumptive TB rather than physical follow up by the 
clinician due to restrictions as well as inhibitions posed 
during the COVID epidemic.

The M72/ASO1E adjuvanted vaccine trial 
conducted among adults with latent TB at centers 
located in South Africa, Kenya and Zambia elicited an 
immune response and provided protection against the 
pulmonary TB disease for at least three years44.

The newer RNA-based vaccine platform has 
shown that repRNA systems are a promising option 
for tuberculosis vaccines and should be prioritized, 
particularly those containing CD4+ and CD8+ T-cell 
epitopes from MTB antigens45.
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Table I. Vaccine candidates
Vaccine Candidate Description

Viral 
vectored 
vaccine 
candidates

Ad5Ag85A 
(McCaster university)

Antigen 85A is delivered on another adenovirus but a high prevalence of neutralizing antibodies 
among humans in high TB burden countries might interfere with immune response19

ChAdOx1/85A
(Oxford university)

Antigen 85A is expressed on a simian adenovirus vector ChAdOx1 which infects only non-
human primates thus may be a more beneficial viral vector than Ankara adenovirus20

Aerosolized MVA85A 
(Oxford university)

Designed as an aerosol of the antigen 85A to induce an immune response in broncho-
alveolar region21

Aerosolized 402/Crucell 
Ad35 (IAVI*- formerly 
AERAS) 

Contains 3 antigens-85A, 85B, TB 10.4 to induce a poly-functional immune response in 
broncho-alveolar region, on Ad35-adenovirus vector with little preexisting neutralizing 
antibodies in developing countries22

TB/FLU-04L intra-nasal 
(RIBSP, Kazaksthan^)

First vector vaccine to employ a live attenuated flu virus presenting 85A and ESAT-6 so that 
the antigens keep multiplying with the virus23

Adjuvanted 
protein 
subunit 
candidate 
vaccines

M72/AS01 (IAVI, GSK) M72 is a fusion of two proteins (MTB genes 32A & 39A) selected due to their ability to 
induce IFN, CD4+ & CD8+ response, delivered on AS01 (a combination of liposomes) as 
immune potentiating adjuvant24,25,26

Hybrid 1/IC31 H1 antigen is a fusion protein of immune-dominant antigens 85B & ESAT6 delivered with IC31 
adjuvant-a combination of a single stranded nucleotide & an immune potentiating peptide24

H4/IC31 (SSI, Sanafi 
Pasteur, IAVI, Valneva)

Since ESAT6 in H1 has the potential to confound IGRA results, it is replaced by TB 10.4 
antigen27

H56+IC31 (SSI, IAVI, 
Valneva for adjuvant)

Hybrid 56 vaccine is a fusion of ESAT6, Ag85B & Rv 2660c-an antigen contained in 
dormant MTB28

AEC/BC02 (Anhui 
Zhifei Longcom 
Biopharmaceutical Co.)

It is made from the Ag85b protein and ESAT6-CFP10 protein expressed by recombinant 
Escherichia coli as the active antigen component (AEC) and the complex adjuvant system 
(BC02) composed of cytosine guanine dinucleotide (BCG-cpg-DNA) & aluminum 
hydroxide of BCG29

H107 
(SSI)

It is a successor of the earlier efforts to develop adjuvanted vaccines. It consists of a highly 
immunogenic fusion protein administered in CAF01, an adjuvant that has demonstrated 
induction of CMI responses in humans30

GamTBvac (MoH 
Russia) 

It is a fusion protein containing Ag85A, ESAT6 and CFP-10 on a dextran binding domain31

1D93/GLA-SE, (IAVI, 
IDRI^ Seattle)

ID93 is a fusion protein of 4 MTB antigens (RV2608, RV3619, RV3620, & RV1813), 
&GLA-SE (glucopyrasonyl lipid-stable emulsion) which is IDRI’s proprietary adjuvant32

Whole cell 
vaccines

VPM1002 (Vakzine 
Projekt Management, 
Germany), SII#

VPM1002 is a live recombinant form of BCG designed to induce both multifunctional CD4 
as well as CD8 T cell subsets in adults33

MTBVAC (Zaragoza 
University-Spain, 
BioFabri)

Live MTB attenuated by deletion of 2 genes –PhoP which codes for virulence & FadD26 
which codes for cell wall component that protects Mtb from host defenses; antigenic 
properties are further enhanced by silencing Mcr7 to induce enhanced secretion of Ag85 
antigens34

