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Despite major advances in diagnosis and treatment, tuberculosis (TB) control - and ultimately elimination
- will remain unachieved without a vaccine capable of preventing pulmonary disease and transmission.
Bacille Calmette-Guérin (BCG), a live attenuated vaccine derived from Mycobacterium bovis and the only
licensed TB vaccine, has been widely implemented because of its proven efficacy against severe childhood
TB. However, despite global coverage approaching 90%, BCG provides limited and inconsistent protection
Keywords: against pulmonary TB in adolescents and adults, the populations that sustain transmission.

TB vaccines In response, a diverse pipeline of novel TB vaccine candidates has emerged across multiple technological
BCG platforms. This review provides an updated overview of TB vaccines in clinical development. Currently,
Prevention of disease sixteen candidates are undergoing clinical evaluation, including four in active Phase 3 efficacy trials.

QFT vs ITTBI. This review also offers critical insights into challenges shaping late-stage TB vaccine development. We ar-
TB elimination gue that evolving understanding of Mycobacterium tuberculosis infection - including heterogeneity within
latent infection, the contribution of subclinical disease, and limitations of binary IGRA-based classifica-
tion - necessitates reassessment of current efficacy endpoints. By examining prevention-of-disease (PoD),
prevention-of-infection (Pol), and prevention-of-recurrence (PoR) strategies, we highlight the need for
closer alignment between biological insight, trial design, and policy objectives to ensure that new vac-
cines advance TB elimination.

© 2026 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
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Tuberculosis (TB), one of the oldest diseases known to hu-
mankind, remains the leading cause of death from a single infec-
tious agent worldwide. In 2024, an estimated 1.23 million people
died from TB globally [1]. The current TB pandemic is strongly
driven by low socioeconomic state, with undernutrition being the
main risk factor. In the absence of treatment, approximately 50%
of individuals who develop active TB disease will die [2]. Although
TB is largely treatable with antibiotics, the global spread of drug-
resistant strains threatens TB control and raises concerns about a
return to a pre-antibiotic era. In response, the World Health Or-
ganization (WHO) included rifampicin-resistant TB in the highest
(“critical’) priority category of its 2024 Bacterial Priority Pathogens
list for antimicrobial resistance [3].

Throughout the history of public health, few medical interven-
tions have had an impact comparable to vaccination. Vaccines have
prevented millions of deaths, dramatically reduced the burden of
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infectious diseases, and, eventually, led to their global eradication
[4]. Beyond their direct protective effects, vaccination programs il-
lustrate how scientific innovation, when combined with sustained
political commitment and societal engagement, can fundamentally
alter the trajectory of human disease [5,6].

Despite the continued global burden of TB, bacille Calmette-
Guérin (BCG) remains the only licensed TB vaccine and has been
in use for more than a century. Developed in 1921 from an
attenuated strain of the cow pathogen Mycobacterium bovis, BCG
has been widely implemented in national immunization programs,
particularly in high-burden settings, because of its proven efficacy
in preventing severe forms of TB in infants and young children,
including TB meningitis and miliary disease. In contrast, protection
against pulmonary TB - the main driver of transmission - has been
highly variable across studies and geographic regions [7,8]. BCG
is not a single, uniform vaccine but a group of related substrains
that diverged during serial in vitro passage. Genomic analyses
have revealed deletions, duplications, and regulatory differences
that influence antigen expression, innate immune activation, and
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immunogenicity, potentially contributing to heterogeneity in vac-
cine efficacy [9,10]. Beyond TB-specific protection, accumulating
epidemiological evidence suggests that BCG vaccination in early
life is associated with reduced all-cause mortality, an effect likely
mediated in part by heterologous protection against unrelated
pathogens [11-14]. Following the administration of hundreds of
millions of doses worldwide, global BCG coverage has reached ap-
proximately 90%, making it one of the most widely used vaccines
in human history [15]. Nevertheless, BCG provides limited and
inconsistent protection against pulmonary TB in adolescents and
adults - the populations that sustain Mycobacterium tuberculosis
transmission - highlighting the urgent need for next-generation
TB vaccines capable of interrupting transmission and advancing TB
elimination.

Advances in immunology and vaccine science in the late 1990s
reinforced the feasibility of developing a new TB vaccine. This
paradigm shift was explicitly recognized at the Madrid Conference
held in March 1995 on the ‘Definition of a coordinated strategy
towards a new TB vaccine’. Convened under the auspices of the
WHO and the International Union Against Tuberculosis and Lung
Disease, this meeting articulated a coordinated international vision
for TB vaccine development and marked a conceptual turning point
by affirming that an improved TB vaccine was an achievable goal
[16].

The observation that approximately 90% of individuals infected
with M. tuberculosis never develop active disease in their life-
times provides compelling evidence that effective natural pro-
tective mechanisms exist in humans (https://newtbvaccines.org/
about-new-tbh-vaccines/). Replicating this phenotype through vac-
cination - by mimicking infection without causing disease — would
represent a major advance. When combined with early diagnosis
and effective treatment for individuals who do develop TB, such
a vaccine could enable sustainable disease control and ultimately
contribute to TB elimination.

Progress toward WHO End TB goals has been enabled by sus-
tained international investment and coordination, including Euro-
pean initiatives such as the Tuberculosis Vaccine Initiative (TBVI),
U.S.-based organizations like the International AIDS Vaccine Initia-
tive (IAVI), dedicated European funding programs and mechanisms
such as the European & Developing Countries Clinical Trials Part-
nership (EDTP), and substantial philanthropic and public support
from Open Philanthropy, the Gates Foundation through initiatives
such as the Collaboration for TB Vaccine Discovery (CTVD), and the
National Institutes of Health (NIH) between others.

Within the framework of the WHO End TB Strategy, which aims
to drastically reduce TB incidence and mortality and ultimately
achieve elimination, the limitations of BCG have reinforced the ur-
gency of developing more effective vaccines. Achieving these am-
bitious targets will require vaccines capable not only of prevent-
ing severe disease in early life, but also of interrupting pulmonary
TB and transmission across all age groups. Advances in bacterial
genetics, immunology, systems biology, and vaccine technologies
have enabled a more rational approach to TB vaccine design, tar-
geting different stages of M. tuberculosis infection. Consequently, a
diverse and increasingly mature pipeline of TB vaccine candidates
has emerged, encompassing live attenuated mycobacterial vaccines,
viral-vectored and protein subunit platforms, as well as innovative
adjuvants and delivery routes. Many of these candidates have now
progressed into clinical development, reflecting a strategic shift to-
ward vaccines with the potential to accelerate progress toward TB
elimination.

TB vaccine candidates from preclinical to clinical

At the turn of the millennium, TB vaccine development faced
a critical bottleneck. Despite decades of intensive research and the
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generation of several hundred vaccine constructs at different pre-
clinical stages [17,18], none had successfully progressed into clini-
cal evaluation. This situation underscored a profound translational
gap between experimental promise and human testing, reflecting
both biological complexity and structural limitations in TB vaccine
development [19,20].

