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ABSTRACT

Tuberculosis (TB) remains a major global health burden, causing more than 10 million new cases and 1.6
million deaths each year. Currently, the only approved TB vaccine in use in humans, is the one hundred
years old vaccine, BCG, an attenuated vaccine derived from an isolate of Mycobacterium bovis that causes
TBin cattle. BCG shows a variable efficacy in preventing pulmonary forms of the disease in humans, so new
vaccines are needed to help stop TB transmission. Among the 15 diverse TB vaccine candidates in clinical
trials, MTBVAC is the only one based on rational attenuation of a human clinical isolate of Mycobacterium
tuberculosis, which contains the largest number of antigens of the TB vaccine candidates in the pipeline.
MTBVAC was designed and constructed as a response to the need to confer a better TB protection in terms
of pulmonary disease prevention in newborns, adolescents, and adults. This review aims to provide an
overview of the preclinical and clinical development of MTBVAC to the present. We will focus on the
clinical development of MTBVAC, and we will compare it with other TB vaccine candidates currently in

Phase 3 efficacy trials.

© 2023 The Authors. Published by Elsevier Espaiia, S.L.U. on behalf of SEPAR. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Tuberculosis (TB) is an infectious disease that ranks among the
leading causes of death worldwide. Its causative agent is Mycobac-
terium tuberculosis, also known as the Koch bacillus, discovered by
Robert Kochin 1882.! Scientific community has extensively studied
TB, revealing the early-stage relationship between the develop-
ment of the disease and the immune status of patients.?

A significant part of the bacillus’ infectivity is due to its person-
to-person transmission through the respiratory route. Transmitted
through aerosols, these deposit in the pulmonary alveoli, where
they infect alveolar macrophages.? The lung is the primary target
organ of M. tuberculosis, although 10-20% of immunocompetent
patients develop extrapulmonary forms of the disease, a figure that
increases to 60% in immunocompromised patients.*

Before the arrival of the pandemic caused by the SARS-CoV-2
coronavirus (COVID-19), TB was the leading cause of death caused
by a single infectious pathogen, surpassing HIV/AIDS, and malaria.
It is estimated that a quarter of the global population (more than
two billion people worldwide) is infected with M. tuberculosis,
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although only 5-10% will develop the disease throughout their life.>
Furthermore, due to its high prevalence in developing countries,
transmission appears to be related to migratory movements, as well
as contexts of poverty and overcrowding.®”’

One of the most pressing aspects is the increasing resistance
cases of TB, reflected in the emergence of multidrug-resistant
(MDR-TB) TB that does not respond to at least isoniazid and
rifampicin, the 2 most powerful anti-TB drugs and extensively
drug-resistant (XDR-TB) MDR TB that is resistant to isoniazid
and rifampin, plus any fluoroquinolone and at least one of three
injectable second-line drugs (i.e., amikacin, kanamycin, or capre-
omycin) M. tuberculosis strains. This has led to the need to find new
ways to combat the disease with better diagnosis of TB, increased
discovery of new drugs, shortening treatment time and decreasing
transmission, particularly through preventive measures.%°

Currently, vaccination is considered the most cost-effective
measure in preventing a disease and the development of resis-
tance to its treatment.’ The only licensed vaccine for TB prevention
is Bacillus Calmette-Guérin (BCG) vaccine, which is based on
the attenuation of Mycobacterium bovis originally isolated from
cattle.'® First administered over a century ago, the World Health
Organisation (WHO) recommends its use in countries with inci-
dence higher than 10 TB cases per 100,000 population per year.'!
BCG provides protection with an efficacy rate of 60-80% against

0300-2896/© 2023 The Authors. Published by Elsevier Espafia, S.L.U. on behalf of SEPAR. This is an open access article under the CC BY license (http://creativecommons.org/
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meningeal and miliary TB, which are disseminated and aggressive
forms of the disease that occur during childhood.'? However, clini-
cal trials have shown variable efficacy preventing pulmonary forms,
the transmissible form of the disease, especially in adolescents
and adults.®'3 BCG has been shown to provide protection against
TB for up to 10-15 years post-vaccination.'# Several hypotheses
have been proposed to explain this variation in efficacy, includ-
ing the variability between different BCG strains, dosage, route of
administration,'® patient’s genetic profile, nutritional status,'6.17
viral or helminthic infections,'® and exposure to environmental
mycobacteria'”'® or geographical variation.'?

