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Please confirm that the below Frontiers AI generated Alt-Text is an accurate visual description of your Figure(s). These Figure Alt-text proposals won't replace your figure captions and will not be visible on your article. If you wish to make any changes, kindly provide the exact revised Alt-Text you would like to use, ensuring that the word-count remains at approximately 100 words for best accessibility results. Further information on Alt-Text can be found here.With over 10 million new cases and 1.6 million deaths annually, tuberculosis (TB) continues to be a significant worldwide health-burden. To assist in curbing the spread of TB, the century-old BCG, which is a live-attenuated vaccine, is now the only licensed TB vaccine used in humans. However, BCG’s limited efficacy and poor antigenicity in adults have evoked the need to design new vaccines against TB. The limited parameter is the availability of potent antigens; as a consequence, it is imperative to study the Mycobacterium tuberculosis (Mtb)-specific antigens that can provide a stronger immune response if included in vaccine candidates. Through this review, we aim to concentrate on the progress of current vaccine-candidates undergoing preclinical and clinical-studies. Moreover, it is not the pathogen but the genetics of the host that plays an essential role in fine-tuning the immune-response and susceptibility to TB. Over the past 50 years, a systematic approach to treating TB patients has overlooked factors like pharmacokinetics, immune-response, and treatment duration. Henceforth, this review highlights the precision medicine-guided approach considering genetic-makeup and host immunity that could influence clinical management choices. The consolidated review will shed light on advancements in vaccine-candidates, which can be harnessed in prophylactic development against TB.
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GRAPHICAL ABSTRACT

BCG vaccine efficacy, immunogenicity, and limitations necessitate better TB vaccine candidates that account for host genetics and precision medicine.





1 Introduction

Tuberculosis (TB) was the leading cause of death due to a single infectious agent worldwide before the Coronavirus disease 2019 (COVID-19) pandemic, which was brought on by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). A new era in TB prevention, diagnosis, and treatment began in 1882 when German microbiologist Dr. Robert Koch identified Mycobacterium tuberculosis (Mtb) as the causative agent of TB (2). After entering the body through the respiratory system, Mtb is phagocytosed by alveolar macrophages, where it replicates within the phagosomes. As a protective response, immune cells surround the infected macrophages to contain the spread of the bacteria to other cells and thus contribute to the formation of granuloma (3). These granulomas are the result of an anti-TB immunological reaction, yet Mtb survives within the granuloma in a less metabolic state, called dormancy. However, upon immunosuppression, Mtb resuscitates into the replicative phase, leading to active pulmonary TB (PTB) and extra-pulmonary TB (EPTB) (4). As per WHO Report 2024, there were approximately 10.8 million TB patients and 1.25 million TB-related deaths in 2023 (5). It is appreciable to highlight that improvements in living conditions, sanitation, and the ongoing development of anti-TB medications led to a dramatic decline in TB incidence and mortality. However, the use of immunosuppressive drugs, drug addiction, poverty, population diversity, and the rise of drug-resistant strains of Mtb are still contributing to poor control of TB worldwide (6). Nearly 0.5 million Mtb patients have developed resistance to the front-line antibiotic rifampicin per year during the last five years, and about 80% of those individuals have multidrug resistance against TB. Thus, TB continues to pose a significant threat to public health worldwide.

Hence, an efficient vaccine is desperately needed for the long-term economic control of TB. The discovery of BCG was revolutionary in the field of vaccines. Developed over 13 years by Albert Calmette and Camille Guerin at the French Institute Pasteur, BCG is a live attenuated strain of Mycobacterium bovis, administered orally to infants as a vaccine against TB in 1921 (7). Since then, it has been the only licensed vaccine against TB with sub-optimal efficacy of 0-80% in adults.

Despite its use against TB, BCG is a broad-spectrum vaccine that imparts protection against several diseases including bladder cancer, fungal and parasitic infections (8). This trait is primarily considered to be provided by its ability to induce trained immunity. Trained immunity is a phenomenon of the generation of memory-like features in innate cells, majorly macrophages, dendritic cells, and NK cells. This process imprints certain epigenetic signatures in macrophages, that allow the synthesis and secretion of pro-inflammatory cytokines upon challenge with the unrelated pathogen. This mechanism has enabled the progress of BCG in protecting against various infections such as Candida albicans, bladder cancer, S. aureus, etc. Yet, BCG is less successful against TB and other diseases because of various host genetic factors such as genetic polymorphism, which contributes to variable responses to chemotherapy and vaccine efficacy (9). Significant genetic and allelic polymorphisms are the key attributes contributing to the variable efficacy of vaccines. Hence, it is imperative to consider these major determinants when designing a vaccine targeting the worldwide population. Thus, in this review, we aim to decipher the significance and mechanism of BCG-induced trained immunity. Despite BCG as the only vaccine against TB, we aim to shed light on the potential vaccine candidates that are currently under clinical trials. Lastly, we discuss the host genetic as the crucial factor that limits the efficacy of a single vaccine against TB in all ethnic regions. Vaccination aims to create a long-lasting immune memory for Mtb infection management. It triggers immune responses through various pathways, including B cells, CD4+ T cells, CD8+ T cells, and NK cells. CD4+ T cells develop into four primary subsets for TB protection: T central memory (TCM), T effector memory (TEM), T tissue-resident memory (TRM), and newly recruited T effector (TEFF) cells. Vaccines maintain a TCM pool for long-term protection, but Mtb infection drives T cell differentiation towards late-stage TEM and TEFF responses (10).

BCG is traditionally administered intradermally to prime the immune system and generate protective responses against TB (11). It is phagocytosed by macrophages and dendritic cells, leading to increased expression of co-stimulatory molecules and MHC II (12). This results in enhanced cross-presentation of antigens to T cells, causing polarization of CD4+ T cells towards the TH1 phenotype and the secretion of pro-inflammatory cytokines (12). However, BCG fails to protect against PTB in adults. Efforts have been made to improve the efficacy of BCG, with different routes of administration being assessed. Intranasal and intravenous administration of BCG provides a rapid response in the lung, reducing Mtb burden more rapidly than intradermal BCG (8). However, BCG has sub-optimal protection against secondary infection, necessitating improvements in current BCG or the development of new therapeutics. Therefore, several candidates were developed in response to the demand for additional vaccinations to enhance BCG protection, which has been discussed below.




2 Current vaccine candidates in clinical trials

The three main pillars of the optimal TB vaccination strategy are the prevention of primary infection and disease following exposure, the avoidance of latent infection reactivation, and immunotherapeutic adjuvant to standard TB treatment for patient recovery (13). Inactivated vaccines live attenuated vaccines, recombinant BCG vaccines, subunit vaccines, viral vector vaccines, and DNA vaccines are among the novel TB vaccines presently undergoing clinical trials (14). Inactivated and Subunit vaccines are primarily utilized as therapeutic and prophylactic candidates against Mtb. Live attenuated vaccines are intended for the initial immunization of newborns or the prevention of TB in adolescents and adults. The list of vaccines undergoing clinical trials has been summarized in Table 1.