This long-standing impasse began to shift in the early 2000s
with the establishment of coordinated global initiatives aimed at
strengthening the TB vaccine development pathway. Key advances
included improved candidate selection strategies, systematic head-
to-head comparisons of vaccine candidates in preclinical models
[21], increased investment, and the expansion of clinical trial ca-
pacity in TB-endemic settings. Together, these efforts enabled a
more structured and rational transition from preclinical research
to clinical evaluation and laid the groundwork for a coherent TB
vaccine pipeline [22].

Over the past two decades, unprecedented collaboration among
academic institutions, public health organizations, product devel-
opment partnerships, industry, and funders has further accelerated
progress. International consortia have played a central role in pri-
oritizing candidates, harmonizing preclinical and clinical evaluation
frameworks, and supporting the infrastructure required to conduct
vaccine trials in high-incidence settings. As a result, a diverse port-
folio of TB vaccine candidates has successfully entered human tri-
als, shaping the current clinical pipeline and providing a founda-
tion for next-generation vaccines aimed at TB control and elimina-
tion [22,23].

Animal models - notably mice, guinea pigs and non-human pri-
mates - play an indispensable role in the proof of concept and
preclinical development of TB vaccines [24-26]. However, none of
them fully recapitulates the features of human TB, although non-
human primates come closest to doing so. Efforts are underway to
develop mouse models more relevant to the study of TB, such as
the ultra-low dose infection [27] or the collaborative cross strains
[28]. Nevertheless, progression from preclinical development into
clinical evaluation remains particularly demanding for TB vaccines
when compared with other infectious diseases. A central chal-
lenge is the absence of validated immune correlates of protection,
which precludes the early identification of candidates most likely
to be efficacious. Consequently, promising vaccines must advance
through lengthy, complex, and resource-intensive clinical develop-
ment pathways to demonstrate protective benefit [29].

Following the demonstration of safety and immunogenicity in
early-phase trials involving tens of volunteers (Phase 1) and subse-
quently hundreds (Phase 2), TB vaccine candidates typically require
evaluation in Phase 2b proof-of-concept studies and large Phase 3
efficacy trials [30]. These trials typically include thousands of par-
ticipants and must be conducted in TB-endemic settings with high
disease incidence to achieve sufficient statistical power (Figure 1).
The need for such extensive clinical evaluation substantially in-
creases the time, cost, and logistical complexity of TB vaccine de-
velopment, underscoring both the challenges faced by the field and
the significance of the progress achieved in advancing a diverse
portfolio of candidates into the current clinical pipeline.

Recent milestones in TB vaccines: lessons learned from
MVAS85A and M72/ASO1E clinical trials

Among the first new-generation TB vaccine candidates to ad-
vance into efficacy testing was MVAS85A, a viral-vectored booster
designed to enhance BCG-induced immunity. The Phase 2b efficacy
trial of MVA85A in South African infants, published in 2013, evalu-
ated a BCG-boosting strategy and showed no additional protection
against pulmonary TB despite strong preclinical and early-phase
immunogenicity data [21,31,32]. Although the vaccine induced ro-
bust Ag85A-specific CD4+ T-cell responses, these responses did
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Figure 1. From discovery to efficacy trials: TB vaccine development bottleneck.

'y ' '
,~ u,n ". ..,,.“,' %

"n

IMMUNOGENICITY EFFICACY
& SAFETY & SAFETY
Hundreds of Thousands of
volunteers volunteers

TARGET POPULATION

TB vaccine development involves a progressive reduction in candidate numbers as vaccines advance from discovery and preclinical stages into clinical evaluation, with
increasing time, cost, and logistical complexity. Consequently, development timelines often exceed two decades, highlighting the need for sustained investment, expanded
global trial capacity, and policy alignment to translate recent scientific advances into licensed vaccines and support the WHO End TB Strategy and TB elimination targets.

not translate into clinical efficacy, highlighting the absence of vali-
dated immune correlates of protection in TB vaccine development
[21,32].

Despite its negative outcome, the MVA85A trial was a landmark
study, representing the first modern TB vaccine efficacy trial con-
ducted in a high-burden setting since BCG and establishing durable
clinical trial infrastructure through South African Tuberculosis Vac-
cine Initiative (SATVI) [33]. Importantly, the lessons learned in-
formed subsequent vaccine design and trial strategies, contributing
to the successful advancement of later TB vaccine candidates.

This period of scepticism shifted with the Phase 2b trial of
M72/ASO1E, a recombinant protein subunit vaccine developed by
GSK. Reported in 2018, the trial demonstrated approximately 50%
efficacy against active pulmonary TB in IGRA-positive adults, with
protection sustained for at least 3 years [34,35].

Together, the outcomes of MVA85A and M72/ASO1E have
shaped contemporary TB vaccine development. While MVAS85A
highlighted fundamental knowledge gaps and the limitations of
immunogenicity-based selection, M72/ASO1E provided proof that
clinically meaningful protection is achievable. These experiences
underpin current strategies emphasizing diversified vaccine plat-
forms, improved biomarkers of protection, and clearly defined
target populations as candidates advance through the clinical
pipeline.

TB vaccine pipeline in clinical development: platform diversity

The current TB vaccine pipeline comprises a limited but con-
ceptually diverse set of candidates undergoing clinical evalua-
tion from Phase 1 to Phase 3, as summarized in Figure 2 and
reported by the Stop TB Partnership (https://newtbvaccines.org/
about-new-tb-vaccines/) and the WHO. These candidates span
multiple technological platforms, including live attenuated my-
cobacterial vaccines, whole-cell inactivated mycobacterial prepara-
tions, protein subunit vaccines formulated with novel adjuvants,
viral-vectored vaccines, and emerging nucleic acid-based ap-
proaches. The coexistence of these fundamentally different strate-
gies reflects both the biological complexity of protective immunity
against M. tuberculosis and the persistent absence of validated im-
mune correlates of protection.

From an immunological perspective, subunit and viral-vectored
vaccines emphasize defined antigen delivery, manufacturing con-
sistency, and safety profiles, whereas whole-cell and live attenu-
ated vaccines aim to induce broader and more physiologically rel-
evant immune responses by presenting complex antigenic reper-
toires that more closely resemble natural infection. Following in-
ternational consensus on the development of live mycobacterial
vaccines - including the Geneva consensus on safety and clini-
cal progression -, rationally attenuated M. tuberculosis strains and
recombinant BCG derivatives have advanced into clinical devel-
opment, supported by modern genetic tools and regulatory safe-
guards [36,37]. Although these approaches face higher safety and
regulatory barriers, particularly for use in immunocompromised
populations, they remain conceptually attractive for their potential
to elicit durable and polyfunctional immunity.

The candidates currently represented in the clinical pipeline
(Figure 2) illustrate this platform diversity. Protein subunit
vaccines formulated with potent adjuvants include M72/ASO1E
[35,38], H107e/CAF10b [39], 1D93/GLA-SE [40], AEC/BC02 [41],
and GamTBvac [42]. Viral-vectored approaches are represented
by MVA85A combined with ChAdOx1.85A (ChAdOx1-MVAS85A)
[43,44], AdAg85A [45], and TB/FLU-O5E [46]. DAR-901 [47], RU-
TI® [48] and Immuvac (MIP) [49] vaccines are based on whole-cell
inactivated or fragmented mycobacteria. Live mycobacterial candi-
dates comprise BCG pre-travel vaccination, VPM1002 based on re-
combinant BCG [49,50], and MTBVAC based on attenuated M. tu-
berculosis [51-53].