DAR-901 (Dartmouth 
University USA)

Derived from heat inactivated whole cell of M. obuense; a broth culture is being developed 
to make it easily scalable35

M.vaccae (Longcam, 
China)

Inactivated whole cell vaccine of an EM containing an array of antigenic epitopes common 
to MTB34

RUTI (Archivel Forma, 
Spain)

Detoxified and liposomal cellular MTB fragments, to induce latency antigens typically 
hidden from the immune system. It is detoxified and defragmented to decrease the risk of 
immune response exacerbation and to facilitate the processing as well as presentation of cell 
wall antigens. Homogeneity of the preparation is warranted by liposomal delivery36

MIP A heat killed suspension of M. indicus pranii37

IAVI, International AIDS Vaccine Initiative; RIBSP, Research Institute for Biological Safety Problems; SSI, Staten’s serum Institute; IDRI, 
Infectious Disease Research Institute; SSI, Serum Institute of India
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Table II. Candidate vaccines currently in clinical trails
Clinical trial phase Vaccine candidates
Phase I Ad5Ag85A

TB/FLU-04L
H107

Phase IIa ChAdOx1/85A
AEC/BC02, 
1D93/GLA-SE

Phase IIb M72/AS01
DAR-901

Phase III VPM
MTBVAC
MIP Immunovac 
GamTBvac

Challenges in vaccine development

Our understanding of the pathogens host 
interactions remains incomplete despite the progress 
we have made in science. 

There is a lack of a validated animal model that 
can predict vaccine efficacy in humans with certainty. 
Guinea pigs are commonly used for vaccine efficacy 
studies because of their high susceptibility to low 
dose infection, besides the mice, rabbits, non-human 
primates and cattle. Most of these animal models do 
not use the aerosol route for infection which is the 
primary route for humans and look only for primary 
progression and dissemination with bacterial load 
as end-points; none mimics the range of outcome of 
exposure in humans, viz. latency, progression from 
latency to disease. Also, the role of unconventional 
T-cells located in mucosal lining and unique to primates 
has also been overlooked. 

A study on non-human primates (Macaca mulatta) 
has shown that intravenous administration of BCG 
profoundly limits the MTB infection and it challenges 
the current concept of vaccine delivery through 
intradermal or aerosol route46. 

Studies on T cell receptor repertoires have 
provided valuable insights into how different types 
and responses of T cells, based on their receptors, 
influence whether an individual can effectively control 
tuberculosis infection or it would progress to active 
TB disease. These findings suggest that antigens 
recognized by T cell groups linked to infection control 
should be prioritized as targets for future vaccine 
development47.

Many of the newer vaccines found highly 
immunogenic turned out to be ineffective in preventing 
clinical TB implying that the currently known 
immunological markers do not correlate with clinical 
efficacy. Lack of reliable biomarkers impedes rational 
decision making for proceeding to the next stage/phase 
of vaccine development pathway. 

TB vaccine development pathway-identification 
of potential molecules, pre-clinical development and 
evaluation, animal model studies, initial stage clinical 
trials for safety, immunogenicity and proof of concept, 
clinical trials requiring long follow up of thousands 
of participants and the regulatory approvals thereof 
require huge monetary resources spanning over 10-15 
yr with an added risk of failure making it unattractive 
to industry. 

Exploring new ideas in TB vaccine design 

A better understanding is required regarding the 
factors important in the virulence of MTB, its ability to 
escape the immune mechanism of the host and discover 
antigenic epitopes that may normally be hidden from 
immune response. In this context, identification of 
the bacterial components involved in this receptor-
mediated entrance into macrophages may offer new 
insights. 

We also need to find factors associated with 
establishment of latency and a better understanding of 
the biomarkers that correlate with protection. A deeper 
understanding of the immune responses in the sub-
set of individuals who after sustained exposure and 
tuberculin/IGRA positivity revert to negativity might 
give a clue to vaccine development. 

Approaches primarily based on inducing CD4+ and 
CD8+ cell responses have limitations. Thus, attempts 
are being made to develop new TB vaccines which 
can enhance other aspects of the immune response. 
A study in South Africa revealed that MTB specific 
IgG is capable of recruiting other immune cells like 
macrophages and NK cells48. 