During the subcultivation process of BCG attenuation between
1908 and 1921, more than 100 additional genes were lost from
BCG relative to M. tuberculosis. Among them, deletion of Region of
Difference 1 (RD1). Many authors attribute the limited efficacy of
BCG to its antigenic composition, insufficiently related to that of
M. tuberculosis. BCG lacks 23-28% of the CD4 epitopes present in
the pathogen,'® including ESAT6 and CFP10 coded in RD1, which is
present in M. tuberculosis and absent in BCG, being mainly respon-
sible for the attenuation of BCG.!?

Currently, there are 15 different candidates in clinical trials in
the global TB vaccine pipeline, which are included in Fig. 1 of this
article.>0

Studies on subunit vaccine candidate M72/AS01¢ have shown
promising results, demonstrating its ability to reduce the risk of
developing active disease in individuals previously infected with M.
tuberculosis, achieving disease prevention (POD) in approximately
50% of the volunteers studied.?!

Therefore, the need for new vaccines to improve BCG pro-
tection led to the development of several candidates, including
(Mycobacterium Tuberculosis Vaccine (MTBVAC), based on the
rational attenuation of M. tuberculosis. Developed by the Univer-
sity of Zaragoza (Spain) in collaboration with the Pasteur Institute
(France), MTBVAC has demonstrated the ability to induce a com-
prehensive, pathogen-specific immune response superior to the
current BCG vaccine in different animal models (Martin et al.,
2021). Since 2008, the Spanish biopharmaceutical company Bio-
fabri has been the industrial partner of the University of Zaragoza
and responsible for the clinical and industrial development of the
vaccine in collaboration with TuBerculosis Vaccine Initiative (TBVI)
and US International AIDDS Vaccine Initiative (IAVI). Currently,
MTBVAC is progressing with its Phase 3 efficacy trial in newborns
in Sub-Saharan Africa.’

Methodology

A scoping review of international publications over the last 20
years was conducted to cover the complete development of MTB-
VAC. A literature search was performed in the PubMed database
using the key terms “Tuberculosis”, “Prevention and control”, “Vac-
cines”, “Attenuated vaccines” and “MTBVAC”. After selecting the
articles and removing duplicates, a first screening phase was con-
ducted by reading the abstract, followed by a second phase of
reading the full text to exclude irrelevant articles. During the review
process, a couple of articles were added based on citation identifi-
cation.

Additionally, multiple searches were conducted in the Clin-
icalTrials.gov database to determine the status of clinical trials
associated with each referenced vaccine.

Mycobacterium tuberculosis vaccine: MTBVAC

MTBVAC has been designed and constructed with the aim of
providing better protection than the current BCG against respira-
tory forms of the disease. In its conception we have considered the
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experience of 100 years of BCG use, both being live attenuated vac-
cines, can be administered intradermally in a single dose and the
same distribution and storage methods can be used. MTBVAC aims
to be a universally accessible and affordable vaccine for countries
with the highest TB burden that protects better than BCG against
pulmonary TB. MTBVAC is postulated as a preventive vaccine with
better protection than BCG at birth, and as a revaccination strat-
egy in adolescents and adults previously vaccinated with BCG in
TB-endemic countries.??

MTBVAC was constructed by rationally attenuating a clinical
isolate of M. tuberculosis Mt103, belonging to Lineage 4 (Euro-
American), one of the most globally widespread modern lineages
of M. tuberculosis.”> According to the first Geneva consensus pub-
lished in 2005,2* it was designed based on the construction of a
strain of M. tuberculosis with two stable and independent genetic
deletions without antibiotic resistance markers, located in the phoP
and fadD26 genes, conferring a PhoP-/PDIM-phenotype to MTBVAC,
and maintaining the rest of the antigens present in the bacillus and
absent in the current BCG vaccine.?> Today MTBVAC is the only
vaccine based on the attenuation of M. tuberculosis itself.26:27

PhoPR is a two-component signal transduction system that is
highly relevant to the pathogenesis of M. tuberculosis. PhoP acts
as a transcriptional regulator of a wide variety of genes related to
functions involved in the pathogenicity of the bacillus, controlling
up to 2% of its genome.?®29 PhoPR was identified as a major fac-
tor of virulence in TB while studying an MDR-TB outbreak caused
by a M. bovis strain that showed an increased expression of phoP
gene due to an insertion sequence IS6110. This MDR-TB outbreak
resulted in more than a hundred deaths in Spain during the 1990s,
primarily among AIDS patients before triple therapy against HIV
was implemented.6