Table 1 | TB vaccines in the preclinical or clinical stages of development.
	Vaccine
	Characteristics
	Phase no.
	Result
	References



	Inactivated


	MIP
	Heat-inactivated whole cell vaccine
	Phase III
	The sputum culture conversion rate of the MIP group at week four was 67.1%, which was considerably greater than the 57% of the placebo group for category II TB patients.
	(15)


	SRL172
	Derived from non-tuberculous mycobacteria
	Phase III
	When given to HIV-positive individuals who have received childhood BCG vaccination, a multiple-dose regimen of Mycobacterium vaccae is safe and significantly protective against TB.
	(16)


	RUTI®
	Detoxified liposomal fragments of Mtb
	Phase II
	The RUTI® vaccine developed particular humoral and cell-mediated immune responses in healthy individuals.
The RUTI vaccine, despite its variable immunogenicity profile in LTBI subjects, is tolerable and could be considered for a single high-dose injection in future trials.
	(17, 18)


	Live attenuated


	MTBVAC
	A mutant of Mtb that has deletion mutations in the virulence genes fadD26 and phoP, which encode two important virulence components.
	Phase III
	Safe and immunogenic in healthy adults.
Although no statistical significance could be reached, the MTBVAC group had a higher frequency of polyfunctional CD4+ TCM cells and more responders than the BCG group at the same dose.
Produced a long-lasting CD4+ cell response in neonates and demonstrated adequate reactogenicity.
	(19, 20)


	BCG revaccination
	BCG revaccination.
	Phase IIb
	Strong, multifunctional CD4+ T cells specific to BCG were produced by BCG revaccination in healthy individuals.
BCG revaccination was immunogenic and decreased the rate of sustained QFT conversion in adolescents.
The BCG-Denmark immunization in Brazilian healthcare professionals did not decrease the risk of QFT Plus conversion.
BCG revaccination in HIV-negative adolescents without QFT tests did not offer protection against sustained Mtb infection.
A Malawi study conducted on repeat BCG immunization without a placebo showed no significant protection against TB.
	(21–25)


	Recombinant BCG


	VPM1002
	A recombinant BCG mutant that expresses listeriolysin O and has a deletion in urease C
	Phase III
	In both BCG-naïve and BCG-immune people, VPM1002 was safe and activated T cells that produced IFN-γ and B cells that produced antibodies.
Safe, immunogenic, and immunologically tolerated in neonates.
Produces less immune responses than BCG in HIV-exposed and unexposed infants
	(26, 27)


	Subunit


	M72/AS01E
	M72 is an immunogenic fusion protein made from the adjuvant AS01E and two Mtb antigens (Mtb32A and Mtb39A).
	Phase III
	Adults receiving treatment for TB showed immunogenicity to the M72/AS01E vaccination.
M72/AS01 was immunogenic and well tolerated in the group of ART-stable and ART-naïve, with HIV and without HIV adults.
54% of adults who received the M72/AS01E vaccine were protected against Mtb infection.
M72/AS01E vaccine stimulated an immunological response and offered protection against the development of pulmonary TB illness for a minimum of 3 years.
	(28–31)


	GamTBvac
	Includes the fusion proteins Ag85A and ESAT6-CFP10 and the adjuvant DEAE-dextran nanoparticle.
	Phase III
	In Mtb-uninfected volunteers who had previously had a BCG vaccination, the half-dose GamTBvac group demonstrated a strong, early, and sustained immune response.
In healthy volunteers who had previously had a BCG vaccination, the GamTBvac vaccine produced antigen-specific interferon-gamma release, TH1 cytokine-expressing CD4+ T-cells, and IgG responses.
	(32, 33)


	H4:IC31 (AERAS-404)
	Ag85B-TB10.4 fusion protein with IC31 adjuvant
	Phase IIb
	H4:IC31 showed a satisfactory safety profile and was immunogenic, eliciting multifunctional CD4+ T cell responses in healthy persons who had previously had a BCG vaccination.
With an efficiency of 45.4%, the BCG vaccine decreased the rate of sustained QFT conversion; the H4:IC31 vaccine had an efficacy of 30.5%.
The vaccination generated Ag85B-specific CD4+ T cell-mediated cellular immune responses and H4 antigen-specific IgG antibodies.
	(24, 25, 34, 35)


	ID93+GLA-SE
	A recombinant fusion protein of Mtb antigens (virulence-associated Rv2608, Rv3619, Rv3620, and latency-associated Rv1813).
	Phase IIa
	A functional humoral and TH1 type cellular response is triggered by the GLA-SE adjuvant in BCG-naive, QuantiFERON-negative, healthy adults.
Increasing doses of ID93+GLA-SE induced similar antigen-specific T cell and humoral responses in BCG-immunised, Mtb-infected individuals, with an acceptable safety profile, suggesting priming through natural infection.
During the 6-month trial period, antigen-specific IgG and CD4+ T cell responses were considerably higher after two injections of GLA-SE than after receiving a placebo.
In healthy adult healthcare workers who had received a BCG vaccination and were not infected with Mtb, the ID93 + GLA-SE vaccine produced antigen-specific cellular and humoral immune responses with a tolerable safety profile.
	(36–39)


	AEC/BC02
	A recombinant vaccine expressing Ag85B and ESAT6-CFP10 fusion protein.
	Phase IIa
	Results awaited
	 


	Viral vector


	MVA85A
	Mtb Ag85A antigen-expressing modified Vaccinia Ankara virus
	Phase IIb
	Newborns exposed to HIV responded safely to the MVA85A prime immunization, which produced a mild antigen-specific immune response.
	(36)


	ChAdOx1.85A
	A simian adenovirus expressing Ag85A.
	Phase IIa
	Good immunogenicity and tolerance in healthy people.
Stronger BAL cellular responses were elicited by aerosol ChAdOx1-85A, particularly IFN-γ/IL17+CD4+ T cells.
The Ag85A-specific IFN-γ in ChAdOx1 85A–MVA85A group response peaked on day 63 and was greater than in the BCG revaccination group.
	(40–42)









2.1 Inactivated TB vaccines

To trigger an immune response against a range of Mtb antigens, inactivated vaccines employ either the whole or fragmented, lysed forms of Mtb. TB has traditionally been prevented and treated by inactivated vaccinations. These vaccines have demonstrated substantial immunotherapeutic benefits in TB control and elicit humoral and TH1 cell-mediated immune responses, protecting against extracellular Mtb infections (43). However, there are certain limitations associated with inactivated vaccines, such as the need for multiple doses and a shorter immunization period. Nonetheless, inactivated vaccines are rapidly evolving due to their advantages in production, stability, and safety (44). Mycobacterium indicus pranii (MIP), RUTI®, and SRL172 are the inactivated vaccines currently undergoing clinical trials.