An epitope is that specific piece of the antigen to 
which antibody binds. Ability of such sub-dominant 
epitopes induced protection has been demonstrated 
previously in mouse model. Thus, there is a scope 
of redirecting the host immune responses towards an 
epitope within an antigen49.

A group of pumps known as ESX systems on 
the surface of the mycobacteria play a key role in its 
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survival and ability to infect macrophages. But these 
systems are so small that our immune system may not 
include them in its defense. Danish scientists have 
fused six such tiny proteins to design a new vaccine 
that our immune system might be able to recognize and 
build immunity against these pumps50. 

Research on human challenge models for TB has 
made gradual progress, though significant challenges 
remain. Unlike diseases with shorter courses, TB's 
complexity, prolonged infection, and potential severity 
make it difficult to safely develop such models. 
Researchers are exploring the use of low-dose or 
attenuated strains of MTB to minimize risks, or even 
employing M. bovis BCG strain as a safer alternative 
for study. Human challenge models hold the potential 
to transform TB vaccine research with a future aim to 
offer controlled conditions to observe early immune 
responses, which could accelerate vaccine development 
by allowing for quicker testing and refinement before 
larger trials51. 

What the future holds

Several collaborative efforts are underway for TB 
vaccine development. Efforts to find risk of progression 
to disease correlates are currently under progress in 
several African countries by the South African TB 
vaccine initiative (SATVI) among HIV negative adult 
household contacts of people with TB. Tuberculosis 
Vaccine Initiative (TBVI), a non-profit foundation 
supports partnership in research and innovation for 
development of new, safe, effective and affordable 
TB vaccines and resource mobilization in partnership 
with the Global TB Vaccine Partnership (GTBVP). 
International AIDS vaccine initiative is another non-
profit organization that supports vaccine development 
for HIV, TB and emerging infectious diseases with 
partners from discovery through clinical trials to 
post-licensure access. It is desirable that the medical 
community, civil society, and funding consortia 
lend extended support to fulfil the promise of newer 
vaccine(s) to End the TB epidemic52.

It brings us a ray of hope if one or more of the 
candidate vaccines currently under advance stages of 
trials will be able to replace or offer better protection 
than the currently available. 

Financial support & sponsorship: None.

Conflicts of Interest: None.

Use of Artificial Intelligence (AI)-Assisted Technology 
for manuscript preparation: The authors confirm that there 
was no use of AI-assisted technology for assisting in the writing of 
the manuscript and no images were manipulated using AI. 

References
1.	 World Health Organization. Global Tuberculosis Report 

2023. Available from: https://www.who.int/teams/global-
tuberculosis-programme/tb-reports/global-tuberculosis-
report-2023, accessed on October 28, 2024.

2.	 Knowledge base for the National TB Elimination Program 
- NTEP. Evolution of TB Programme in India. Available 
from: https://ntep.in/node/116/CP-evolution-tb-elimination-
programme-india; accessed on November 15, 2024.

3.	 Mandal S, Chadha VK, Laxminarayan R, Arinaminpathy N. 
Counting the lives saved by DOTS in India: A model-based 
approach. BMC Med 2017; 15 : 47.

4	 World Health Organization. End TB strategy, Global strategy 
and targets for tuberculosis prevention, care and control 
after 2015. Available from: https://cdn.who.int/media/docs/
default-source/documents/tuberculosis/end-tb-strategy-
information-sheet8817f818-feaa-49ac-b26a-92c5b9dca034.
pdf?sfvrsn=d6235a67_1&download=true, accessed on 
October 20, 2024.

5.	 Houben RMGJ, Menzies NA, Sumner T, Huynh GH, 
Arinaminpathy N, Goldhaber-Fiebert JD, et al. Feasibility 
of achieving the 2025 WHO global tuberculosis targets in 
South Africa, China, and India: A combined analysis of 11 
mathematical models. Lancet Glob Health 2016; 4 : e806-15.

6.	 Mangtani P, Abubakar I, Ariti C, Beynon R, Pimpin L, Fine 
PE, et al. Protection by BCG vaccine against tuberculosis: A 
systematic review of randomized controlled trials. Clin Infect 
Dis 2014; 58 : 470-80.

7.	 Abubakar I, Pimpin L, Ariti C, Beynon R, Mangtani P, Sterne 
JA, et al. Systematic review and meta-analysis of the current 
evidence on the duration of protection by bacillus Calmette-
Guérin vaccination against tuberculosis. Health Technol Assess 
2013; 17 : 1-372, v-vi.

