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Fourteen candidate TB vaccines are in clinical development, including eight in phase 2b–3 trials,
although there is a paucity of new candidates advancing from preclinical testing. Live mycobacterial
vaccines, including recombinant Mycobacterium bovis BCG and live-attenuated Mycobacterium
tuberculosis candidates, are entering prevention of disease efficacy trials in infants and adolescents/
adults. Several candidates are in nontraditional efficacy trials to prevent M. tuberculosis infection,
treatment failure or recurrent disease. The most promising protein-subunit vaccine, M72/AS01E, is
expected to enter a large, multicountry, licensure trial in adolescents/adults, including PLHIV and those
with/without prior M. tuberculosis sensitisation. Findings are expected by 2028. Efforts to discover
immune correlates of vaccine-mediated protection are ongoing. Accelerated global TB vaccine advocacy,
community sensitisation to reduce vaccine hesitancy, modelling of impact and development of the
investment case, evidence considerations for policy and a framework for country-level introduction will
be critical to drive demand, release funding and promote uptake of a new, effective TB vaccine.

Introduction
The world has had access to an old but effective TB vaccine for more than a century. Infant
BCG vaccination partially protects against TB, especially the most severe extrapulmonary
forms, including disseminated and meningitic disease, and mortality in young children [1]. It is
for this reason that universal infant BCG vaccination is policy in 156 countries [2]. BCG
efficacy wanes 10–15 years after infant vaccination and does not protect sufficiently against
adolescent and adult pulmonary disease that drives Mycobacterium tuberculosis transmission
and fuels the epidemic [3, 4].
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We urgently need a new TB vaccine that is effective in adolescents and adults, including
PLHIV [5]. WHO preferred product characteristics recommend such a vaccine should: 1) be
protective in people with and without evidence of prior TBI at the time of vaccination; 2)
prevent progression to TB disease following primary infection, re-infection and re-activation of
latent infection; 3) and demonstrate protection for ⩾2 years after vaccination [6].

How can such a TB vaccine be achieved? A Global Roadmap for Research and Development of
TB Vaccines, developed recently in consultation with global stakeholders, describes the short-,
medium- and long-term priorities to accelerate TB vaccine development [7]. These priorities
include greater diversity of immunological approaches to vaccine design and delivery, validated
preclinical models, more efficient clinical trial designs, and greater understanding of demand for
new cost-effective vaccines and integration into existing TB control programmes to stimulate
vaccine production. Integral to acceleration of novel TB vaccine development will be the discovery
of vaccine-induced immune correlates of protection using samples from recently completed
efficacy trials. A reliable immune correlate of protection, ideally one that is generalisable across
vaccine types, would allow estimation of the potential for protection against TB soon after
vaccination, without waiting for completion of lengthy efficacy trials and clinical end-point
accrual. Fundamentally, greater investment in TB vaccine research and development is needed.

How close are we to implementing a new TB vaccine strategy? This chapter discusses candidate
TB vaccines designed for use in infant, adolescent and adult populations; for pre-exposure
(IGRA-negative) and post-exposure (IGRA-positive) vaccination strategies; and for prevention
of TBI, progression from infection to disease, or unfavourable treatment outcome.

Candidate TB vaccines in the clinical development pipeline
The WHO Global Tuberculosis Report 2022 lists 14 candidate TB vaccines in the clinical
development pipeline (table 1) [40]. The 2022 pipeline is dominated by candidates in phase 2b–3
trials, which raises the possibility of positive efficacy signals in the short term. However, it also
flags the long-term risks of an empty upstream pipeline with few candidates advancing from
preclinical testing, in the event that candidates in planned efficacy trials are not successful. It
should also be noted that several of these efficacy trials are not traditional prevention of TB disease
trials, but are being conducted for nontraditional prevention of TBI, prevention of recurrent disease
or therapeutic indications, or in special populations. Such trials might not lead directly to licensure,
or might support licensure only for very limited indications and/or populations.

Viral-vectored candidate vaccines
Three viral-vectored vaccines are in phase 1–2a trials.