2.1.1 Mycobacterium indicus pranii

Mycobacterium w (Mw), also known as Mycobacterium indicus pranii (MIP), is a highly sought-after leprosy vaccine initially produced domestically in India (45). Initially characterized as a leprosy vaccine, genome screening revealed that MIP shares a vast repertoire of highly antigenic PE/PPE proteins with Mtb (46), indicating its potency as a TB vaccine candidate. While MIP administered subcutaneously diminishes the bacterial burden in the lungs, nasal administration of MIP further reduces the l burden and improves pulmonary pathology in mice (47). MIP induces autophagy, reversing phagosome maturation block and phagolysosome fusion inhibition, leading to enhanced Mtb clearance (48). TNF-α, IL-12p40, IL-6, nitric oxide, increased ROS, and IFN-induced chemokines like CXCL10 are among the pro-inflammatory reactions brought on by MIP (49). It triggers a TH1 and TH17 immune response generating IFN-γ+ TNF-α+ IL-2+ T cells, or IFN-γ+ TNF-α+ T cells (50), downregulates the TH2 pathway, and stimulates dendritic cells and macrophages (51).

As a potential TB vaccine, MIP is presently undergoing Phase III clinical studies. These studies are examining its effectiveness and safety in preventing TB, especially in healthy household contacts of TB patients. MIP was employed as a prophylactic vaccine against leprosy in a double-blind clinical experiment in household contacts of leprosy patients. A retrospective review conducted 13 years later showed that MIP provided considerable protection against TB as well, in an area where TB is very endemic and the subgroup that had BCG as a child had a much lower incidence of TB (52). The Ministry of Science and Technology, Government of India, and Cadila Pharmaceuticals Ltd., India, financed a phase III randomized, double-blind, placebo-controlled, multicenter clinical trial (NCT00265226) to assess the safety and effectiveness of MIP as a treatment for category II TB patients in India. Following four weeks of treatment, the MIP group’s sputum culture conversion rate (67.1%) was noticeably greater than the placebo group’s (57%), suggesting that MIP can eradicate bacteria (15). These findings show that MIP is safe and may help TB patients eliminate Mtb and highlight MIP’s potential as a TB vaccine that may be used both therapeutically and preventively, calling for more research into its modes of action and the best ways to administer it.




2.1.2 SRL172

SRL172, an inactivated whole cell BCG booster made from a heat-inactivated non-tuberculous mycobacterium that was deposited at the National Collection of Type Cultures (NCTC, London, UK) under accession number 11659, was used by the Dartmouth group to start their investigations.

In Argentina, newly diagnosed PTB patients received triple-dose immunotherapy using SRL172 in conjunction with short-course, directly monitored chemotherapy. Compared to placebo receivers, immunotherapy recipients had a quicker recovery to normal values in all immunological markers (53). SRL172 has finished a Phase 3 clinical investigation demonstrating immunogenicity and efficacy in preventing culture-confirmed TB when tested on HIV-positive people in Tanzania (NCT02063555) (16). These features make SRL172 potent for TB vaccine development. To completely clarify the possible involvement of SRL172 in international TB prevention programs, more studies should concentrate on evaluating efficacy in various populations, examining long-term protection, and improving dose regimens.




2.1.3 RUTI®

One of the few vaccines being developed exclusively as a therapeutic TB vaccine is the RUTI® vaccine, which is presently in Phase III clinical trial. RUTI® is a drug substance (DS) liposomal suspension that contains sucrose as a charge excipient and pure cellular fragments of Mtb bacilli grown under stress to simulate intra-granulomatous conditions. This confers the advantage of protecting against latent TB (54). Therefore, in experimental animal models of LTBI, the DS contains several antigens traditionally characterized as typical of replicating and non-replicating Mtb. RUTI® causes a mixed TH1/TH2/TH3 (TREG) multi-antigenic immune response without causing systemic or local harm in animal models of TB (54) Compared to standard-of-care (SOC) chemotherapy, RUTI® maintains the cellular immune response against ESAT-6 and dramatically lowers the bacterial burden in the lungs (55).

Phase I clinical trial (NCT00546273) in 2007 demonstrated the safety and immunogenicity of RUTI® in healthy volunteers, showing that volunteers can develop specific humoral and cell-mediated immune responses to the RUTI® vaccine (17). A phase II clinical trial of the RUTI® vaccine (NCT01136161) was initiated in three South African regions in HIV-positive and negative LTBI individuals. The findings showed that while HIV-positive patients exhibited a similar poly antigenic immune response profile following the first vaccination, no significant increase in immune response was observed following the second vaccination. In comparison, HIV-negative patients who received RUTI® showed good immune responses and a slight increase in immune response intensity after the second vaccination (18). These findings imply that the RUTI® vaccine-induced immune responses vary across HIV-negative and positive populations, maybe as a result of the compromised CD4+ T cells in HIV-positive people. Two-phase IIb clinical trials (NCT04919239 and NCT05455112) are now seeking volunteers to assess the safety and efficacy of RUTI® immunotherapy in TB patients in comparison to conventional treatments, as well as the efficacy of RUTI® as an adjuvant for TB chemotherapy.





2.2 Attenuated TB vaccines

Attenuated TB vaccines serve various advantages over other vaccines, including their ability to elicit complex and varied immune responses. It can elicit immunological responses akin to those of a natural infection and can provide long-term protection. Attenuated vaccinations do, however, have certain disadvantages, one major being the possibility of regaining virulence Attenuated TB vaccines undergoing clinical studies include MTBVAC and BCG (revaccination).



2.2.1 MTBVAC

The clinical strain Mtb Mt103 is a member of lineage 4 (Euro–African–American), one of the most prevalent lineages of Mtb, and contains most T cell epitopes specific to TB (56). MTBVAC is a live vaccine candidate rationally attenuated from this lineage. According to the Geneva Consensus guidelines for creating live-attenuated mycobacterial vaccines, MTBVAC attenuation is provided by two separate, unmarked deletions in the phoP and fadD26 pathogenicity genes. Studies on mice, guinea pigs, and rhesus macaques have shown that MTBVAC is safe, protective, and immunogenic (57, 58). Furthermore, co-administration of MTBVAC and BCG provides better protection in guinea pigs and adult and neonatal mouse models (59, 60).

MTBVAC reached clinical evaluation in newborns (NCT02729571) and adolescents (NCT02933281) in TB-endemic countries after completing the first-in-human phase 1 clinical trial for safety and immunogenicity in healthy adult volunteers in Switzerland in 2015 (19). Intradermal MTBVAC immunization has been shown to be acceptable reactogenicity and induced a durable CD4+ T-cell response similar to BCG in early-stage clinical studies in both adults and newborns (20). Two clinical trials, NCT02933281 and NCT03536117, are presently being conducted in South Africa to examine the many facets of MTBVAC. Additionally, MTBVAC (NCT04975178) is undergoing a randomized, double-blind, controlled phase III clinical trial in sub-Saharan Africa’s TB-endemic regions to assess its immunogenicity, safety, and effectiveness in infants with and without HIV exposure.




2.2.2 BCG revaccination

Giving BCG again as a homologous boost is a clear way to increase its effectiveness. This approach is crucial because, should BCG revaccination enhance the protective efficacy of this century-old vaccine, we would have a low-cost, easily implementable instrument to aid in the improvement of TB control on a worldwide scale. The BCG vaccine has wide immunomodulatory effects on the innate and adaptive immune systems in addition to providing targeted protection against TB. In high-mortality areas, the BCG vaccine lowers infant mortality by over 40% and is used to treat malignancies including melanoma and bladder cancer (61, 62).