Live attenuated mycobacterial vaccines remain firmly grounded
in Pasteurian principles while incorporating modern recombinant
DNA technologies to enhance safety and immunogenicity. MTBVAC,
the only live attenuated M. tuberculosis vaccine currently in clini-
cal development [54], exemplifies this approach. Reflecting its ad-
vanced position in the pipeline, four of the twelve TB vaccine clin-
ical trials currently active involve MTBVAC (https://newtbvaccines.
org/about-new-tb-vaccines/), spanning different populations and
study designs.

Emerging platforms are beginning to enter clinical evalua-
tion, exemplified by the mRNA-based candidates BNT164al and
BNT164b1 [55]. Messenger RNA-based vaccines, which proved
transformative during the COVID-19 pandemic, are now being ex-
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Figure 2. The current clinical pipeline of TB vaccine candidates.

TB vaccine pipeline comprises a limited but conceptually diverse group of candidates undergoing clinical evaluation from Phase 1 through Phase 3. As reported by the Stop TB
Partnership and the WHO, these candidates span multiple technological platforms, including live attenuated and inactivated mycobacterial vaccines, protein subunit vaccines
formulated with novel adjuvants, viral-vectored vaccines, and emerging nucleic acid-based approaches. The coexistence of these distinct strategies reflects the biological
complexity of protective immunity against TB and the continued absence of validated immune correlates of protection, which necessitates large, lengthy, and costly clinical

trials in TB-endemic settings.

plored for TB, offering rapid design, scalability, and precise antigen
expression. Nanoparticle-based formulations and virus-like parti-
cles are under investigation to improve antigen presentation and
immune targeting.

In parallel, innovative strategies are being explored to further
optimize vaccine-induced protection, including alternative routes
of administration such as aerosol delivery, aimed at enhancing mu-
cosal immunity and improving protection against pulmonary dis-
ease [56].

Overall, this diversified clinical pipeline reflects both accumu-
lated historical experience and evolving immunological insights.
While no single platform has yet overcome the complex host—
pathogen interactions characteristic of TB, the breadth of strate-
gies currently under evaluation supports continued parallel devel-
opment as an essential component of long-term TB control and
elimination efforts.

How to accelerate TB vaccine clinical trials: implications for
public health policy, regulation, and elimination strategies

In other infectious diseases, controlled human infection mod-
els have been used to accelerate vaccine development by en-
abling rapid proof-of-concept efficacy studies [57]. While similar
approaches are being explored for TB, there are several hindrances
that must be overcome before they can be used in clinical tri-
als [58]. The capacity of M. tuberculosis for latent persistence, and
the need for prolonged multidrug treatment impose major ethical
and regulatory constraints. The development of an aerosol human
infection model using BCG has been recently reported as a safer

alternative [59]. However, despite providing unique insights into
early immune responses in the human lung, the model may not
fully recapitulate a virulent M. tuberculosis infection. As a result,
human challenge models are unlikely to offer a safe or meaning-
ful acceleration pathway for TB vaccine development in the near
term, underscoring the importance of optimizing conventional trial
designs aligned with TB elimination goals.

As TB vaccine development enters a phase increasingly defined
by elimination-oriented goals, the selection of clinical trial end-
points has become not merely a technical consideration but a
strategic decision with direct regulatory and public health conse-
quences. How efficacy is defined and measured will largely deter-
mine which candidates advance, how quickly evidence is gener-
ated, and whether vaccines ultimately contribute to TB elimination
rather than incremental disease control.

To date, prevention of TB disease (PoD) remains the only end-
point accepted for licensure, as it directly captures reductions in
clinically and microbiologically confirmed disease. This endpoint is
fully aligned with public health priorities but requires large, long,
and costly trials conducted in high-incidence settings.

Alternative endpoints — prevention of infection (Pol) and pre-
vention of recurrence (PoR) - have been pursued primarily as
pragmatic strategies to accelerate early clinical evaluation. Pol tri-
als, relying on sustained IGRA conversion as a surrogate for M.
tuberculosis infection, initially appeared promising following the
BCG revaccination study [60]. However, recently in a larger ran-
domized trial BCG revaccination failed to demonstrate a con-
sistent or statistically robust reduction in M. tuberculosis infec-
tion as measured by sustained IGRA conversion and do not
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provide a reliable surrogate for protection against TB disease
[61].

Similarly, PoR refers to vaccine strategies aimed at preventing
the recurrence of active TB disease after successful completion
of curative treatment, including both relapse from persistent in-
fection and reinfection in high-transmission settings. Trials of the
H56/I1C31 subunit vaccine [62] have demonstrated acceptable safety
and immunogenicity but have not translated into measurable re-
ductions in recurrent TB.

Overall, accumulated evidence indicates that while Pol and PoR
endpoints have played an important exploratory and enabling role
- particularly by reducing costs and sustaining momentum in TB
vaccine research -, they have not yet delivered a reliable proof of
concept capable of supporting Phase 3 efficacy trials or regulatory
approval. As TB vaccine development advances toward elimination-
oriented goals, future progress will require either validated surro-
gate markers that reliably predict disease prevention or renewed
commitment to large-scale PoD trials that can directly inform li-
censure, policy decisions, and global implementation.

A further limitation of current efficacy paradigms is their in-
complete capture of the TB disease spectrum. Increasing evidence
indicates that subclinical TB contributes to transmission and is as-
sociated with lung pathology and long-term sequelae, even in the
absence of symptoms [63]. Yet most PoD trials rely on symptom-
triggered case detection and therefore risk underestimating both
true disease burden and vaccine impact. From an elimination per-
spective, vaccines that interrupt progression earlier along the in-
fection disease continuum may deliver substantial population-level
benefits that are not adequately reflected in conventional trial de-
signs.

Taken together, these considerations argue for a recalibration
of TB vaccine evaluation strategies. Progress toward elimination
will require either the validation of surrogate endpoints that re-
liably predict disease prevention or renewed global commitment
to adequately powered PoD trials, complemented by trial designs
and modelling approaches that account for subclinical disease and
transmission. Without such strategic alignment between science,
regulation, and policy, promising TB vaccine candidates’ risk being
stalled by endpoints that are expedient but insufficient to support
elimination-focused decision-making [63].

Rethinking QuantiFERON® (QFT)-based enrolment strategies in
TB vaccine trials

A central and increasingly consequential question in TB vac-
cine development is whether efficacy trials should preferentially
target individuals with evidence of prior M. tuberculosis exposure
(QFT/IGRA-positive) or those without documented exposure (QFT-
negative). This distinction has profound implications for biological
plausibility, trial efficiency, interpretability of efficacy signals, and
ultimately population-level impact, and is closely linked to the on-
going reappraisal of the concept of latent TB infection.