Ad5Ag85A vaccine
Ad5Ag85A is a replication-deficient, adenovirus type 5 (Ad5) viral vector that expresses the
mycobacterial antigen 85A (Ag85A). Animal studies have shown that Ad5Ag85A elicited a
robust systemic antigen-specific T-cell response after intradermal injection but did not protect
against TB in the lungs [41, 42]. However, when administered via the mucosa, a robust
protective effect against M. tuberculosis lung challenge was observed [42]. Phase 1 trials have
shown that Ad5Ag85A is well tolerated in both BCG-vaccinated and BCG-naïve adults, and
Ad5Ag85A-induced T-cell responses were higher in BCG-vaccinated than in BCG-naïve
individuals. As observed for HIV vaccine candidates based on Ad5 vectors [43], there is
concern that vector-specific neutralising antibody responses in those with prior Ad5 infection
may dampen the vaccine-induced immune response [8, 9].
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TABLE 1 Candidate TB vaccines in clinical development

Vaccine Antigen(s) Developer(s) Clinical trial# First author [ref.]

Viral vectored
Ad5Ag85A Ag85A McMaster University (Canada) NCT02337270 SMAILL [8], JEYANATHAN [9]
ChAdOx1.85A Ag85A University of Oxford (UK) NCT03681860 WILKIE [10], FOLEGATTI [11]
TB/FLU-04L Ag85A and ESAT-6 Research Institute of Biological Safety

Problems (Kazakhstan)
NCT02501421 BUZITSKAYA [12]

Protein adjuvant
H56:IC31 Ag85B, ESAT-6 and Rv2660c Statens Serum Institut (Denmark),

Valneva (France)
NCT03512249 LUABEYA [13], BEKKER [14],

SULIMAN [15], JENUM [16]
ID93/GLA-SE Rv1813, Rv2608, Rv3619

and Rv3620
Infectious Disease Research Institute (USA), National
Institutes of Health (USA), Quratis (South Korea)

NCT03806699,
NCT03806686

PENN-NICHOLSON [17], DAY [18]

M72/AS01E Mtb32A and Mtb39A Bill & Melinda Gates Medical Research Institute (USA),
GlaxoSmithKline (UK)

NCT04556981 DAY [19], PENN-NICHOLSON [20],
VAN DER MEEREN [21], TAIT [22]

GamTBvac Ag85B, ESAT-6 and CFP-10 Gamaleya Federal Research Centre for Epidemiology
and Microbiology (Russia)

NCT04975737 VASINA [23], TKACHUK [24]

AEC/BC02 Ag85B, ESAT-6 and CFP-10 Anhui Zhifei Longcom Biopharmaceutical (China) NCT05284812 CHEN [25]
Inactivated mycobacterial
Immuvac Whole-cell M. indicus pranii National Institute of Immunology, Cadila

Pharmaceuticals (India)
CTRI/2019/01/017206 SHARMA [26], MAYOSI [27],

STEIGLER [28]
RUTI Whole-cell M. tuberculosis Archivel Farma (Spain) NCT04919239,

NCT05455112
VILAPLANA [29], NELL [30]

DAR-901 Whole-cell M. obuense Dartmouth College (USA) NCT02712424 VON REYN [31], VON REYN [32],
MUNSERI [33]

Live mycobacterial
MTBVAC Live, whole-cell

M. tuberculosis
Biofabri (Spain) NCT04975178 SPERTINI [34], TAMERIS [35]

VPM1002 Live, whole-cell M. bovis BCG
(Prague strain)

Serum Institute of India (India) NCT04351685, NCT03152903,
CTRI/2019/01/017206

LOXTON [36], GRODE [37],
COTTON [38]

BCG (revaccination) M. bovis BCG, M. tuberculosis
epitopes in RD regions absent

Bill & Melinda Gates Medical Research
Institute (USA)

NCT04152161 NEMES [39]

mRNA
BNT164a1/b1 Not in public domain BioNTech (Germany) NCT05537038, NCT05547464 NA