The current BCG vaccination schedule for infants is insufficient due to the lack of effective TB vaccine candidates. 78 nations, including China, advised giving the vaccine twice or more at varied intervals before 2019 (63). An alternate strategy using BCG prime-heterologous boosting regimens has emerged, but preclinical investigations have not shown enhanced efficacy against primary Mtb infection (64). Due to increased IL-2+ TCM and IFN-γ+ TEM cell responses after the booster vaccination, BCG-primed mice and then either revaccinated with BCG (65) or heterologous boosted with subunit protein CMFO vaccine are effective methods for preventing and controlling LTBI rather than primary Mtb infection (66). A study investigated the suboptimal efficacy of the BCG prime-boosting strategy against primary Mtb infection in C57BL/6J mice. Results showed that IL-10 is upregulated in the lungs of BCG-revaccinated mice, and blocking IL-10 signaling increases antigen-specific IFN-γ+ or IL-2+ CD4+ T cell responses and better protection against aerosol infection (67). BCG revaccination effectiveness against primary Mtb infection is less than 50%, with only individuals aged 31–40 showing protective effects. This necessitates more investigation into the ideal time frames between BCG vaccinations (68).

Phase 2b clinical trials are presently being conducted on BCG revaccination as a potential TB vaccine. A placebo-controlled trial of repeat BCG immunization in Malawi showed no significant protection against TB (21). A phase 2b trial found that BCG revaccination did not provide protection against sustained Mtb infection in HIV-negative adolescents (22). BCG revaccination has been employed in combination with other vaccine candidates which will be discussed in further sections.

A systematic review was conducted by Lawrence et al. to determine the effectiveness of BCG revaccination as a TB preventive measure. Studies and demographics differed in the protective efficacy of BCG revaccination; some showed only a moderate defense against the development of TB disease, especially in high-risk groups like healthcare professionals (69). A study conducted by Paulo dos Santos and colleagues found that neither the initial nor sustained QFT Plus conversion was shown to be protected by BCG revaccination; conversion was seen in 34 (3·4%) in the BCG group and 32 (3·2%) in the placebo group (23). Pre-sensitization with environmental mycobacteria, variations in BCG strain, administration site, and geographic location are all potential reasons for the disparities in protection offered by a single BCG therapy.





2.3 Recombinant BCG vaccines

Although the preventive effectiveness of BCG varies greatly among adults, other novel vaccinations cannot outperform the current BCG. Thus, one of the research avenues for TB vaccines is the appropriate recombination and modification of current BCG. The research techniques and outcomes of contemporary molecular biology, such as introducing exogenous target genes into pre-existing bacteria or viruses to employ them as carriers to create recombinant BCG (rBCG) vaccines, have greatly helped the study of BCG modification (70). Numerous forms of rBCG have been made, and human and animal models have been used to assess their protective benefits and humoral and cellular immune responses.



2.3.1 VPM1002

The Max Planck Institute for Infectious Biology created the recombinant BCG vaccination VPM1002 (rBCG ΔUreC:: hly), which improves BCG immunogenicity by substituting the urease C encoding gene (UreC) with the Listeriolysin O (LLO)-producing gene of Listeria monocytogenes (Hly) (71). As a result of this alteration, LLO is secreted, facilitating the entry of DNA and antigens into the cytoplasm of the host cell for the MHC processing, triggering autophagy, inflammasome activation, and apoptosis. Early gene expression analysis in mice following VPM1002 immunization showed that similar to THP-1 cells, IL-18 and IL-1β expression was elevated, as was the expression of IFN-inducible genes like Tmem173 (STING), Gbps, and other GTPases (72). By day 14, the lymph nodes of mice immunized with VPM1002 showed higher levels of apoptosis than those of mice immunized with BCG (72). Since it takes 12–14 days for T cells to reach the lungs after Mtb infection, the lungs of the mice immunized with VPM1002 had more IL-2+TNF+ double cytokine generating cells seven days after Mtb challenge than animals that had BCG vaccination suggesting recall response (73). More TCM and TFH cells, higher TH17 responses, faster T cell migration to the lungs after Mtb challenge, and higher levels of anti-mycobacterial antibodies were all linked to the enhanced protection provided by VPM1002 immunization in the mouse model (72).

Phase III clinical studies are underway for VPM1002. To assess the safety and immunogenicity of VPM1002 in male human volunteers, a randomized, control, dose-escalating phase I clinical trial was conducted in Germany (NCT00749034). The findings showed that VPM1002 produces specific and dose-dependent immune responses (74). A follow-up phase II clinical trial (NCT01479972) was carried out in high-burden settings in South Africa in neonates who had not been exposed to HIV and had not received the BCG vaccination. After a single dose, the results showed that VPM1002 is safe, immunogenic, and immunologically tolerated in neonates (26). In a double-blind, randomized, active-controlled phase 2 trial (NCT02391415) in four South African health centers, the safety and immunogenicity of VPM1002 with BCG in newborns with and without HIV were assessed. Despite the immunogenic qualities of both vaccinations, VPM1002 produces fewer immune responses than BCG (27).

The small sample size of the aforementioned clinical studies is one of its limitations, making it challenging to create statistical comparisons of the immune responses induced by the two vaccines. Sample sizes have been raised to 2000 and 6940 participants in two recent phase III clinical trials (NCT03152903 and NCT04351685) that are still awaiting volunteer recruitment. These clinical trials aim to assess the safety and efficacy of VPM1002 in preventing TB infection in neonates and preventing TB recurrence in patients who have received successful treatment for TB.





2.4 Subunit TB vaccines

Proteins, peptides, amino acids, sugars, and other immunologically active substances separated and purified from Mtb comprise subunit TB vaccines. These vaccines have benefits, including effectiveness, safety, and affordability. However, their reduced antigen supply leads to a lesser immunological memory response and a weaker ability to trigger broad immunity. Adjuvants are, therefore, necessary for subunit vaccines to improve their immunogenicity, guarantee targeted distribution, and elicit immune protection. Following an initial BCG vaccination, they are frequently used as booster shots to increase BCG-mediated protection or prolong the duration of protection. To assess their effectiveness against Mtb infection or TB disease, clinical trials are presently being conducted for the five subunit vaccines for TB, including M72/AS01E, GamTBvac, H4: IC31 (AERAS-404), ID93+GLA-SE, and AEC/BC02.



2.4.1 M72/AS01E

GlaxoSmithKline (GSK) in the UK created the subunit candidate TB vaccine M72/AS01E, which consists of the adjuvant AS01E and the highly immunogenic Mtb proteins Mtb39A and Mtb32A. M72/AS01E produced TH1-expressing, polyfunctional, M72-specific CD4+ and CD8+ T cells in mice (75). More fundamental research is required to fully comprehend the immune protection mechanisms of the M72/AS01E vaccination. Despite limitations related to the available animal studies, nonclinical evaluations (antigen-selection approach and in vivo preclinical data) and clinical safety and immunogenicity evidence, based on the capacity of the candidate vaccine responses, supported a proof-of-concept human trial (76).