From a pragmatic trial-design perspective, QFT-positive popula-
tions have frequently been prioritised because of the higher inci-
dence of TB in the short-term, enabling smaller sample sizes and
shorter follow-up in prevention-of-disease trials. However, a posi-
tive QFT reflects immune sensitisation rather than persistent infec-
tion and provides no information on timing of exposure or bacil-
lary viability. Longitudinal studies consistently show that the risk
of progression to active TB is highest within the first months to
2 years after infection [64], after which progression becomes un-
common. As a result, many QFT-positive individuals - particularly
in low- or declining-incidence settings - are likely to represent re-
solved infections with durable immunological memory rather than
true latency [65,66].
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Beyond binary QFT status, there is growing recognition that
substantial biological heterogeneity exists within QFT-positive pop-
ulations, reflecting different stages along the spectrum of M. tuber-
culosis infection. Recent transcriptomic and immunological studies
have identified host-response signatures capable of distinguishing
individuals with recent or incipient infection from those with long-
standing, immunologically controlled infection, with markedly dif-
ferent risks of progression to disease. Incorporating such biomark-
ers into TB vaccine trials could enable stratification of ‘early’ versus
‘late’ QFT-positive individuals, improving biological interpretability
of efficacy signals, refining endpoint selection, and enhancing the
efficiency of elimination-oriented trial designs [67].

This reconceptualization complicates interpretation of vaccine
efficacy in QFT-positive populations. Observed protection may re-
flect effects on reinfection, non-specific immune enhancement, or
immunomodulation rather than prevention of reactivation of per-
sistent infection. Inclusion of large proportions of QFT-positive in-
dividuals unlikely to harbour viable bacilli may dilute effect es-
timates, reduce statistical power, and obscure biological mecha-
nisms, particularly for Pol or early-disease endpoints.

In contrast, targeting QFT-negative populations - especially ado-
lescents and young adults who mostly contribute to transmis-
sion - offers greater biological clarity and potential public health
impact. Vaccines designed to prevent infection, or early progres-
sion, are more likely to act on well-defined processes in individ-
uals at genuine risk of TB acquisition. Although such trials re-
quire larger sample sizes and longer follow-up due to lower base-
line incidence, recent modelling studies challenge the assumption
that QFT-restricted enrolment is inherently more efficient [68]. In
high-incidence settings, a substantial proportion - and in some age
groups the majority - of incident TB arises among individuals who
are QFT-negative at baseline, reflecting intense ongoing transmis-
sion and recent primary infection. Under these conditions, the effi-
ciency advantages of QFT-restricted designs diminish or disappear,
supporting mixed or IGRA-unrestricted enrolment strategies.

From a policy perspective, these considerations align with an
evolving shift in WHO language - from individuals who ‘are in-
fected’ to those who ‘have been infected’ — acknowledging that im-
munological sensitisation does not equate to persistent infection.
Aligning TB vaccine strategies with this more nuanced understand-
ing of TB natural history may help avoid over-medicalisation of
low-risk populations and support more rational allocation of lim-
ited public health resources.

Importantly, real-world vaccine implementation is unlikely to
accommodate systematic pre-vaccination QFT screening, which
would add cost, complexity, and access barriers in high-burden
settings. An optimal next-generation TB vaccine should therefore
demonstrate acceptable safety and meaningful efficacy across both
QFT-negative and QFT-positive populations. This has direct implica-
tions for late-stage development: whenever feasible, Phase 3 trials
should include both exposure strata with pre-specified analyses to
inform universal, targeted, or hybrid vaccination strategies.

Current late-stage programmes illustrate the diversity - and
strategic uncertainty - of the field. M72/ASO1E is being evaluated
primarily in QFT-positive adults, reflecting its Phase 2b efficacy sig-
nal, whereas MTBVAC and VPM1002 are undergoing Phase 3 eval-
uation in neonates as pre-exposure strategies, with MTBVAC also
being explored post-exposure in adolescents and adults.

Extending trial inclusion to populations at highest risk

Beyond infection status, accelerating TB vaccine development
requires broader inclusion of populations that experience the high-
est TB burden. People deprived of liberty represent settings of
intense transmission and extremely high incidence, offering po-
tential gains in trial efficiency [69]. Although ethical, logistical,
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and follow-up challenges are substantial, contemporary frame-
works increasingly support inclusion under a paradigm of protec-
tion through research rather than protection from research, pro-
vided that robust safeguards, meaningful community engagement,
and guarantees of post-trial access are in place.

People living with HIV (PLHIV) remain among the populations
most severely affected by TB, which continues to be the leading
cause of death in this group. In 2024, more than half a million PL-
HIV developed TB disease globally [1]. Despite their disproportion-
ate burden, PLHIV have historically been under-represented in TB
vaccine trials, largely due to concerns regarding safety, immuno-
genicity, and interpretability of immune responses in the context
of immunosuppression.

Emerging evidence now indicates that subunit vaccines such as
M72/ASO1E are safe and immunogenic in adults with HIV receiving
antiretroviral therapy, supporting their further evaluation in this
population. Given the persistently high TB incidence and mortal-
ity among PLHIV - even in the era of effective antiretroviral ther-
apy - systematic inclusion in safety, immunogenicity, and efficacy
studies is essential to ensure that future TB vaccines deliver equi-
table impact. MTBVAC is undergoing Phase 2a clinical evaluation to
assess safety and immunogenicity in adolescents and adults living
with and without HIV (ClinicalTrials.gov: NCT05947890), reflecting
the growing recognition that elimination-oriented vaccine strate-
gies must generate robust evidence in populations at highest risk.

From efficacy to impact: translating TB vaccines into
elimination

The eradication of smallpox illustrates a fundamental lesson for
TB: vaccine discovery alone does not achieve elimination without
effective global deployment. Although Edward Jenner developed
the first smallpox vaccine in 1796, its population-level impact de-
pended on large-scale distribution, exemplified by the Royal Phil-
anthropic Vaccine Expedition (1803-1806) led by Francisco Javier
de Balmis, which enabled vaccination of more than 500,000 in-
dividuals across the Americas and Asia [70]. This experience un-
derscores that elimination requires not only scientific innovation,
but also political commitment, logistical coordination, and equi-
table access - principles that remain directly relevant to TB.

Over the past two decades, TB vaccine development has pro-
gressed to the point where several candidates are approaching
late-stage clinical evaluation. However, the public health impact
of any new TB vaccine will depend as much on its translation
into scalable, affordable, and widely accessible products as on its
demonstrated safety and efficacy. Manufacturing capacity, regu-
latory approval, sustainable financing, and public trust will ulti-
mately determine whether vaccines shift TB epidemiology or re-
main scientifically successful but programmatically marginal.

Regulatory and manufacturing pathways are therefore central
to impact. WHO prequalification will be essential for global pro-
curement and deployment, while early investment in manufac-
turing capacity will be required to ensure timely and affordable
supply for high-burden countries. Experience from the COVID-19
pandemic has shown that regulatory timelines can be accelerated
without compromising safety when political will and international
coordination align - a lesson that should inform TB vaccine path-
ways.

Even after licensure, continued evaluation will be critical. Long-
term follow-up and post-licensure surveillance will be needed to
define durability of protection, effectiveness across epidemiologi-
cal settings, and performance in key populations, including PLHIV.
Equally important, transparent communication and community en-
gagement will be essential to sustain public trust and vaccine up-
take, particularly in settings vulnerable to misinformation and in-
equitable access.
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Ultimately, equity will define success. TB disproportionately af-
fects the poorest and most marginalized populations, and the true
measure of a TB vaccine will be its ability to reach those at highest
risk. International financing mechanisms, national political com-
mitment, and sustained multilateral support will be required to
ensure that access is driven by need rather than income or geog-
raphy.