Ag85A/B: mycobacterial antigen 85A/B; ESAT-6: 6 kDa early secreted antigenic target; CFP-10: 10 kDa culture filtrate protein; RD: region of difference; M. indicus pranii:
Mycobacterium indicus pranii; M. tuberculosis: Mycobacterium tuberculosis; M. obuense: Mycobacterium obuense; M. bovis: Mycobacterium bovis; NA: not applicable. #: current
or most recent clinical trial according to ClinicalTrials.gov (NCT) or Clinical Trials Registry India (CTRI).
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ChAdOx1.85A
ChAdOx1.85A is a live-attenuated chimpanzee adenovirus (ChAd) viral vector that expresses
Ag85A [10]. The potential advantage of the ChAd vector compared with vectors derived from
commonly circulating human adenoviruses such as Ad5 is that humans are less likely to have
had prior exposure, which can be associated with vector-specific neutralising antibodies that
limit vaccine-induced immune responses [44]. Animal studies have shown that ChAdOx1.85A
evokes both humoral and cell-mediated immune responses when administered either
systemically or via the mucosa [45, 46]. Phase 1 trials have shown that ChAdOx1.85A is well
tolerated and induces a strong humoral and cell-mediated immune response when administered
via the nasal or sublingual route to humans [11, 47]. A phase 2a trial of ChAdOx1.85A dose
escalation, followed by ChAdOx1.85A–MVA85A boost, with BCG revaccination as a
comparator, has completed enrolment (ClinicalTrials.gov identifier NCT03681860). A previous
phase 2b trial of MVA85A, a modified vaccinia Ankara expressing Ag85A, in BCG-vaccinated
infants showed no efficacy for boost vaccination against TB.

TB/FLU-04L
TB/FLU-04L vaccine is a live-attenuated influenza virus strain, A/Puerto Rico/8/34 H1N1, that
expresses the mycobacterial antigens Ag85A and ESAT-6 (6 kDa early secreted antigenic
target), which have been shown to evoke strong cell-mediated immune responses [48].
TB/FLU-04L was shown to be immunogenic when administered via the nasal mucosa in animal
studies, with a higher T-cell response when primed with BCG vaccine. A small phase 1 study
was completed to assess the safety and immunogenicity of two doses of TB/FLU-04L in
BCG-vaccinated, IGRA-negative adults (ClinicalTrials.gov identifier NCT02501421).

Protein adjuvant candidate vaccines
Five protein-subunit vaccines are in phase 2a–3 trials.

H56:IC31
H56:IC31 is a fusion protein consisting of three M. tuberculosis antigens, Ag85B, ESAT-6
and Rv2660c, formulated with a T-helper type 1 cell (Th1)-stimulating adjuvant, IC31 [49].
H56:IC31 was designed as both a preventive and a therapeutic vaccine. Three completed clinical
trials investigated the safety and immunogenicity of H56:IC31 in adolescents and adults without
M. tuberculosis sensitisation, and in M. tuberculosis-sensitised adults, defined by IGRA status.
A total of 246 participants have been enrolled in all studies, of whom 158 were
M. tuberculosis unsensitised, 49 were M. tuberculosis sensitised [13–15], and 39 were TB
patients enrolled in Norway who were undergoing TB treatment [16]. These studies suggest that
H56:IC31 is safe and immunogenic in BCG-primed individuals with or without M. tuberculosis
sensitisation, as well as in individuals undergoing TB treatment. H56:IC31 is currently being
evaluated in a phase 2b trial for efficacy in preventing TB recurrence (relapse or re-infection) in
831 HIV-negative patients who have been successfully treated for drug-susceptible TB (DS-TB)
(ClinicalTrials.gov identifier NCT03512249). Follow-up was completed in March 2023 and the
results, which may green-light expansion into larger preventive and/or therapeutic efficacy trials,
are awaited.

ID93/GLA-SE or QTP101
ID93/GLA-SE vaccine is a recombinant protein comprising four M. tuberculosis antigens,
Rv2608, Rv3620, Rv1813 and Rv3619, formulated with GLA-SE adjuvant, a Toll-like
receptor 4 agonist in a stable oil-in-water emulsion. ID93/GLA-SE has been shown to be safe
and immunogenic in HIV-negative individuals with or without M. tuberculosis sensitisation,
defined by IGRA status, and in TB patients who have successfully completed treatment for
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DS-TB [17, 18]. A US National Institutes of Health-funded phase 2b therapeutic trial of ID93/
GLA-SE is planned, which will vaccinate 1500 DS-TB patients at progressively earlier time
points during TB treatment to evaluate safety, immunogenicity and efficacy against TB-related
unfavourable treatment outcomes. ID93/GLA-SE is also being co-developed in South-East Asia
as QTP101, which has completed dose-defining trials of safety and immunogenicity in
BCG-vaccinated adolescents (ClinicalTrials.gov identifier NCT03806699) and healthcare
workers (ClinicalTrials.gov identifier NCT03806686). A phase 2b efficacy trial of QTP101 for
prevention of TB disease in BCG-vaccinated adults is planned to start in 2023.