The M72/AS01E TB vaccine candidate is currently in Phase 3 clinical trials, having been evaluated in a Phase 2b study. In individuals receiving treatment for TB, M72/AS01E produced strong M72-specific humoral and polyfunctional CD4+ T-cell mediated immune responses (28). The TB-treatment (adults receiving treatment for TB disease who have completed the intensive phase of treatment) and TB-treated (adults with a history of successfully treated pulmonary TB disease) groups had higher levels of polyfunctional M72-specific CD4+ T cells expressing CD40L+ TNF-α+ IFN-γ+, CD40L+ IL-2+ TNF-α+ IFN-γ+, or CD40L+ IFN-γ+ profiles than the TB-naïve (adults who have never had TB) group (28). HIV-positive and HIV-negative patients showed immunogenicity to M72/AS01E, with reactions persisting one year after vaccination. Polyfunctional CD4+ T-cell responses were produced seven days after administration (29). In a randomized, double-blind, placebo-controlled phase II clinical trial (NCT01755598) in Kenya, South Africa, and Zambia, the vaccine showed a 54% protective efficiency against Mtb infection in adults (30). The M72/AS01E immunization offered at least three years of immunological protection (49.7% protective efficacy) to prevent latent infections from becoming active TB cases (31). These studies show that M72/AS01E is immunogenic and safe for adults and adolescents.

Compared to a placebo, the two-dose M72/AS01E immunization increased seroconversion rates, according to a meta-analysis (77). M72/AS01E immunization produced strong, polyfunctional CD4+ T cells for three years, with TEM cells present and more memory TH1 cytokine-expressing responses than other novel vaccines (78). To assess the safety and immunogenicity of M72/AS01E in HIV-positive individuals receiving virus suppression and antiretroviral therapy, a randomized, placebo-controlled phase III clinical trial (NCT04556981) is presently underway in South Africa.




2.4.2 GamTBvac

The recombinant subunit candidate vaccine GamTBvac was created and studied in response to the pressing need for TB vaccines around the world as well as to address the TB situation in Russia. GamTBvac is a recombinant vaccine that contains three Mtb antigens: Ag85a, CFP10, and ESAT6. These antigens are fused into two chimeric proteins from Leuconostoc mesenteroides that have a dextran-binding domain (DBD). These fusions were created using an adjuvant that contained CpG oligodeoxynucleotides (ODN), diethylaminoethyl (DEAE)-dextran 500 kDa, and dextran 500 kDa (79). GamTBvac showed substantial immunogenicity and notable protective benefits against the H37Rv strain in mice and guinea pigs TB models (80).

GamTBvac’s safety and immunogenicity in healthy persons who have received a BCG vaccination were assessed in a phase I clinical trial conducted in Russia. The half-dose vaccine group demonstrated the maximum immunogenicity (32). After that, 180 healthy volunteers who had not contracted Mtb and had received BCG vaccination participated in a double-blind, randomized, multicenter, placebo-controlled phase II clinical trial (NCT03878004). The vaccination produced substantial antigen-specific IFN-γ, TH1 cytokines, and IgG antibodies (33). A phase III clinical trial (NCT04975737) has been started to evaluate GamTBvac’s safety and effectiveness in preventing PTB in HIV-uninfected people between the ages of 18 and 45 in light of these encouraging findings.




2.4.3 H4:IC31 (AERAS-404)

An immunological adjuvant known as IC31® and the H4 antigen, a fusion protein made from two Mtb-antigens, Ag85B and TB10.4, make up the investigational vaccination H4:IC31 (AERAS-404). The rationale of the H4:IC31 vaccine is that by presenting Mtb-specific antigens in this context, T-cell immunity triggered by BCG may be enhanced, improving protection against TB. The leucine-rich peptide KLK and the synthetic oligonucleotide ODN1a combine to form the exclusive IC31 adjuvant (Valneva, Vienna, Austria).

A phase I trial of H4:IC31 in South African adults found it safe and immunogenic, with the 15 μg dose causing the most optimal immune response (34) In Switzerland, TB-negative, HIV-negative, BCG-unvaccinated adults (NCT02420444), TB-negative, HIV-negative, BCG-vaccinated adults (NCT02109874), HIV-negative, BCG-vaccinated adults in Sweden (NCT02066428) and Finland (NCT02074956), and HIV-uninfected, HIV-unexposed, BCG-primed infants in South Africa (NCT01861730) have all participated in several phase I clinical trials. Similar outcomes from these clinical trials have shown that H4:IC31 is safe for humans and triggers multifunctional CD4+ TH1 responses and IFN-γ production (35). A 2014 clinical trial in South Africa assessed the safety, immunogenicity, and prevention of Mtb infection with H4:IC31 and BCG revaccination in HIV-uninfected adolescents. Both vaccines were immunogenic, but H4:IC31 users had a poorer conversion rate (24). In Cape Town, South Africa, a phase 1b randomized clinical study (NCT02378207) was carried out in 2020 to assess the immunological responses and safety of three distinct vaccination regimens: BCG revaccination, H4:IC31, and H56:IC31. The data showed that the H4:IC31 and H56:IC31 vaccines produced Ag85B-specific CD4+ T cell-mediated cellular immunological responses and H4 and H56 antigen-specific IgG antibodies (25). Presently, H4:IC31 is in Phase II clinical trials assessing safety and immunogenicity in infants with BCG vaccination and ongoing in Africa.




2.4.4 ID93+GLA-SE (QTP101)

Glucopyranosyl lipid adjuvant (GLA)-stable emulsion (SE) is a synthetic TLR 4 agonist that was created as an adjuvant with an oil-in-water emulsion; ID93 is made up of four Mtb antigens (Rv2608, Rv3619, Rv3620, and Rv1813) linked to virulence or latency (81). The production of TH1 CD4+ T cells by ID93/GLA-SE results in long-lasting immunity and inhibits pulmonary disease in C57BL/6 mice both early (4 weeks) and late (8 months) after challenge with Mtb HN878 (82). Several animal models have already shown the safety, immunogenicity, and pharmacodynamics of this vaccine (83).

To assess the safety and immunogenicity of two doses of ID93 antigen, either by itself or in adjunct with two doses of GLA-SE adjuvant, in healthy people, a phase I randomized, double-blind, dose-escalation clinical trial (NCT01599897) was carried out in the United States. The findings demonstrated that ID93, in adjunct with adjuvant GLA-SE, produced potent antibody and CD4+ T cell immunogenic responses (36). Similar results were obtained in follow-up phase I randomized, controlled, placebo-controlled, dose-escalation experiment (NCT01927159) carried out in South Africa in healthy HIV-negative people who have received the BCG vaccination (37) as well as in a phase IIa randomized, double-blind, placebo-controlled clinical trial (NCT02465216) conducted in Cape Town, South Africa, in adult TB patients who were HIV-uninfected following treatment (38). Furthermore, ID93+GLA-SE also made strong, long-lasting antibody responses and antigen-specific, multifunctional CD4+ T cell responses (38). A phase 2a trial in South Korea found that administering the ID93+GLA-SE vaccine to HIV-negative, BCG-vaccinated, and QuantiFERON-TB-negative adults significantly increased antigen-specific antibody levels and TH1 immune responses (39). All clinical trials of ID93+GLA-SE in various groups showed good safety and immunogenicity, which strongly supports the need for additional clinical trials. However, statistical differences cannot be reliably determined due to the small sample sizes in these investigations.