TB vaccine development has reached a uniquely pivotal and
hopeful moment. For the first time in more than a century,
vaccines capable of providing meaningful protection against pul-
monary TB - and thus transmission - are within reach. If efficacy
is confirmed, these vaccines must be positioned not as incremen-
tal additions to TB control, but as core instruments of the WHO
End TB Strategy with genuine elimination potential. Converting ef-
ficacy into impact is therefore an urgent policy imperative. Delayed
or fragmented action at this stage would risk confining new TB
vaccines to disease control rather than elimination. With science,
solidarity, and political commitment aligned, TB vaccination could
become one of the most transformative public health interventions
of the 21st century.

Declaration of generative Al and Al-assisted technologies in the
manuscript preparation process

During the preparation of this work the author(s) used ChatGPT
in order to improve grammar. After using this tool/service, the au-
thor(s) reviewed and edited the content as needed and take(s) full
responsibility for the content of the published article.

Ethical approval

Ethical approval was not required.
Author contributions

Conceptualization, C.M. and A.A.; Writing - original draft, C.M.,
J.G., NA. and A.A.; Writing - review & editing, C.M., ]J.G., N.A. and
A.A.; Funding acquisition, C.M.

Declaration of competing interest

The authors declare the following financial interests/personal
relationships which may be considered as potential competing in-
terests: C.M.,, A.A.,, N.A. and ].G. are co-inventors on a patent on
Tuberculosis Vaccine held by the University of Zaragoza and Bio-
fabri. Biofabri is an industrial partner of University of Zaragoza and
the exclusive licensee and industrial and clinical developer of MT-
BVAC. The authors declare that they have no other known com-
peting financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

This work was supported by the European Union EDCTP 2
programme (RIA2019S-2652) and by the Diputacién General de
Aragén (B35_23R). A.A. was supported by RIA2019S-2652, and
C.M,, N.A. and ].G. are members of this consortium.

References

[1] World Health Organization Global Tuberculosis Report 2025. WHO; 2025.

[2] Pai M, Behr MA, Dowdy D, Dheda K, Divangahi M, Boehme CC, et al. Tubercu-
losis. Nat Rev Dis Primers 2016;2:16076. doi:10.1038/nrdp.2016.76.

[3] Sati H, Carrara E, Savoldi A, Hansen P, Garlasco J, Campagnaro E, et al. The
WHO Bacterial Priority Pathogens List 2024: a prioritisation study to guide re-
search, development, and public health strategies against antimicrobial resis-
tance. Lancet Infect Dis 2025;25:1033-43. doi:10.1016/s1473-3099(25)00118-5.


http://refhub.elsevier.com/S1201-9712(26)00148-7/sbref0001
https://doi.org/10.1038/nrdp.2016.76
https://doi.org/10.1016/s1473-3099(25)00118-5

JID: JID

C. Martin, J. Gonzalo-Asensio, N. Aguilé et al.

[4] Plotkin SA, Plotkin SL. The development of vaccines: how the past led to the

future. Nat Rev Microbiol 2011;9:889-93. doi:10.1038/nrmicro2668.

[5] Rappuoli R, Aderem A. A 2020 vision for vaccines against HIV, tuberculosis and

malaria. Nature 2011;473:463-9. doi:10.1038/nature10124.

[6] Pollard AJ, Bijker EM. A guide to vaccinology: from basic principles to new

developments. Nat Rev Immunol 2021;21:83-100. doi:10.1038/s41577-020-

00479-7.

Mangtani P, Abubakar I, Ariti C, Beynon R, Pimpin L, Fine PEM, et al. Pro-

tection by BCG vaccine against tuberculosis: a systematic review of ran-

domized controlled trials. Clin Infect Dis 2014;58:470-80. doi:10.1093/cid/
cit790.

Pelzer PT, Stuck L, Martinez L, Richards AS, Acufia-Villaordufia C, Aronson NE,

et al. Effectiveness of the primary Bacillus Calmette-Guérin vaccine against the

risk of mycobacterium tuberculosis infection and tuberculosis disease: a meta-
analysis of individual participant data. Lancet Microbe 2024:100961. doi:10.
1016/j.]lanmic.2024.100961.
[9] Behr MA. Comparative genomics of BCG vaccines by whole-genome DNA mi-
croarray. Science 1999;284:1520-3. doi:10.1126/science.284.5419.1520.

[10] Brosch R, Gordon SV, Garnier T, Eiglmeier K, Frigui W, Valenti P, et al. Genome
plasticity of BCG and impact on vaccine efficacy. Proc Natl Acad Sci USA
2007;104:5596-601. doi:10.1073/pnas.0700869104.

[11] Lange C, Aaby P, Behr MA, Donald PR, Kaufmann SHE, Netea MG, et al.
100 years of mycobacterium bovis bacille Calmette-Guérin. Lancet Infect Dis
2022;22:e2-12. doi:10.1016/s1473-3099(21)00403-5.

[12] Aaby P, Roth A, Ravn H, Napirna BM, Rodrigues A, Lisse IM, et al. Random-
ized trial of BCG vaccination at birth to low-birth-weight children: benefi-
cial nonspecific effects in the neonatal period? J Infect Dis 2011;204:245-52.
doi:10.1093/infdis/jir240.

[13] Benn CS, Netea MG, Selin LK, Aaby P. A small jab - a big effect: nonspecific
immunomodulation by vaccines. Trends Immunol 2013;34:431-9. doi:10.1016/
j.it.2013.04.004.

[14] Netea MG, Dominguez-Andrés ], Barreiro LB, Chavakis T, Divangahi M, Fuchs E,
et al. Defining trained immunity and its role in health and disease. Nat Rev
Immunol 2020;173:89. doi:10.1038/s41577-020-0285-6.

[15] World Health Organization Global Tuberculosis Report 2023. WHO; 2023.

[16] Martin C. The dream of a vaccine against tuberculosis; new vaccines improv-
ing or replacing BCG? Eur Respir ] 2005;26:162-7. doi:10.1183/09031936.05.
00109904.

[17] Mcshane H, Williams A. A review of preclinical animal models utilised for TB
vaccine evaluation in the context of recent human efficacy data. Tuberculosis
(Edinburgh, Scotland) 2014;94:105-10. doi:10.1016/j.tube.2013.11.003.

[18] Walker KB, Guo M, Guo Y, Poecheim ], Velmurugan K, Schrager LK. Novel ap-
proaches to preclinical research and TB vaccine development. Tuberculosis (Ed-
inburgh, Scotland) 2016;99:512-15. doi:10.1016/j.tube.2016.05.012.

[19] Young D, Dye C. The development and impact of tuberculosis vaccines. Cell
2006;124:683-7. doi:10.1016/j.cell.2006.02.013.

[20] Kaufmann SHE. Is the development of a new tuberculosis vaccine possible?
Nat Med 2000;6:955-60. doi:10.1038/79631.