M72/AS01E
M72/AS01E is a recombinant fusion protein derived from the antigens Mtb32A and Mtb39A,
combined with the AS01E adjuvant. M72/AS01E appeared safe and immunogenic in phase 1–2a
studies in adolescent and adult populations [19, 20], including M. tuberculosis-sensitised and
-unsensitised individuals [20], but a trial of M72/AS01E among adult TB patients receiving
treatment was previously discontinued due to unacceptable reactogenicity events [50]. The
results of a phase 2b study of M72/AS01E reported the first positive efficacy signal for an
adjuvanted protein-subunit TB vaccine and showed that M. tuberculosis-sensitised individuals
were protected against progression to TB disease by vaccination [21]. The trial enrolled 3573
healthy, IGRA-positive, HIV-negative adults aged 18–50 years of age in South Africa, Kenya
and Zambia, who were followed for symptomatic, microbiologically confirmed TB disease.
Vaccine efficacy over 3 years of follow-up was 49.7% (95% CI 2.1–74.2%) [22]. A phase 3
licensure trial is now planned to confirm these exciting findings in a larger, more geographically
diverse population, with a wider age range, to test efficacy against TB disease in IGRA-positive
individuals. M72/AS01E vaccination of IGRA-negative adolescents and adults results in lower
T-cell responses compared with IGRA-positive individuals [19, 20]. The planned phase 3 trial
will include a subset of IGRA-negative individuals and will be powered to test efficacy against
sustained IGRA conversion, but not against TB disease, in this group. The planned phase 3 trial
will enrol an anticipated 26 000 adolescents and adults aged 15–44 years in multiple countries,
selected in part on the basis of an ongoing epidemiological study of IGRA-positive prevalence
at the different sites. PLHIV will be included, based on the results of a recently completed
study of safety and immunogenicity of M72/AS01E vaccination in PLHIV who have been
established on ART (ClinicalTrials.gov identifier NCT04556981).

GamTBvac
GamTBvac is a recombinant vaccine containing three M. tuberculosis antigens, Ag85A and an
ESAT-6–CFP-10 (10 kDa culture filtrate protein) fusion protein, with a diethylaminoethyl-
dextran and CpG-based adjuvant. A first-in-human trial in 60 IGRA-negative, previously
BCG-vaccinated volunteers showed that GamTBvac had an acceptable safety profile and was
well tolerated [23]. A subsequent phase 2a trial in 180 IGRA-negative, previously BCG-
vaccinated Russian adults showed that GamTBvac induced antigen-specific humoral and
cellular immune responses [24]. An ongoing phase 3 trial is recruiting 7180 previously
BCG-vaccinated, IGRA- and TST-negative participants aged 18–45 years to receive placebo or
two doses of GamTBvac (ClinicalTrials.gov identifier NCT04975737). The primary end-point is
TB disease not associated with HIV. Given the low TB incidence expected in an IGRA-negative
population, it remains to be seen whether the trial is adequately powered to estimate vaccine
efficacy in a study of this size.

AEC/BC02
AEC/BC02 is a recombinant vaccine containing Ag85B and an ESAT-6–CFP-10 fusion protein,
combined with a proprietary adjuvant, BC02A [25]. A phase 1b study evaluating the safety and
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immunogenicity of AEC/BC02 versus placebo in 30 IGRA- and TST-negative adult volunteers
was completed recently (ClinicalTrials.gov identifier NCT04239313). A six-dose schedule of
low and high doses of AEC/BC02 and adjuvant alone is currently being tested for safety,
tolerability and immunogenicity in a phase 2 study in 200 skin test-positive adults
(ClinicalTrials.gov identifier NCT05284812).

Inactivated mycobacterial vaccines
Three inactivated mycobacterial candidates are in phase 2b–3 trials.