PhoPR controls the biosynthesis of several lipid components of
the cell wall, such as diacyltrehalose (DAT), polyacyltrehalose (PAT)
and sulfolipids (SL), responsible for inhibiting the host’s innate
response and inducing a productive cough that facilitates the trans-
mission of the pathogen.?? In turn, it regulates the expression of
ESX-1, responsible for the secretion of the virulence factor ESAT6,2°
which when secreted inhibits autophagy, a mechanism responsi-
ble for the destruction of the intracellular pathogens, and induces
apoptosis of infected cells, facilitating the spread of the bacillus
between cells.?! Finally, PhoPR acts on a small RNA strand (mcr7),
which represses the translation of tatC, a protein belonging to the
TAT (Twin Arginine Translocation) system, responsible for antigen
secretion, thus reducing the secretion of Ag85A and Ag85C. MTB-
VAC, as a phoP deletion mutant, shows the absence of cell wall
components such as DAT, PAT, and SL. Furthermore, phoP dele-
tion inhibits ESAT6 secretion and increased secretion of Ag85 major
tuberculous antigens>%3! and increases production and secretion
of the second messenger c-di-AMP, which could be relevant for
enhancing the innate immune response of the host.3?

The fadD26 gene is responsible for the biosynthesis of lipid
components of the M. tuberculosis cell wall called phthiocerol dimy-
cocerosates (PDIMs) a major virulence factor in M. tuberculosis
strains. PDIMs function lies in the disruption of the phagosome,
in conjunction with the action of ESAT6, making them crucial for
the survival of the pathogen within the host. The absence of PDIMs
because of the deletion of fadD26 in MTBVAC increases the sus-
ceptibility of the pathogen to the innate immune response, as it is
unable to prevent the maturation of the phagosome, which leads
to death of the bacterium.2%3!

Preclinical studies on prototype vaccine SO2 and MTBVAC

The phoP gene was inactivated in a M. tuberculosis clinical iso-
late by insertion of a kanamycin resistance marker into it. The
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Fig. 1. TB vaccine pipeline according to WHO data.
Modified from the global clinical development pipeline new TB vaccines, September 2022, WHO TB Global report: https://www.who.int/teams/global-tuberculosis-programme/tb-

reports/global-tuberculosis-report-2022/tb-research-and-innovation.

resulting strain, called SO2, also contained a single mutation in
the PDIM locus, conferring it a PhoP- and PDIM-deficient dou-
ble phenotype. SO2 was used as a prototype TB vaccine candidate
(PDIM-deficient phoP mutant) in preclinical animal models to study
attenuation and protection against TB challenge.2>3233 SO2 pre-
clinical studies confirmed a superior attenuation profile to BCG,>*
as well as better protection in guinea pigs>> (Table 1). SO2 did not
meet the Geneva Consensus criteria required to enter clinical trials,
due to the inactivation of PhoP through the insertion of an antibiotic
resistance marker and a single mutation in the fadD26 gene.
MTBVAC was constructed by two independent stable deletions
in phoP and fadD26 genes allowing, thereby enabling its pro-
gression into clinical development.2>27 Since then, MTBVAC has
demonstrated safety, protection, and immunogenicity compara-
ble to prototype SO2 in studies in mice, guinea pigs>> and rhesus

macaques.>%37 In addition, MTBVAC confers superior protection
to BCG in adult and neonatal mouse models® and guinea pigs??
(Table 2).

In 2012, MTBVAC vaccine candidate was approved for entry into
human clinical trials.

MTBVAC clinical trials

PHASE 1a. Dose-escalation study to assess the safety and
immunogenicity of MTBVAC vaccine compared to BCG vaccine

Between 2012 and 2014, a randomised, double-blind, BCG-
controlled clinical trial was conducted in Lausanne (Switzerland) to
assess the safety and local tolerability of MTBVAC in healthy adults
aged 18-45 years.>? Thirty-six (36) participants were randomised
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Table 1

Preclinical studies conducted with the SO2 vaccine prototype.
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Author (year)

Study

Aim

Results

Pérez E et al. (2001)*?