[21] Williams A, Hatch GJ, Clark SO, Gooch KE, Hatch KA, Hall GA, et al. Evaluation
of vaccines in the EU TB Vaccine Cluster using a guinea pig aerosol infection
model of tuberculosis. Tuberculosis 2005;85:29-38. doi:10.1016/j.tube.2004.09.
009.

[22] Kaufmann SHE, Dockrell HM, Drager N, Ho MM, Mcshane H, Neyrolles O, et al.
TBVAC2020: advancing tuberculosis vaccines from discovery to clinical devel-
opment. Front Immunol 2017;8:1203. doi:10.3389/fimmu.2017.01203.

[23] Ginsberg AM, Ruhwald M, Mearns H, Mcshane H. TB vaccines in clinical devel-
opment. Tuberculosis 2016;99:516-20. doi:10.1016/j.tube.2016.05.013.

[24] Groschel MI, Sayes F, Shin SJ, Frigui W, Pawlik A, Orgeur M, et al. Recombi-
nant BCG expressing ESX-1 of mycobacterium marinum combines low viru-
lence with cytosolic immune signaling and improved TB protection. Cell Rep
2017;18:2752-65. doi:10.1016/j.celrep.2017.02.057.

[25] White AD, Tran AC, Sibley L, Sarfas C, Morrison AL, Lawrence S, et al. Spore-FP1
tuberculosis mucosal vaccine candidate is highly protective in guinea pigs but
fails to improve on BCG-conferred protection in non-human primates. Front
Immunol 2023;14:1246826. doi:10.3389/fimmu.2023.1246826.

[26] Smith AA, Su H, Wallach ], Liu Y, Maiello P, Borish HJ, et al. A BCG kill switch
strain protects against mycobacterium tuberculosis in mice and non-human
primates with improved safety and immunogenicity. Nat Microbiol 2025:1-14.
doi:10.1038/s41564-024-01895-4.

[27] Plumlee CR, Duffy FJ, Gern BH, Delahaye JL, Cohen SB, Stoltzfus CR, et al.
Ultra-low dose aerosol infection of mice with mycobacterium tuberculosis
more closely models Human tuberculosis. Cell Host Microbe 2021;29:68-82
e5. doi:10.1016/j.chom.2020.10.003.

[28] Lai R, Gong DN, Williams T, Ogunsola AF, Cavallo K, Arlehamn CSL, et al.
Host genetic background is a barrier to broadly effective vaccine-mediated
protection against tuberculosis. J Clin Investig 2023;133:e167762. doi:10.1172/
jci167762.

[29] Schrager LK, Vekemens ], Drager N, Lewinsohn DM, Olesen OF. Review the sta-
tus of tuberculosis vaccine development. Lancet Infect Dis 2020:1-10. doi:10.
1016/s1473-3099(19)30625-5.

[30] Martin C, Aguilo N, Marinova D, Gonzalo-Asensio ]J. Update on TB vaccine
pipeline. Appl Sci (Switzerland) 2020;10. doi:10.3390/app10072632.

[31] Tameris MD, Hatherill M, Landry BS, Scriba TJ, Snowden MA, Lockhart S, et al.
Safety and efficacy of MVA85A, a new tuberculosis vaccine, in infants previ-
ously vaccinated with BCG: a randomised, placebo-controlled phase 2b trial.
Lancet 2013;381:1021-8. doi:10.1016/s0140-6736(13)60177-4.

(7

[8

[m5G;March 24, 2026;1:0]

International Journal of Infectious Diseases xxx (XXXX) XXx

[32] Verreck FAW, Vervenne RAW, Kondova I, van Kralingen KW, Remarque EJ,
Braskamp G, et al. MVA.85A boosting of BCG and an attenuated, phoP deficient
M. tuberculosis vaccine both show protective efficacy against tuberculosis in
rhesus macaques. PLoS One 2009;4:e5264. doi:10.1371/journal.pone.0005264.

[33] Tameris M, Mcshane H, McClain JB, Landry B, Lockhart S, Luabeya AKK, et al.
Lessons learnt from the first efficacy trial of a new infant tuberculosis vac-
cine since BCG. Tuberculosis (Edinburgh, Scotland) 2013;93:143-9. doi:10.1016/
j.tube.2013.01.003.

[34] Meeren OVD, Hatherill M, Nduba V, Wilkinson R], Muyoyeta M, Brakel EV,
et al. Phase 2b controlled trial of M72/ASO1E vaccine to prevent tuberculosis.
N Engl ] Med 2018;379:1621-34. doi:10.1056/nejmoa1803484.

[35] Tait DR, Hatherill M, Meeren OVD, Ginsberg AM, Brakel EV, Salaun B, et al.
Final analysis of a trial of M72/ASO1E vaccine to prevent tuberculosis. N Engl |
Med 2019. doi:10.1056/nejmoa1909953.

[36] Kamath AT, Fruth U, Brennan MJ, Dobbelaer R, Hubrechts P, Ho MM, et al. New
live mycobacterial vaccines: the Geneva consensus on essential steps towards
clinical development. Vaccine 2005;23:3753-61. doi:10.1016/j.vaccine.2005.03.
001.

[37] Walker KB, Brennan MJ], Ho MM, Eskola ], Thiry G, Sadoff ], et al. The sec-
ond Geneva Consensus: recommendations for novel live TB vaccines. Vaccine
2010;28:2259-70. doi:10.1016/j.vaccine.2009.12.083.

[38] Wilson L, Gracie L, Kidy F, Thomas GN, Nirantharakumar K, Greenfield S, et al.
Safety and efficacy of tuberculosis vaccine candidates in low- and middle-
income countries: a systematic review of randomised controlled clinical trials.
Bmc Infect Dis 2023;23:120. doi:10.1186/s12879-023-08092-4.

[39] Dijkman K, Lindenstrem T, Rosenkrands I, See R, Woodworth ]S, Arlehamn CSL,
et al. A protective, single-visit TB vaccination regimen by co-administration
of a subunit vaccine with BCG. Npj Vaccines 2023;8:66. doi:10.1038/
s41541-023-00666-2.

[40] Choi YH, Kang YA, Park K], Choi JC, Cho KG, Ko DY, et al. Safety and immuno-
genicity of the ID93 + GLA-SE tuberculosis vaccine in BCG-vaccinated healthy
adults: a randomized, double-blind, placebo-controlled phase 2 trial. Infect Dis
Ther 2023;12:1605-24. doi:10.1007/s40121-023-00806-0.

[41] Lu ], Chen B, Wang G, Fu L, Shen X, Su C, et al. Recombinant tuberculosis vac-
cine AEC/BC02 induces antigen-specific cellular responses in mice and pro-
tects guinea pigs in a model of latent infection. J Microbiol Immunol Infect
2015;48:597-603. doi:10.1016/j.jmii.2014.03.005.

[42] Tkachuk AP, Bykonia EN, Popova LI, Kleymenov DA, Semashko MA, Chu-
lanov VP, et al. Safety and immunogenicity of the GamTBvac, the recombi-
nant subunit tuberculosis vaccine candidate: a phase II, multi-center, double-
blind, randomized, placebo-controlled study. Nato Adv Sci Inst Se 2020;8:652.
doi:10.3390/vaccines8040652.