2.4.5 AEC/BC02

Comprising the recombinant Mtb antigen Ag85b, ESAT6-CFP10, and a complex adjuvant system BC02, AEC/BC02 is a novel recombinant TB vaccine that has successfully finished phase I clinical trials (84). Combining three or six injections of the AEC/BC02 vaccine with four weeks of isoniazid-rifampin tablet treatment could improve the pathological lesions and drastically lower the bacterial load and gross pathological score in organs of a guinea pig latent infection model (85). These findings imply that AEC/BC02 might function as a therapeutic vaccination and stop latent infections from reactivating. AEC/BC02 vaccine immunotherapy significantly reduced bacterial loads in the lungs and spleen of mice, possibly related to the antigen-specific IFN-γ and IL-2 cellular immune responses induced by AEC/BC02 (86). This study also confirmed the therapeutic effect of the AEC/BC02 vaccine on latent infection with Mtb in mice.

Consequently, Anhui Zhifei Longcom Biopharmaceutical Co., Ltd. launched a phase I clinical research (NCT03026972) in 2017 to assess the safety of the AEC/BC02 vaccine. Additionally, a single-center, single-dose, placebo-controlled Phase Ib clinical trial (NCT04239313) was subsequently carried out in 2020 in healthy individuals. Although participant enrollment for both clinical trials is complete, the results have not been published. To assess the safety, tolerability, and immunogenicity of the AEC/BC02 vaccine in LTBI patients aged 18 and older, a phase II double-blind, randomized, controlled clinical trial (NCT05284812) was started in Hunan, China, in March 2022. Volunteers for the trial are currently being recruited. This study will offer more clinical proof of the effectiveness of AEC/BC02 as a possible TB vaccine.





2.5 Viral vector-based TB vaccines

Viral vector vaccines are platforms made to overexpress antigens and trigger immune responses without needing an adjuvant (87). The following are some of the benefits of viral vector vaccines (1): they can carry genes that encode large antigenic regions (2); they can elicit high levels of humoral and cellular immune responses; and (3) they don’t need adjuvants to boost their immune response. Nevertheless, there are also disadvantages, like the resurgence of virulence, erratic exogenous gene expression, or possible contribution of induced or pre-existing anti-vector immunity. Modified vaccinia virus Ankara (MVA), influenza, hemagglutinating, adenovirus Ad5 and Ad35, Sendai, and simian adenovirus are common viral vectors utilized in developing TB vaccines. Clinical trials for TB are presently being conducted on viral vector-based vaccines, such as MVA85A, ChAdOx1.85A, TB/FLU-01L, TB/FLU-04L, and AdHu5Ag85A.



2.5.1 MVA85A

MVA85A, the most clinically progressed novel vaccine candidate, is a recombinant replication-deficient MVA that expresses the immunodominant Mtb Ag85A. The BCG-MVA85A vaccination program can protect against Mtb in guinea pigs (88), NHPs (89), and cattle (90). It also produces high cellular immunity in mice and calves (90, 91).

Phase II clinical studies are presently being conducted on MVA85A. A phase I clinical trial (NCT00460590) was carried out in Cape Town, South Africa, in 2007 to assess the immunogenicity and safety of MVA85A in healthy participants. The findings demonstrated that the vaccination produced strong, long-lasting, and antigen-specific CD4+ T cell responses (92). A phase II clinical trial (NCT00679159) was carried out in 2014 in healthy infants and children who had received the BCG vaccination in South Africa. The findings, which were released seven years later, indicated that the MVA85A vaccination produced strong, long-lasting, polyfunctional CD4+ and CD8+ T cell responses in newborns (93). A randomized trial compared MVA85A prime vaccination to Candin® control and BCG vaccination for HIV-uninfected infants. MVA85A vaccination induced higher Ag85A-specific IFN-γ+ CD4+ T cells than control, but BCG did not further boost this response. BCG-induced Ag85A-specific IFN-γ+ CD4+ T-cell response was similar across study arms (68). Although the precise mechanism behind MVA85A’s protective efficacy is unknown, its low antigen complexity is thought to be the reason for its clinical failure, which led to the development of many vaccine candidates with diverse antigens.




2.5.2 ChAdOx1.85A

Live, non-replicating viral vector-based vaccines are safe and efficient (94). A new chimpanzee adenoviral vector vaccination that expresses Ag85A is ChAdOx1.85A. Both T cell and B cell responses were elicited by a combination of viral-vectored vaccines that expressed the immunogenic and immunodominant secretory TB Ag85a (ChAdOx1 85A prime, followed by MVA85A boost [ChAdOx1 85A–MVA85A]). In a mouse model, this combination of vaccines was more effective than BCG vaccination alone (95).

In healthy people in the UK, a Phase I clinical trial assessed the safety and immunogenicity of the ChAdOx1.85A prime-MVA85A boost vaccine, showing good immunogenicity and tolerance (40). The proposed TB vaccine ChAdOx1-85A was administered by aerosol versus intramuscular route in a randomized, double-blind, controlled phase 1 experiment (SNCTP000002920). The intramuscular ChAdOx1-85A vaccination produced stronger humoral and systemic cellular responses, while the aerosol ChAdOx1-85A vaccination produced stronger BAL cellular responses, especially IFN-γ/IL17+CD4+ T cells (41). The viral vector intramuscular vaccination ChAdOx1.85A + MVA85A finished its phase IIa clinical study in 60 adolescents. Compared to the BCG vaccine, the vaccine produced greater Ag85A-specific responses (42).






3 Host genetics play a role in vaccine efficacy

The most crucial step in the fight against infectious diseases is vaccination. Indirect protection, in which other people are immunized to lessen transmission, and direct protection, in which high-risk individuals are vaccinated to prevent the disease, are the two ways that an effective vaccination can protect people (96). Despite numerous advancements in vaccination research, doubts remain over the effectiveness and longevity of vaccines.

The effectiveness of vaccines differs in individuals and populations. Individual differences in antibody responses to the hepatitis B vaccine and yellow fever vaccine are more than 10 and 100 times, respectively. The protective effect and length of the vaccine’s immunity are affected by these differences in the vaccination response. It’s concerning that some vaccinated individuals develop disease. This indicates that the vaccine is ineffective in certain individuals (non-responders). The nature of the infectious agent (genetic variation), vaccine factors (vaccine type, adjuvant, dose, and administration route and schedule), and host factors (age, sex, genetics, nutritional status, gut microbiota, obesity, and immune history) all affects the effectiveness of a vaccine (97). Considering all these factors is beyond the scope of this review; however, the review aims to shed light on one of the important factors, i.e., host genetics, which is considered to be responsible for the variable efficacy of the BCG vaccine.