Mycobacterium indicus pranii or Immuvac
Immuvac is a preparation that contains heat-killed M. indicus pranii, a nonpathogenic,
nontuberculous mycobacterium closely related to Mycobacterium avium that was originally
developed as an adjunctive leprosy treatment, but has been tested as an immunomodulator in
TB patients [51]. Immuvac showed a small but statistically significant improvement in sputum
culture conversion during treatment for PTB, compared with treatment alone, which was not
associated with differences in rates of cure or relapse [26]. In a large therapeutic trial for TB
pericarditis, a five-dose M. indicus pranii regimen had no significant benefit on the composite
primary outcome of death, cardiac tamponade requiring pericardiocentesis, or constrictive
pericarditis [27]. M. indicus pranii immunotherapy also did not significantly modulate
frequencies of mycobacteria-specific T-cell responses in the blood [28]. A large phase 3 trial is
currently under way that will compare the safety and efficacy of Immuvac or VPM1002 (see
later) versus placebo for prevention of TB disease in children, adolescents and adults who are
household contacts of recently diagnosed TB patients in India (Clinical Trials Registry India
identifier CTRI/2019/01/017026).

RUTI
RUTI is comprised of purified fragments of M. tuberculosis bacilli that were cultured under
stress conditions, delivered in liposomes, and was originally developed as an adjunctive immune
modulator to shorten the duration of TB treatment [52]. RUTI was well tolerated, with
dose-dependent local adverse reactions, and induced elevated IFN-γ-expressing T-cell responses
to purified tuberculin protein in healthy volunteers [29]. A phase 2a trial in IGRA-positive and
TST-positive individuals with and without HIV who were receiving isoniazid preventive therapy
showed an acceptable safety profile, although nodules and abscesses were observed at the
injection site [30]. RUTI administration also induced increases in purified tuberculin
protein-specific IFN-γ-expressing cells in this trial. A study of the early bactericidal activity of
RUTI in 44 DS-TB patients is ongoing (ClinicalTrials.gov identifier NCT05455112), as is a
phase 2b trial of the therapeutic efficacy of RUTI, given as a single dose within 1 month of
starting TB treatment, in 140 DS- or DR-TB patients (ClinicalTrials.gov identifier
NCT04919239).

DAR-901
DAR-901 is a broth-grown, heat-inactivated, whole-cell mycobacterial vaccine made from
Mycobacterium obuense. The agar-grown precursor of DAR-901, SRL172, although not
scalable, is notable for providing the only positive efficacy signal of any TB vaccine among
PLHIV [31]. In the DAR-DAR trial, a five-dose regimen of SRL172 did not offer statistically
significant protection against the primary end-point, disseminated TB; however, the rate of
culture-confirmed TB was reduced by 39% (hazard ratio 0.61, 95% CI 0.39–0.96). DAR-901
appeared to be safe and moderately immunogenic in a subsequent phase 1 trial in adults with
and without HIV infection [32], and although it was safe and immunogenic in a phase 2b trial
among M. tuberculosis-unsensitised adolescents (ClinicalTrials.gov identifier NCT02712424),
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it did not protect against initial or sustained IGRA conversion [33]. DAR-901 is no longer
being developed as a TB vaccine (C.F. von Reyn, personal communication), but remains in
clinical development as a candidate vaccine against nontuberculous mycobacterial disease.

Live-attenuated mycobacterial vaccines
Three live mycobacterial vaccines are in phase 2b–3 trials.

MTBVAC
MTBVAC is a live-attenuated mycobacterial vaccine derived from a clinical isolate
of M. tuberculosis lineage 4, which was rendered nonvirulent by the deletion of two independent
genes, encoding PhoP and FadD26 [53, 54]. PhoP is a transcription factor that regulates
expression of >2% of M. tuberculosis genes, most of which are implicated in virulence.
FadD26 is required for the biosynthesis and export of phthiocerol dimycocerosates, a major
virulence-associated cell-wall lipid of M. tuberculosis. MTBVAC contains the genes present in the
M. bovis BCG vaccine, except for phoP and fadD26, plus the RD1 (region of difference 1) genes
originally deleted from M. bovis [53]. MTBVAC was safe in animal models, including SCID
(severe combined immunodeficient) mice, and was more immunogenic, with improved protection
against TB, than BCG [54]. Phase 1–2 trials of MTBVAC in newborn infants and adults have
shown acceptable safety and immunogenicity [34, 35], and larger dose-defining trials have
recently been completed (ClinicalTrials.gov identifiers NCT02933281 and NCT03536117). A
large, multicentre phase 3 trial of MTBVAC, in approximately 7000 newborns (HIV unexposed,
and HIV exposed and uninfected) recently started in Madagascar, Senegal and South Africa
(ClinicalTrials.gov identifier NCT04975178). Participants will be followed for TB disease for up
to 72 months. An efficacy trial of MTBVAC is also planned for adolescents and adults. As
MTBVAC is a live vaccine like BCG with potential to cause disease in immunocompromised
individuals, a study of the safety of MTBVAC in PLHIV on ART will be required to establish
whether this population at increased risk for TB can be included in a future licensure trial.