[43] Vierboom MPM, Chenine AL, Darrah PA, Vervenne RAW, Boot C, Hof-
man SO, et al. Evaluation of heterologous prime-boost vaccination strate-
gies using chimpanzee adenovirus and modified vaccinia virus for TB sub-
unit vaccination in rhesus macaques. Npj Vaccines 2020;5 39-12. doi:10.1038/
s41541-020-0189-2.

[44] Sable SB, Posey JE, Scriba TJ. Tuberculosis vaccine development: progress
in clinical evaluation. Clin Microbiol Rev 2019;33:16076. doi:10.1128/cmr.
00100-19.

[45] Jeyanathan M, Fritz DK, Afkhami S, Aguirre E, Howie K], Zganiacz A, et al.
Aerosol delivery, but not intramuscular injection, of adenovirus-vectored tu-
berculosis vaccine induces respiratory-mucosal immunity in humans. JCI In-
sight 2022;7:e155655. doi:10.1172/jci.insight.155655.

[46] Sergeeva M, Romanovskaya-Romanko E, Zabolotnyh N, Pulkina A, Vasilyev K,
Shurigina AP, et al. Mucosal influenza vector vaccine carrying TB10.4 and HspX
antigens provides protection against mycobacterium tuberculosis in mice and
Guinea pigs. Vaccines 2021;9:394. doi:10.3390/vaccines9040394.

[47] Munseri P, Said J, Amour M, Magohe A, Matee M, Rees CA, et al. DAR-901 vac-
cine for the prevention of infection with mycobacterium tuberculosis among
BCG-immunized adolescents in Tanzania: a randomized controlled, double-
blind phase 2b trial. Vaccine 2020;38:7239-45. doi:10.1016/j.vaccine.2020.09.
055.

[48] Nell AS, D’lom E, Bouic P, Sabaté M, Bosser R, Picas ], et al. Safety, tolerability,
and immunogenicity of the novel antituberculous vaccine RUTI: randomized,
placebo-controlled phase II clinical trial in patients with latent tuberculosis
infection. PLoS One 2014;9:e89612. doi:10.1371/journal.pone.0089612.

[49] Singh M, Mehendale S, Guleria R, Sarin R, Tripathy S, Gangakhedkar RR, et al.
PreVenTB trial: protocol for evaluation of efficacy and safety of two vac-
cines VPM1002 and Immuvac (Mw) in preventing tuberculosis (TB) in healthy
household contacts of newly diagnosed sputum smear-positive pulmonary TB
patients: phase III, randomised, double-blind, three-arm placebo-controlled
trial. BMJ Open 2024;14:e082916. doi:10.1136/bmjopen-2023-082916.

[50] Cotton MF, Madhi SA, Luabeya AK, Tameris M, Hesseling AC, Shenje ], et al.
Safety and immunogenicity of VPM1002 versus BCG in South African newborn
babies: a randomised, phase 2 non-inferiority double-blind controlled trial.
Lancet Infect Dis 2022. doi:10.1016/s1473-3099(22)00222-5.

[51] Arbues A, Aguilo JI, Gonzalo-Asensio J, Marinova D, Uranga S, Puentes E, et al.
Construction, characterization and preclinical evaluation of MTBVAC, the first
live-attenuated M. tuberculosis-based vaccine to enter clinical trials. Vaccine
2013;31:4867-73. doi:10.1016/j.vaccine.2013.07.051.

[52] Luabeya AKK, Rozot V, Imbratta C, Ratangee F, Shenje ], Tameris M,
et al. Live-attenuated Mycobacterium tuberculosis vaccine, MTBVAC, in adults
with or without M tuberculosis sensitisation: a single-centre, phase 1b-2a,
double-blind, dose-escalation, randomised controlled trial. Lancet Glob Heal
2025;13:e1030-42. doi:10.1016/s2214-109x(25)00046-4.


https://doi.org/10.1038/nrmicro2668
https://doi.org/10.1038/nature10124
https://doi.org/10.1038/s41577-020-penalty -@M 00479-7
https://doi.org/10.1093/cid/penalty -@M cit790
https://doi.org/10.1016/j.lanmic.2024.100961
https://doi.org/10.1126/science.284.5419.1520
https://doi.org/10.1073/pnas.0700869104
https://doi.org/10.1016/s1473-3099(21)00403-5
https://doi.org/10.1093/infdis/jir240
https://doi.org/10.1016/j.it.2013.04.004
https://doi.org/10.1038/s41577-020-0285-6
http://refhub.elsevier.com/S1201-9712(26)00148-7/sbref0015
https://doi.org/10.1183/09031936.05.00109904
https://doi.org/10.1016/j.tube.2013.11.003
https://doi.org/10.1016/j.tube.2016.05.012
https://doi.org/10.1016/j.cell.2006.02.013
https://doi.org/10.1038/79631
https://doi.org/10.1016/j.tube.2004.09.009
https://doi.org/10.3389/fimmu.2017.01203
https://doi.org/10.1016/j.tube.2016.05.013
https://doi.org/10.1016/j.celrep.2017.02.057
https://doi.org/10.3389/fimmu.2023.1246826
https://doi.org/10.1038/s41564-024-01895-4
https://doi.org/10.1016/j.chom.2020.10.003
https://doi.org/10.1172/jci167762
https://doi.org/10.1016/s1473-3099(19)30625-5
https://doi.org/10.3390/app10072632
https://doi.org/10.1016/s0140-6736(13)60177-4
https://doi.org/10.1371/journal.pone.0005264
https://doi.org/10.1016/j.tube.2013.01.003
https://doi.org/10.1056/nejmoa1803484
https://doi.org/10.1056/nejmoa1909953
https://doi.org/10.1016/j.vaccine.2005.03.001
https://doi.org/10.1016/j.vaccine.2009.12.083
https://doi.org/10.1186/s12879-023-08092-4
https://doi.org/10.1038/s41541-023-00666-2
https://doi.org/10.1007/s40121-023-00806-0
https://doi.org/10.1016/j.jmii.2014.03.005
https://doi.org/10.3390/vaccines8040652
https://doi.org/10.1038/s41541-020-0189-2
https://doi.org/10.1128/cmr.00100-19
https://doi.org/10.1172/jci.insight.155655
https://doi.org/10.3390/vaccines9040394
https://doi.org/10.1016/j.vaccine.2020.09.055
https://doi.org/10.1371/journal.pone.0089612
https://doi.org/10.1136/bmjopen-2023-082916
https://doi.org/10.1016/s1473-3099(22)00222-5
https://doi.org/10.1016/j.vaccine.2013.07.051
https://doi.org/10.1016/s2214-109x(25)00046-4

JID: JID

C. Martin, J. Gonzalo-Asensio, N. Aguilé et al.

[53] Tameris M, Rozot V, Imbratta C, Geldenhuys H, Mendelsohn SC, Luabeya AKK,
et al. Safety, reactogenicity, and immunogenicity of MTBVAC in infants: a
phase 2a randomised, double-blind, dose-defining trial in a TB endemic set-
ting. eBioMedicine 2025;114:105628. doi:10.1016/j.ebiom.2025.105628.