8.	 Baily GV. Tuberculosis prevention Trial, Madras. Indian J Med 
Res 1980; 72 : 1-74.

9.	 Tuberculosis Research Centre (ICMR). Fifteen year follow 
up of trial of BCG vaccines in south India for tuberculosis 
prevention. Tuberculosis Research Centre (ICMR), Chennai. 
Indian J Med Res 2013; 137 : 571.

10.	 Simmons JD, Stein CM, Seshadri C, Campo M, Alter G, 
Fortune S, et al. Immunological mechanisms of human 
resistance to persistent Mycobacterium tuberculosis infection. 
Nat Rev Immunol 2018; 18 : 575-89.

11. 	Verma D, Chan ED, Ordway DJ. Non-tuberculous 
mycobacteria interference with BCG-current controversies and 
future directions. Vaccines 2020; 8 : 688.

12.	 Chaudhari VL, Godbole CJ, Gandhe PP, Gogtay NJ, Thatte 
UM. Association of Bacillus Calmette Guerin Vaccine strains 



344 INDIAN J MED RES, SEPTEMBER & OCTOBER 2024

with COVID-19 morbidity and mortality - Evaluation of global 
data. Indian J Community Med Off Publ Indian Assoc Prev Soc 
Med 2021; 46 : 727-30.

13.	 Trunz BB, Fine P, Dye C. Effect of BCG vaccination on 
childhood tuberculous meningitis and miliary tuberculosis 
worldwide: A meta-analysis and assessment of cost-
effectiveness. Lancet 2006; 367 : 1173-80.

14.	 Knowledge Base for the National TB Elimination Program - 
NTEP. Update on Introduction of Adult BCG Vaccine in study 
mode. Available from: https://ntep.in/node/6351/draftupdate-
introduction-adult-bcg-vaccine-study-mode, accessed on 
October 20, 2024.

15.	 Glynn JR, Fielding K, Mzembe T, Sichali L, Banda L, McLean 
E, et al. BCG re-vaccination in Malawi: 30-year follow-up of 
a large, randomised, double-blind, placebo-controlled trial. 
Lancet Glob Health 2021; 9 : e1451-9.

16.	 Singh M, Mehendale S, Guleria R, Sarin R, Tripathy S, 
Gangakhedkar RR, et al. PreVenTB trial: protocol for 
evaluation of efficacy and safety of two vaccines VPM1002 
and Immuvac (Mw) in preventing tuberculosis (TB) in healthy 
household contacts of newly diagnosed sputum smear-positive 
pulmonary TB patients: phase III, randomised, double- blind, 
three-arm placebo-controlled trial. BMJ Open 14 : e082916.

17.	 Tameris MD, Hatherill M, Landry BS, Scriba TJ, Snowden 
MA, Lockhart S, et al. Safety and efficacy of MVA85A, a new 
tuberculosis vaccine, in infants previously vaccinated with 
BCG: A randomised, placebo-controlled phase 2b trial. Lancet 
2013; 381 : 1021-8.

18.	 Ndiaye BP, Thienemann F, Ota M, Landry BS, Camara M, 
Dièye S, et al. Safety, immunogenicity, and efficacy of the 
candidate tuberculosis vaccine MVA85A in healthy adults 
infected with HIV-1: A randomised, placebo-controlled, phase 
2 trial. Lancet Respir Med 2015; 3 : 190-200.

19.	 Smaill F, Xing Z. Human type 5 adenovirus-based tuberculosis 
vaccine: is the respiratory route of delivery the future? Expert 
Rev Vaccines 2014; 1 : 927-30. 

20.	 Wajja A, Nassanga B, Natukunda A, Serubanja J, Tumusiime 
J, Akurut H, et al. Safety and immunogenicity of ChAdOx1 
85A prime followed by MVA85A boost compared with BCG 
revaccination among Ugandan adolescents who received BCG 
at birth: a randomised, open-label trial. Lancet Infect Dis 2024; 
24 : 285-96. 

21.	 Satti I, Meyer J, Harris SA, Manjaly Thomas ZR, Griffiths K, 
Antrobus RD, et al. Safety and immunogenicity of a candidate 
tuberculosis vaccine MVA85A delivered by aerosol in BCG-
vaccinated healthy adults: a phase 1, double-blind, randomised 
controlled trial. Lancet Infect Dis 2014; 14 : 939-46. 