Genetic background has a profound effect on the disease outcome. The plethora of reports mention that population genetic diversity determines the severity of the disease and hence the treatment efficacy (98–100). This variability of BCG in protecting against TB is highly prominent due to population and genetic diversity (101). Thus, understanding the host factors such as allelic polymorphism and single nucleotide polymorphism is important to develop a vaccine with higher protective efficiency against a wide, diverse population. Limited studies have shown subtle variations at the genetic level in certain immune factors, as depicted in Figure 1 and as discussed below.
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Figure 1 | Several genetic variations offers limited vaccination response against TB.



3.1 Genetic variation in interferon

IFN-γ is a potential marker associated with the anti-mycobacterial response. The amplitude of the post-vaccination IFN-γ response may be influenced by the genetic background of those who received the BCG vaccination. One of the most well-studied polymorphisms influencing IFN-γ production is the T>A single nucleotide polymorphism (SNP) of IFN-G in the +874 position (102). It has been linked to the development of active TB (102), as well as to decrease IFN-γ production in TB patients (103) and in children who have received the BCG vaccine. Anuradha et al., in 2008, demonstrated that IFN-γ (+874T/A) polymorphism is the independent factor that determines the vaccine outcome in both scar-positive and scar-negative children who received BCG (104). This study remarkably showed that children with TT genotype in the IFN-G gene produce more IFN-γ while those with AT or AA genotype secreted less IFN-γ and hence were more susceptible to active TB. It was also shown that children with TT genotype have BCG scars corresponding to better immune response (104). Conversely, there are two schools of thought suggesting the influence of genetic variation in interferon genes on BCG efficacy. In 2019, a report showed that any genetic variation in IFN-γ, specifically rs2430561 and rs35314021, did not significantly hamper BCG efficacy. However, the studies carried out to undermine the importance of genetic variation in IFN-γ were based on different BCG strains, which may contribute as confounders to the experimental data shown (105). Further, high-density genotyping and imputation showed that ~100,000 variants are associated with IFN-γ production in TB households in France and South Africa (106). Among them, the most prominent genetic variation was rs9828868 on chromosome 3q, an expressive quantitative trait loci (eQTL) of the ZXDC gene. This gene is linked to IL-12 production through CCL2/MCP1. Thus, the study highlights the significant association of the genetic variant rs9828868 with IFN-γ production in response to Mtb, emphasizing its potential role in understanding human immunity against TB and the genetic factors that contribute to variability in immune responses.




3.2 Genetic variation in TLR signaling pathway

Autophagy (107), endosomal transport (108), TLR signaling (109), and the activation of IL-1β, other cytokines, and antimicrobial compounds (110) are some of the variables that affect the development of effective immune responses to Mtb. Many of these vital immunological functions, including TLR2, TLR4, IL-1R signaling, autophagy, and endosomal transport, are regulated by toll-interacting protein (TOLLIP). Additionally, there is a substantial correlation between TOLLIP variation and adult TB disease risk (111). BCG responses are also linked to two SNPs in the HSP90B1 gene, which codes for a TLR protein chaperone (112). These SNPs’ minor alleles are linked to enhanced in vitro IL-2 responses and defense against juvenile TB.

To comprehend how TOLLIP modifies human immune function following mycobacterial infection, Shah et al., 2017 identified a common functional variation of the TOLLIP gene. Single nucleotide polymorphisms in innate and adaptive immune-related genes alter BCG-induced responses, such as those in the TLR 2, 6, 10, and TOLLIP genes, which affect BCG-induced cytokine secretion (113). The efficacy of the vaccine also differs with the magnitude of the response to the vaccine elicited by the host. This is evident from a study conducted in 2018 which revealed that compared to non-reactogenic strains, mice vaccinated with MTBVAC and reactogenic for CFP10 and ESAT6 are more protected against TB (114). About 60–80% of people in humans are responders to these antigens (115). Compared to BCG, a vaccination that expresses ESAT6 and CFP10 would provide these people with better protection; however, further clinical evidence would be required to verify this theory (115).

Since BCG is a live attenuated strain of Mycobacterium bovis, developing a BCG infection—which can be systemic (like BCG osteitis, disseminated BCG illness) or regional (like BCG lymphadenitis)—is one of the major side effects of BCG vaccination. In vitro, BCG-induced IFN-γ and IL-2 were previously linked to three of the four SNPs in TLR genes in samples from healthy newborns who received the BCG vaccination (116). In samples from BCG osteitis survivors, only the TLR2 SNP +2258G > A (rs5743708) was linked to altered cytokine responses (117). According to these findings, those who have particular SNPs in the cytokine and TLR genes may be more susceptible to adverse side effects from the BCG vaccination.




3.3 Experimental animals for studying the effects of genetic variation in hosts

The varying effectiveness of TB vaccinations reflects the variability in TB susceptibility. Studies conducted in various geographical locations and ethnic groups over the ensuing decades have shown wildly disparate estimations of the impact of BCG. Numerous studies have examined the functions of genetic variation in the vaccine strain (118) and prior exposure to environmental mycobacteria (119). However, it has proven more challenging to measure the contribution of host genetic diversity to BCG efficacy. Variations in a large number of immune mediators are highly heritable (120). The number of TCM cells or the number of cytokines like IL-12p40, granulocyte-macrophage colony-stimulating factor (GM-CSF), IFN-α, and IL-6 are among the mediators that are likely to be important to Mtb immunity that is impacted by many of these heritable variations (121). In fact, a number of studies indicate that the immune response to BCG vaccination (116) or mycobacterial infection (122) is heritable.

The genetic determinants of vaccination protection and TB susceptibility may be unraveled using traceable model systems that include pertinent genetic variation. Smith et al. created a model system that captures the range of immunological responses seen in outbred individual mice, which can be used to comprehend the contribution of host genetics to vaccine efficacy (123) A panel of extremely varied inbred mouse strains, including the founders and recombinant offspring of the “Collaborative Cross” project, were used in this system, similar to natural populations in a number of significant ways: the animals showed a wide range of susceptibility to Mtb, varied in how they responded to infection immunologically and were not long-term protected by BCG vaccination. Vaccination only provided protection for a small percentage of the genotypes. These findings provide credence to the idea that host genetic variability plays a significant role in determining the effectiveness of BCG and offers a fresh tool for the logical development of more widely effective vaccinations.

Future research should concentrate on the following areas to address these challenges (1): conducting extensive clinical trials in a variety of populations to evaluate the effectiveness of vaccines across genetic backgrounds and environmental conditions (2); creating customized vaccination plans that consider individual genetic and environmental factors (3); examining the effects of co-infections and nutritional status on vaccine efficacy and figuring out how to optimize vaccination in these situations; (4) putting in place post-vaccination surveillance programs to track long-term efficacy and identify potential factors affecting vaccine performance in various populations; (5) designing targeted vaccines for particular population groups based on their Mtb infection status (LTBI, active TB, subclinical TB, or uninfected) (124).