VPM1002
VPM1002 is a recombinant, urease C-deficient, listeriolysin-expressing BCG vaccine derived
from the BCG Prague strain, thus lacking both RD1 and RD2 regions. Completed phase 1 and
2 trials have demonstrated the safety and immunogenicity of VPM1002 in infants and adults
[36, 37]. VPM1002 appeared less reactogenic, with lower rates of injection site ulceration, abscess
and scarring, but was also less immunogenic than BCG in a recent phase 2 trial among infants
[38]. Three efficacy trials of VPM1002 are currently being conducted in parallel, in different
populations. First, a phase 3 infant trial has now fully enrolled 6940 newborns (HIV unexposed,
and HIV exposed and uninfected) in Gabon, Kenya, South Africa, Tanzania and Uganda, to
assess the safety and efficacy of VPM1002 in comparison with BCG in the prevention of TBI,
defined by IGRA-positive conversion (ClinicalTrials.gov identifier NCT04351685); secondary
end-points include TB disease, occurring through at least 36 months of follow-up. Second, a
prevention of disease trial among close contacts of TB patients in India has enrolled 12 721
HIV-uninfected household contacts >6 years of age, and will test the efficacy and safety of
VPM1002 or M. indicus pranii/Immuvac versus placebo for prevention of incident TB disease
over 3 years of follow-up (Clinical Trials Registry India identifier CTRI/2019/01/017026). Third,
a phase 2b trial in India to assess the efficacy of VPM1002 for prevention of recurrent TB in
2000 HIV-uninfected, adult TB patients who have been successfully treated and cured of active
TB is expected to complete in 2023 (ClinicalTrials.gov identifier NCT03152903). A phase 1–2
trial is planned to evaluate the safety and immunogenicity of VPM1002 and BCG revaccination in
pre-adolescents with and without HIV, and with and without M. tuberculosis sensitisation, who
have previously received the BCG vaccine at birth (ClinicalTrials.gov identifier NCT05539989).
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BCG revaccination
Randomised controlled trials of primary BCG vaccination have shown wide variability in
efficacy results in both younger and older age groups, but overall, despite limited efficacy
against all forms of TB in older children, adults and previously M. tuberculosis-sensitised
individuals, BCG appears to offer protection against severe and disseminated TB in infants and
young children, especially M. tuberculosis-unsensitised individuals [55]. Two large randomised
controlled trials of BCG revaccination showed no efficacy against TB disease in adolescents and
adults of unknown IGRA or TST status [56, 57]. However, case–control studies suggest that
primary BCG vaccination may protect against childhood IGRA conversion [58], and
subanalyses of randomised controlled trials are consistent with low-to-moderate efficacy against
TB disease in younger children with no or lower rates of M. tuberculosis sensitisation [59, 60].
A recent trial of BCG revaccination and H4:IC31 vaccination versus placebo in 989
IGRA-negative South African adolescents showed no significant efficacy against conversion to
IGRA positivity. However, BCG revaccination was associated with 45.4% efficacy (95% CI
6.4–68.1%) based on a secondary end-point of sustained IGRA conversion over 6 months,
compared with placebo [39]. Sustained IGRA conversion may reflect established TBI. A
follow-on trial of BCG revaccination is being conducted to confirm these findings in a larger
study population of 1800 IGRA-negative adolescents, with sustained IGRA conversion as the
primary end-point, in a population of a wider age range (10–18 years), at multiple sites in South
Africa, and with longer follow-up of up to 48 months (ClinicalTrials.gov identifier
NCT04152161). The results of the primary event-driven analysis, expected at the end of 2023,
will inform modelling projections of the potential impact of BCG revaccination on rates of TBI
and TB disease. A very large, and possibly unaffordable, prevention of disease efficacy trial
would be necessary to quantify the contribution of prevention of TBI to a reduction in TB
disease incidence in an IGRA-negative population. These considerations will be critical for
national health departments to estimate the cost-effectiveness of a BCG revaccination
programme for TB control in adolescents and young adults.