Williams A et al. (2005)**

Martin C et al. (2006)*°

Cardona PJ et al. (2009)*3

Verreck FAW et al. (2009)°

Evaluation of the role of phoP gene
in the virulence of M. tuberculosis

Evaluation of vaccines in the EU TB
vaccine cluster project in a guinea
pig aerosol infection model of TB

Evaluation of protective immunity
of SO2 against TB in mice and
guinea pigs

Extended safety studies of SO2 in

mice and guinea pigs

Evaluation of efficacy against TB in
Rhesus Macaques

To analyse how the presence and
activity of the phoP gene affects the
ability of the bacterium to cause
disease in the host

To evaluate the protection conferred
by TB vaccine candidates

To study safety and reactogenicity of
SO2 compared with parent strain M.
tuberculosis Mt103 and BCG.

To study safety profile, stability and
lack of toxicity, both in a pre- and
post-exposure model in mice and
Guinea pigs.

To evaluate immunogenicity and
protection against M. tuberculosis in
rhesus macaques

Mutations in the phoP gene
significantly weakened the bacterium’s
ability to survive and proliferate in the
host, suggesting that this gene is
crucial for the bacteria’s adaptation
and persistence in the human body

24 TB vaccines candidates were
studied. Several promising candidates
were identified including MVA Ag85
boosting BCG and SO2

SO2 proves to be more attenuated than
M. tuberculosis Mt103 and BCG And
higher CD4+ and CD8+
immunogenicity

S02 showed absence of toxicity and
stability of the phoP mutation

MVA.85A Boosting BCG and SO2 show
protection in non-human Primates

Table 2

Preclinical studies conducted with the MTBVAC vaccine.

Author (year)

Study

Aim

Results

Arbues A et al. (2013)*

Aguilo N et al. (2016)°8

Clark S et al. (2017)*?

Diaz C et al. (2019)*°

Pérez I et al. (2020)**

White AD et al.
(2021)%7

Pérez I et al. (2022)°

Construction, characterisation, and
preclinical evaluation of MTBVAC,
the first live-attenuated M.
tuberculosis-based vaccine to enter
clinical trials

Study of safety, immunogenicity,
and protective efficacy of MTBVAC
against M. tuberculosis in newborn
mice.

Study of revaccination BCG and
MTBVAC in Guinea Pigs.

Comparative Metabolomics
between M. tuberculosis and the
MTBVAC

Study MTBVAC representing the
three modern M. tuberculosis
lineages reveal that the
Euro-American genetic
background.

Protection study of intradermal
vaccination with MTBVAC in
rhesus macaques against aerosol
challenge with M. tuberculosis

Metabolomic study of MTBVAC

To describe the construction of
MTBVAC from the SO2 prototype and
preclinical evaluation following
Geneva consensus: two independent
deletions and non-antibiotic markers.
To assess the safety and
immunogenicity of MTBVAC in
newborn mice to support Phase 1b
trials in human neonates.

To study MTBVAC and BCG,
administered individually or in
combination.

To compare the differences between
metabolites produced by MTBVAC and
M. tuberculosis.

To evaluate the efficacy of the new
variants of MTBVAC (L2 and L3 strains)
compared to the original (L4 strain)
and determine whether MTBVAC can
protect against three modern strains.
To determine the protection of a single
intradermal dose of MTBVAC in rhesus
macaques and to characterise the
immune response for comparison with
that defined in both preclinical studies
in macaques and in human clinical
trials.

To analyse the expression of the second
messenger c-di-AMP in MTBVAC and
its impact on vaccine efficacy.

MTBVAC is functionally and phenotypically
comparable to SO2 in several animal models
studies prior to its entry into human clinical
trials.

MTBVAC is safe, immunogenic and protects
against M. tuberculosis and does not affect
developing organs in newborn mice.

MTBVAC improves BCG’s protection against M.
tuberculosis supporting strategy to boost the
effects of BCG vaccinated at birth in
adolescents and adults in TB-endemic
countries.

34 metabolites were identified, of which 25
were increased in MTBVAC and 9 in M.
tuberculosis.

All three variants of MTBVAC confer protection
against the disease irrespective of the
phylogenetic lineage used as the basis for their
construction. Greater protection is observed
for the variant based on the L4 lineage.
MTBVAC vaccination conferred significantly
improved protection against the BCG
vaccinated group and the non-vaccinated
group. Immunological profiles demonstrated a
predominantly Th1-type response that
correlated with results in clinical and
preclinical trials.