There is much promise for TB prevention and treatment with precision medicine. This method customizes therapy regimens based on the patient’s unique genetic background, immunological condition, and disease phenotype (1) Genotype-Based Treatment: The most suitable medications and dosages can be chosen by predicting the responses of the patient to particular medications based on their genotype. For example, some genetic variants may affect how drugs are metabolized, which could lead to either increased or decreased pharmacological efficacy. By recognizing these differences, individualized treatment plans are possible. (2) Immune Status Monitoring: Personalized medicine can also help develop TB vaccines. The best time and amount to administer a vaccination can be established by tracking the immunological status of the patient. Deep learning technologies, for instance, can optimize vaccination tactics by analyzing the immunological state to forecast the time and intensity of immune responses. (3) Therapeutic vaccinations: A promising approach to treating patients who have already contracted Mtb is therapeutic vaccinations. These vaccinations usually target particular bacterial antigens to stimulate the immune system of the patient and aid in clearing the infection. For instance, following brief chemotherapy, the RUTI® vaccine, a non-live multi-antigen vaccine derived from broken bacterial cell walls, has demonstrated promise in reducing LTBI (125).






Concluding remarks

BCG harbors various immunodominant antigens and hence protects against various diseases through trained immunity. However, BCG serves sub-optimal protection against TB. Thus, extensive efforts are put in to either improve BCG or develop a new vaccine against TB. Nevertheless, merely complementing the vaccine candidate with Mtb antigens will not solve the purpose of enhancing vaccine efficacy. Through this review, we aim to highlight the potential efforts made to improve or develop the TB vaccine. Yet, there are other crucial factors, such as host responses, that are fundamental to the protective efficiency of any vaccine and thus should be captured for designing new therapeutics. Thus, it is necessary to revise the strategy for vaccine design so as to induce higher protection against TB worldwide.
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Derived from non-
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Detoxified liposomal fragments of Mtb

Live attenuated

MTBVAC

BCG
revaccination

A mutant of Mtb that has deletion
mutations in the virulence genes fadD26
and phoP, which encode two important
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Recombinant BCG
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(AERAS-404)
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AEC/BC02

Viral vector

MVAS5A

ChAdOx1.85A

A recombinant BCG mutant that
expresses listeriolysin O and has a
deletion in urease C

M72 is an immunogenic fusion protein
made from the adjuvant ASO1E and two
Mtb antigens (Mtb32A and Mtb39A).

Includes the fusion proteins Ag85A and
ESAT6-CFP10 and the adjuvant DEAE-
dextran nanoparticle.

Ag85B-TB10.4 fusion protein with
IC31 adjuvant

A recombinant fusion protein of Mtb
antigens (virulence-associated Rv2608,
Rv3619, Rv3620, and latency-
associated Rv1813).

A recombinant vaccine expressing Ag85B
and ESAT6-CFP10 fusion protein.
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A simian adenovirus expressing Ag85A.
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The sputum culture conversion rate of the MIP group at week four (15)
was 67.1%, which was considerably greater than the 57% of the
placebo group for category I TB patients.

‘When given to HIV-positive individuals who have received (16)
childhood BCG vaccination, a multiple-dose regimen of
Mycobacterium vaccae is safe and significantly protective against TB.

The RUTI® vaccine developed particular humoral and cell-mediated
immune responses in healthy individuals.

The RUTI vaccine, despite its variable immunogenicity profile in
LTBI subjects, is tolerable and could be considered for a single high-
dose injection in future trials.

(17, 18)

Safe and immunogenic in healthy adults.

Although no statistical significance could be reached, the MTBVAC
group had a higher frequency of polyfunctional CD4" Tcy cells and
more responders than the BCG group at the same dose.

(19, 20)

Produced a long-lasting CD4" cell response in neonates and
demonstrated adequate reactogenicity.

Strong, multifunctional CD4" T cells specific to BCG were produced  (21-25)
by BCG revaccination in healthy individuals.

BCG revaccination was immunogenic and decreased the rate of

sustained QFT conversion in adolescents.

The BCG-Denmark immunization in Brazilian healthcare

professionals did not decrease the risk of QFT Plus conversion.

BCG revaccination in HIV-negative adolescents without QFT tests

did not offer protection against sustained Mtb infection.

A Malawi study conducted on repeat BCG immunization without a

placebo showed no significant protection against TB.

In both BCG-naive and BCG-immune people, VPM1002 was safe
and activated T cells that produced IFN-y and B cells that produced
antibodies.

(26,27)

Safe, immunogenic, and immunologically tolerated in neonates.
Produces less immune responses than BCG in HIV-exposed and
unexposed infants

Adults receiving treatment for TB showed immunogenicity to the
M72/AS01E vaccination.

M72/AS01 was immunogenic and well tolerated in the group of
ART-stable and ART-naive, with HIV and without HIV adults.
54% of adults who received the M72/ASO1E vaccine were protected
against Mtb infection.

M72/ASO1E vaccine stimulated an immunological response and

(28-31)

offered protection against the development of pulmonary TB illness
for a minimum of 3 years.

In Mtb-uninfected volunteers who had previously had a BCG (32, 33)
vaccination, the half-dose GamTBvac group demonstrated a strong,

early, and sustained immune response.

In healthy volunteers who had previously had a BCG vaccination,

the GamTBvac vaccine produced antigen-specific interferon-gamma

release, Tyl cytokine-expressing CD4" T-cells, and IgG responses.

H4:1C31 showed a satisfactory safety profile and was immunogenic,
eliciting multifunctional CD4" T cell responses in healthy persons

(24, 25, 34, 35)

who had previously had a BCG vaccination.

With an efficiency of 45.4%, the BCG vaccine decreased the rate of
sustained QFT conversion; the H4:IC31 vaccine had an efficacy of
30.5%.

The vaccination generated Ag85B-specific CD4" T cell-mediated
cellular immune responses and H4 antigen-specific IgG antibodies.

A functional humoral and Ty1 type cellular response is triggered by
the GLA-SE adjuvant in BCG-naive, QuantiFERON-negative, healthy
adults.

Increasing doses of ID93+GLA-SE induced similar antigen-specific T
cell and humoral responses in BCG-immunised, Mtb-infected
individuals, with an acceptable safety profile, suggesting priming
through natural infection.

During the 6-month trial period, antigen-specific IgG and CD4" T

(36-39)

cell responses were considerably higher after two injections of GLA-
SE than after receiving a placebo.

In healthy adult healthcare workers who had received a BCG
vaccination and were not infected with Mtb, the ID93 + GLA-SE
vaccine produced antigen-specific cellular and humoral immune
responses with a tolerable safety profile.

Results awaited

Newborns exposed to HIV responded safely to the MVAS5A prime  (36)
immunization, which produced a mild antigen-specific
immune response.

Good immunogenicity and tolerance in healthy people.

Stronger BAL cellular responses were elicited by aerosol ChAdOx1-
85A, particularly IFN-y/IL17°CD4" T cells.

The Ag85A-specific IFN-y in ChAdOx1 85A-MVAS85A group
response peaked on day 63 and was greater than in the BCG
revaccination group.

(40-42)