22.	 Darrah PA, Bolton DL, Lackner AA, Kaushal D, Aye PP, Mehra 
S, et al. Aerosol vaccination with AERAS-402 elicits robust 
cellular immune responses in the lungs of rhesus macaques but 
fails to protect against high-dose Mycobacterium tuberculosis 
challenge. J Immunol 2014; 193 : 1799-811. 

23.	 Zhou F, Zhang D. Recent advance in the development of 
tuberculosis vaccines in clinical trials and virus-like particle-
based vaccine candidates. Front Immunol 2023; 14 : 1238649. 

24.	 Nemes E, Geldenhuys H, Rozot V, Rutkowski KT, Ratangee 
F, Bilek N, et al. Prevention of M. tuberculosis Infection with 
H4:IC31 Vaccine or BCG Revaccination. N Engl J Med. 2018; 
12 : 138-49. 

25.	 Nemes E, Fiore-Gartland A, Boggiano C, Coccia M, D’Souza 
P, Gilbert P, et al. The quest for vaccine-induced immune 
correlates of protection against tuberculosis. Vaccine Insights 
2022; 1 : 165-81. 

26.	 Ji Z, Jian M, Chen T, Luo L, Li L, Dai X, et al. Immunogenicity 
and safety of the M72/AS01E  Candidate vaccine against 
tuberculosis: A meta-analysis. Front Immunol 2019; 10 : 2089.

27.	 Nemes E, Geldenhuys H, Rozot V, Rutkowski KT, Ratangee 
F, Bilek N, et al. Prevention of M. tuberculosis infection with 
H4:IC31 vaccine or BCG revaccination. N Engl J Med 2018; 
379 : 138-49. 

28.	 Chen L, Xu M, Wang ZY, Chen BW, Du WX, Su C, et 
al. The development and preliminary evaluation of a new 
Mycobacterium tuberculosis vaccine comprising Ag85b, 
HspX and CFP-10:ESAT-6 fusion protein with CpG DNA 
and aluminum hydroxide adjuvants. FEMS Immunol Med 
Microbiol 2010; 59 : 42-52. 

29.	 Stop TB Partnership. AEC/BC02. Available from: https://
newtbvaccines.org/vaccine/aec-bc02/; accessed on November 
14, 2024.

30.	 Woodworth JS, Clemmensen HS, Battey H, Dijkman K, 
Lindenstrøm T, Laureano RS, et al. A Mycobacterium 
tuberculosis-specific subunit vaccine that provides synergistic 
immunity upon co-administration with Bacillus Calmette-
Guérin. Nat Commun 2021; 12 : 6658. 

31.	 Aguilo N, Uranga S, Marinova D, Monzon M, Badiola J, 
Martin C. MTBVAC vaccine is safe, immunogenic and confers 
protective efficacy against Mycobacterium tuberculosis in 
newborn mice. Tuberculosis (Edinb). 2016; 96 : 71-4. 

32.	 Infectious Disease Research Institute. ID93/GLA-SE 
tuberculosis vaccine. IDRI, Seattle. 2012.

33.	 Nieuwenhuizen NE, Kulkarni PS, Shaligram U, Cotton MF, 
Rentsch CA, Eisele B, et al. The recombinant bacille calmette-
guérin vaccine VPM1002: Ready for clinical efficacy testing. 
Front Immunol 2017; 8 : 1147. 

34.	 Biofabri. MTBVAC: A novel tuberculosis vaccine. Available 
from: https://www.biofabri.es; accessed on November 14, 
2024.

35.	 Munseri P, Said J, Amour M, Magohe A, Matee M, Rees 
CA, et al. DAR-901 vaccine for the prevention of infection 
with Mycobacterium tuberculosis among BCG-immunized 
adolescents in Tanzania: A randomized controlled, double-
blind phase 2b trial. Vaccine 2020; 38 : 7239-45. 

36.	 Archivel Farma. Archivel Farma announces recruitment of 
first patient in STriTuVaD clinical trial of RUTI® vaccine for 
tuberculosis. 2021. Available from: https://www.asebio.com, 
accessed on November 14, 2024.

37.	 Ahsan MJ, Garg SK, Vashistha B, Sharma P. Tuberculosis 
vaccines: hopes and hurdles. Infect Disord Drug Targets 2013; 
13 : 318-21. 