[54] Martin C, Marinova D, Aguil6é N, Gonzalo-Asensio J. MTBVAC, a live TB vaccine
poised to initiate efficacy trials 100 years after BCG. Vaccine 2021. doi:10.1016/
j.vaccine.2021.06.049.

[55] Voss CJD, Korompis M, Li S, Ateere A, McShane H, Stylianou E. Novel mRNA
vaccines induce potent immunogenicity and afford protection against tubercu-
losis. Front Immunol 2025;16:1540359. doi:10.3389/fimmu.2025.1540359.

[56] Fredsgaard-Jones T, Harris SA, Morrison H, Ateere A, Nassanga B, Ramon RL,
et al. A dose escalation study to evaluate the safety of an aerosol BCG infec-
tion in previously BCG-vaccinated healthy human UK adults. Front Immunol
2024;15:1427371. doi:10.3389/fimmu.2024.1427371.

[57] Gbesemete D, Ramasamy MN, Ibrahim M, Hill AR, Raud L, Ferreira DM, et al.
Efficacy, immunogenicity, and safety of the live attenuated nasal pertussis vac-
cine, BPZE1, in the UK: a randomised, placebo-controlled, phase 2b trial using
a controlled human infection model with virulent Bordetella pertussis. Lancet
Microbe 2025;6:101211. doi:10.1016/j.lanmic.2025.101211.

[58] Seshadri C, Flynn JL, Maiello P, Schnappinger D, Wilkinson R], Gordon SB, et al.
Controlled human infection with mycobacterium tuberculosis: practical con-
siderations for clinical trials. Lancet Microbe 2026:101278. doi:10.1016/j.lanmic.
2025.101278.

[59] Marshall JL, Satti I, Surakhy M, Harris SA, Morrison H, Wittenberg RE,
et al. Early mucosal responses following a randomised controlled human
inhaled infection with attenuated mycobacterium bovis BCG. Nat Commun
2025;16:4989. doi:10.1038/s41467-025-60285-4.

[60] Nemes E, Geldenhuys H, Rozot V, Rutkowski KT, Ratangee F, Bilek N, et al. Pre-
vention of M. tuberculosis infection with H4:1C31 vaccine or BCG revaccination.
N Engl ] Med 2018;379:138-49. doi:10.1056/nejmoal714021.

[61] Schmidt AC, Fairlie L, Hellstrom E, Kany ALK, Middelkoop K, Naidoo K, et al.
BCG revaccination for the prevention of mycobacterium tuberculosis infection.
N Engl ] Med 2025;392:1789-800. doi:10.1056/nejmoa2412381.

[m5G;March 24, 2026;1:0]

International Journal of Infectious Diseases xxx (XXXX) XXx

[62] Borges AH, Russell M, Tait D, Scriba TJ, Nemes E, Skallerup P, et al.
Immunogenicity, safety, and efficacy of the vaccine H56:1C31 in reducing
the rate of tuberculosis disease recurrence in HIV-negative adults success-
fully treated for drug-susceptible pulmonary tuberculosis: a double-blind,
randomised, placebo-controlled, phase 2b trial. Lancet Infect Dis 2025. doi:10.
1016/s1473-3099(24)00814-4.

[63] Churchyard GJ, Houben RMG], Fielding K, Fiore-Gartland AL, Esmail H,
Grant AD, et al. Implications of subclinical tuberculosis for vaccine trial design
and global effect. Lancet Microbe 2024:100895. doi:10.1016/s2666-5247(24)
00127-7.

[64] Behr MA, Edelstein PH, Ramakrishnan L. Revisiting the timetable of tuberculo-
sis. BMJ (Clinical Research Ed) 2018;362:k2738. doi:10.1136/bmj.k2738.

[65] Behr MA, Kaufmann E, Duffin ], Edelstein PH, Ramakrishnan L. Latent tuber-
culosis: two centuries of confusion. Am ] Resp Crit Care 2021;204:142-8.
doi:10.1164/rccm.202011-4239pp.

[66] Behr MA, Edelstein PH, Ramakrishnan L. Rethinking the burden of latent tu-
berculosis to reprioritize research. Nat Microbiol 2024;9:1157-8. doi:10.1038/
s41564-024-01683-0.

[67] Mpande CAM, Musvosvi M, Rozot V, Mosito B, Reid TD, Schreuder C, et al.
Antigen-specific T cell activation distinguishes between recent and remote tu-
berculosis infection. Am J Respir Crit Care Med 2021;203(12):1556-65. doi:10.
1164/rccm.202007-26860c.

[68] Cobelens F, Pelzer PT, Churchyard GJ, Garcia-Basteiro A, Hatherill M, Hill PC,
et al. Sample size efficiency of restricting participation in tuberculosis vac-
cine trials to interferon-gamma release assay-positive participants. Vaccine
2025;61:127301. doi:10.1016/j.vaccine.2025.127301.

[69] Andrews JR, Charalambous S, Churchyard G, Cobelens F, Ferndndez-Escobar C,
Frick M, et al. The participation of people deprived of liberty in tuberculosis
vaccine trials: should they be protected from research, or through research?
Lancet Infect Dis 2025;25:e722-9. doi:10.1016/s1473-3099(25)00305-6.

[70] Franco-Paredes C, Lammoglia L, Santos-Preciado JI. The Spanish royal philan-
thropic expedition to bring smallpox vaccination to the New World and Asia
in the 19th century. Clin Infect Dis 2005;41:1285-9. doi:10.1086/496930.


https://doi.org/10.1016/j.ebiom.2025.105628
https://doi.org/10.1016/j.vaccine.2021.06.049
https://doi.org/10.3389/fimmu.2025.1540359
https://doi.org/10.3389/fimmu.2024.1427371
https://doi.org/10.1016/j.lanmic.2025.101211
https://doi.org/10.1016/j.lanmic.2025.101278
https://doi.org/10.1038/s41467-025-60285-4
https://doi.org/10.1056/nejmoa1714021
https://doi.org/10.1056/nejmoa2412381
https://doi.org/10.1016/s1473-3099(24)00814-4
https://doi.org/10.1016/s2666-5247(24)00127-7
https://doi.org/10.1136/bmj.k2738
https://doi.org/10.1164/rccm.202011-4239pp
https://doi.org/10.1038/s41564-024-01683-0
https://doi.org/10.1164/rccm.202007-2686oc
https://doi.org/10.1016/j.vaccine.2025.127301
https://doi.org/10.1016/s1473-3099(25)00305-6
https://doi.org/10.1086/496930

	Toward tuberculosis elimination: An update on tuberculosis vaccines in clinical trials
	TB vaccine candidates from preclinical to clinical
	Recent milestones in TB vaccines: lessons learned from MVA85A and M72/AS01E clinical trials
	TB vaccine pipeline in clinical development: platform diversity
	How to accelerate TB vaccine clinical trials: implications for public health policy, regulation, and elimination strategies
	Rethinking QuantiFERON® (QFT)-based enrolment strategies in TB vaccine trials
	Extending trial inclusion to populations at highest risk
	From efficacy to impact: translating TB vaccines into elimination
	Declaration of generative AI and AI-assisted technologies in the manuscript preparation process
	Ethical approval
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