mRNA candidate vaccines
BNT164a1/b1
The most recent entrants to the TB vaccine development pipeline, two variants of an mRNA TB
vaccine candidate based on the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
mRNA vaccine backbone from BioNTech (BNT164a1 and BNT164b1), recently started a
first-in-human trial in Germany (ClinicalTrials.gov identifier NCT05537038), with a second
trial (ClinicalTrials.gov identifier NCT05547464) to follow in South Africa.

Immune correlates of protection against TB
Interactions between M. tuberculosis and its human host are complex, and host defence includes
several immune cell subsets and effector mechanisms [61]. Likewise, TB vaccines stimulate a
variety of immune responses by multiple subsets of myeloid and lymphoid cells (T- and/or
B-cells) [61]. However, it is unclear which immune subsets or responses correlate with
protection against TB. Animal models and human studies suggest that CD4+ T-cells, in
particular IFN-γ-expressing Th1 cells, are the cornerstone of immunity against M. tuberculosis
[62]. Accordingly, most viral-vectored and subunit vaccine candidates were designed to
specifically induce Th1 immune responses. However, a phase 2b trial of the candidate vaccine
MVA85A [63], and studies that aimed to identify correlates of TB risk [64–66], have shown
that frequencies of Th1 responses were not associated with TB outcome. Recent preclinical
(in animal models) and observational studies point to possible contributing roles of antigen-
specific Th1 and Th17 cells, antigen-specific CD8+ T-cells, humoral and “trained” innate cell
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responses for control of M. tuberculosis [67–69]. Identification of immune correlates of
vaccine-mediated protection (CoP) that are necessary and sufficient for protective immunity
would enable rational design of new candidate TB vaccines tailored to induce such protective
responses. Features of immune responses that correlate with protection may not necessarily be
mechanistically causal. However, if they are easy to quantify and good predictors of vaccine
efficacy, such CoP responses could be measured soon after vaccination, circumventing the need
to accrue clinical TB disease end-points during long periods of follow-up. This advance could
significantly accelerate clinical development of candidate vaccines. Once validated, CoPs may
even contribute evidence towards licensure of new products, or extension to new populations for
licensed vaccines, through “immunobridging”: measurement of immune responses as efficacy
end-points, rather than clinical outcomes such as IGRA conversion or TB disease [70]. Several
study designs enable identification of CoPs, but the gold standard relies on samples collected
from placebo-controlled, randomised clinical trials with partial vaccine efficacy to allow analysis
of vaccine responses in protected and unprotected individuals [71].

Two recently completed phase 2b clinical trials offer the first opportunity to discover human
CoPs. As discussed earlier, adolescent BCG revaccination afforded partial protection against
sustained IGRA conversion [39], while M72/AS01E vaccination induced partial protection
against PTB in IGRA-positive adults [22]. Samples collected from participants in these trials are
being studied by two international collaborative research programmes to discover CoPs against
sustained IGRA conversion or TB disease. State-of-the-art technologies and an integrated
statistical approach are being applied to test prespecified hypotheses and identify features of
protective immune responses against M. tuberculosis [72]. To reach their full potential and
transform TB vaccine research, candidate CoPs will require independent validation, which may
be possible by leveraging the ongoing larger BCG revaccination trial (ClinicalTrials.gov
identifier NCT04152161) and the planned phase 3 trial of M72/AS01E, should these trials
confirm vaccine efficacy. To be acceptable for immunobridging and licensure studies, CoPs also
need to be measurable by validated and relatively simple laboratory assays [71]. Importantly,
CoPs may well be specific to different vaccines and clinical outcomes. The studies outlined
above will provide a first glimpse into whether common CoPs are induced by a live-attenuated
mycobacterial and a protein-subunit vaccine, and whether immune responses associated with
protection against TBI and TB disease have any common features. Determining whether such
CoPs extend to other vaccine candidates and other clinical outcomes, such as recurrent TB, will
require detection of efficacy signals in ongoing phase 2b–3 trials and biobanking of appropriate
samples from protected and unprotected participants.