345SACHDEVA & CHADHA: TB VACCINES

38.	 Whitlow E, Mustafa AS, Hanif SNM. An overview of the 
development of new vaccines for tuberculosis. Vaccines 
(Basel) 2020; 8 : 586.

39.	 Tuberculosis vaccine initiative. Pipeline of vaccines. Available 
from: https://www.tbvi.eu/what-we-do/pipeline-of-vaccines/, 
accessed on October 20, 2024.

40.	 Sharma P, Mukherjee R, Talwar GP, Sarathchandra KG, Walia 
R, Parida SK, et al. Immunoprophylactic effects of the anti-
leprosy Mw vaccine in household contacts of leprosy patients: 
Clinical field trials with a follow up of 8-10 years. Lepr Rev 
2005; 76 : 127-43.

41. 	Katoch K, Singh P, Adhikari T, Benara SK, Singh HB, Chauhan 
DS, et al. Potential of Mw as a prophylactic vaccine against 
pulmonary tuberculosis. Vaccine 2008; 26 : 1228-34.

42.	 Sharma SK, Katoch K, Sarin R, Balambal R, Kumar Jain 
N, Patel N, et al. Efficacy and safety of mycobacterium 
indicus pranii as an adjunct therapy in category II pulmonary 
tuberculosis in a randomized trial. Sci Rep 2017; 7 : 3354.

43.	 Yang XY, Chen QF, Li YP, Wu SM. Mycobacterium vaccae as 
adjuvant therapy to anti-tuberculosis chemotherapy in never-
treated tuberculosis patients: A meta-analysis. PLoS One 2011; 
6 : e23826.

44.	 Tait DR, Hatherill M, Van Der Meeren O, Ginsberg AM, Van 
Brakel E, Salaun B, et al. Final analysis of a trial of M72/
AS01E vaccine to prevent tuberculosis. N Engl J Med 2019; 
381 : 2429-39.

45.	 Larsen SE, Erasmus JH, Reese VA, Pecor T, Archer J, Kandahar 
A, et al. An RNA-based vaccine platform for use against 
Mycobacterium tuberculosis. Vaccines (Basel) 2023; 11 :  
130.

46.	 Darrah PA, Zeppa JJ, Maiello P, Hackney JA, Wadsworth MH, 
Hughes TK, et al. Prevention of tuberculosis in macaques 
after intravenous BCG immunization. Nature 2020; 577 :  
95-102.

47.	 Musvosvi M, Huang H, Wang C, Xia Q, Rozot V, Krishnan A, 
et al. T cell receptor repertoires associated with control and 
disease progression following Mycobacterium tuberculosis 
infection. Nat Med 2023; 29 : 258-69.

48.	 Swanson RV, Gupta A, Foreman TW, Lu L, Choreno-Parra 
JA, Mbandi SK, et al. Antigen-specific B cells direct T 
follicular-like helper cells into lymphoid follicles to mediate 
Mycobacterium tuberculosis control. Nat Immunol 2023; 24 : 
855-68.

49.	 Frank SA. Specificity and Cross-Reactivity. In: Immunology 
and Evolution of Infectious Disease. Princeton University 
Press; 2002. Available from: https://www.ncbi.nlm.nih.gov/
books/NBK2396/, accessed on November 14, 2024.

50.	 Knudsen NP, Nørskov-Lauritsen S, Dolganov GM, Schoolnik 
GK, Lindenstrøm T, Andersen P, et al. Tuberculosis vaccine 
with high predicted population coverage and compatibility 
with modern diagnostics. Proc Natl Acad Sci USA 2014; 111 : 
1096-101.

51.	 Kaufmann SH, Fortune S, Pepponi I, Ruhwald M, Schrager 
LK, Ottenhoff TH. TB biomarkers, TB correlates and human 
challenge models: New tools for improving assessment of new 
TB vaccines. Tuberculosis (Edinb) 2016; 99 : S8-S11.

52.	 Tuberculosis vaccine initiative. Accelerating TB vaccine R&D 
through partnership. Available from: https://www.tbvi.eu/, 
accessed on November 14, 2024.

For correspondence: �Dr Kuldeep Singh Sachdeva, Molbio Diagnostics, Verna, Goa 403 722, India  
e-mail: drsachdevak1@gmail.com