Discussion
We have shown that the pipeline of new TB vaccine candidates, although including diverse
viral-vectored, protein-subunit, live and inactivated mycobacterial and now mRNA platforms, is
shallow [40]. The presence of several candidates in, or about to enter, phase 2b–3 trials raises
the possibility of new efficacy signals, but the paucity of new candidates moving from
preclinical studies into phase 1–2a trials raises concern about sustainability of the pipeline if
current efficacy trials do not demonstrate sufficient protection. It is also evident that the TB
vaccine field has not swiftly capitalised on recent successes, such as the positive efficacy signal
for M72/AS01E against progression from TBI to TB disease in IGRA-positive adults [21, 22],
whether due to lack of funder risk appetite, or failure to understand the drivers of global
and country-level demand for new TB vaccines. These deficiencies are being addressed
actively, through development of a consensus research and development roadmap [7], evaluation
of full value and the investment case for new TB vaccines [73], development of evidence
considerations for policy [74], and development of a global framework for countries to achieve
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rapid introduction of new TB vaccines for adults and adolescents. Nevertheless, a phase 3
licensure trial of M72/AS01E will probably start almost 5 years after completion of the
successful phase 2b trial, with results not expected until 2028. Positive new developments of the
last decade include the entry of eight new candidates into clinical trials, including, most
recently, two mRNA vaccine candidates (ClinicalTrials.gov identifier NCT05547464). Another
protein-subunit vaccine, H107e/CAF10b, is also poised to enter clinical development in 2023
[47]. It is notable that two live mycobacterial vaccines, MTBVAC and VPM1002, have
progressed steadily through safety and immunogenicity studies in infants and adults and have
entered efficacy trials. Demonstration of vaccine safety in PLHIV who are established on ART
and are virally suppressed are important given the increased risk of TB among PLHIV, who
should ideally be included in future licensure trials of these live vaccines [5]. It is also
highlighted that MTBVAC and the several new candidates that include either CFP-10 or
ESAT-6 antigen are expected to result in vaccine-induced IGRA positivity and complicate
testing for M. tuberculosis sensitisation. Clearly, if such a vaccine proves to be effective,
development of an IGRA or other diagnostic platform based on alternative antigens would be
beneficial for diagnosis of post-vaccination TB exposure.

Critical knowledge gaps remain. Approximately three-quarters of the global population are not
M. tuberculosis sensitised [75], and we know that risk of progression to TB disease is greatest
in the 2 years immediately after TBI [76]. In the absence of known exposure–infection events,
vaccinating young, IGRA-negative adolescents before they become infected with
M. tuberculosis would seem logical. It is unclear whether current candidate vaccines are
immunogenic or protective in this population. The large size and long duration of TB disease
efficacy trials necessary to test this hypothesis in IGRA-negative populations would be a
considerable disincentive. However, modelling projections suggest that effective vaccination of
IGRA-positive populations alone would still have a major impact on the reduction in TB
incidence and mortality [77]. Another challenge for design of future efficacy trials, which
currently focus on protection against symptomatic disease, is demonstration of protection against
subclinical TB, which formed more than half of all bacteriologically confirmed PTB in a recent
South African prevalence survey [78]. It remains to be seen whether an asymptomatic,
subclinical TB end-point, presumably reflecting early disease, would represent a higher bar to
demonstration of vaccine efficacy than symptomatic, clinical TB.

In summary, ongoing and imminent prevention of disease efficacy trials in infant and adolescent/
adult populations will soon report results of proof-of-concept prevention of infection, prevention
of recurrence and therapeutic efficacy studies that may accelerate entry of vaccine candidates into
new licensure trials. However, the best-case scenario for even the most promising candidates is
that they deliver licensure efficacy trial results by 2028. It is critical that this time is not wasted.
Initiatives such as the investment case for new TB vaccines, development of evidence
considerations for policy, and development of a global framework for country-level introduction
will be critical in driving demand and securing the funding necessary for implementation. The
final key component is the need for renewed focus on TB vaccine advocacy and community
sensitisation to address vaccine hesitancy, so that when the world finally gets a new, effective TB
vaccine, those most in need of protection are well informed and willing to receive it.
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