Deletion of phoP in MTBVAC induces increased
production of c-di-AMP, which influences
attenuation and efficacy, leading to an
increased IL-13-mediated immune response to
BCG.

into three cohorts, verifying its safety by progressively increas-
ing the MTBVAC dose [low-dose (5 x 103 CFU); intermediate-dose
(5 x 10% CFU); and high-dose (5 x 10° CFU)], in a 3:1 ratio. As pri-

mary objective of the study, MTBVAC showed a safety profile
comparable to BCG, with no serious adverse effects. MTBAVC was

shown to be at least as immunogenic as BCG with evidence of
dose-dependent induction of specific CD4+T cells (IFN-y+, TNF-a+,
IL-2+) in both groups, although the study sample did not allow for

adults

statistically significant differences. The results obtained suggested

that both BCG and MTBVAC predisposed to the development of a
central memory T-cell-mediated immune response, rather than an

824

effector memory T-cell-mediated response, the former being
essential for the maintenance of long-term immunological memory
with a greater tendency in MTBVAC*? (Fig. 2).

PHASE 1b. Dose-escalation study and immunogenicity study to
compare MTBVAC with BCG in neonates with a safety arm in

Between 2015 and 2018, a new trial was conducted in Worces-
ter, near Cape Town (South Africa) with the aim of evaluating
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2015

PHASE 1A
ClinicalTrials.gov:
NCT02013245

2012-2014
36 healthy volunteers

£

2016 2017 2018 2019

ClinicalTrials.gov:

NCT02729571
2015-2018 _h.

36 newborns
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2020 2021 2022 2023 2024 - 2029

PHASE 1B/2A

ClinicalTrials.gov:
NCT02933281

PHASE 2
ClinicalTrials.gov:
NCT05947890

2018-2021
144 adults

2023-...
HIV adolescents/adults

- m - — . ———-—-——---

ClinicalTrials.gov:
NCT03536117

2019-2022
99 newborns

Fig. 2. Clinical development of MTBVAC. (A) Clinical development in adolescents and adults. (B) Clinical development in newborns. Phase 1a (2012-2014). Phase 1b
(2015-2018). Phase 1b/2a (2018-2021). Phase 2a (2019-2022). Phase 3 (2022). Phase 2 (2023).

Modified and updated from Vaccine Martin et al. (2021).>°

the safety and immunogenicity of MTBVAC in newborns in a TB
endemic area.*! Prior to this, a safety arm of 18 adult participants
was developed in which participants were assigned to the MTBVAC
and BCG groups in a 1:1 ratio. Once the safety results of this cohort
were obtained, the study was conducted by distributing 36 new-
bornsina 3:1 ratio in three cohorts of progressive doses of MTBVAC
[low-dose (2.5 x 103 CFU); intermediate-dose (2.5 x 10* CFU); and
high-dose (2.5 x 10° CFU)].

The study showed that MTBVAC had an acceptable reactogenic-
ity profile, inducing as in the phase 1a trial, a dose-dependent
Th1 response mediated by polyfunctional CD4+ T cell. Thus, sig-
nificantly reduced responses were observed in the low-dose group
(2.5 x 103 CFU) and therefore this dose was discontinued in future
studies. On the other hand, statistically significant responses were
observed between the high-dose group (2.5 x 10> CFU) and the BCG
group. In addition, reduced frequencies of CD4+ Th17, Th22 and
CD8+ T lymphocytes were observed. High IFN-y conversion fre-
quencies were observed for the first time in the IGRA test, due to
cross-reactivity with CFP10 antigens*? that correspond with the
protection in animal models*? (Fig. 2).

PHASE 1b/2a. MTBVAC study in adults with and without latent TB
infection in South-Africa (A-050)

In 2018, MTBVAC initiated a Phase 1a/2b trial in South Africa
with the aim of defining the appropriate dose of inoculation, as well
as evaluating the safety and immunogenicity of MTBVAC in adults
with or without latent TB disease previously vaccinated with BCG

in childhood. For this purpose, 144 participants were selected and
distributed into 8 cohorts 1-4 those without TB disease and 5-8
those with TB disease. Progressive doses of MTBVAC were used:
5x 103 CFU in cohorts 1 and 5, 5 x 104 CFU in cohorts 2 and 6,
5 x 10° CFU in cohorts 3 and 7, 5 x 106 CFU in cohorts 4 and 8. The
study has been completed and the results are pending publication**
(Fig. 2).

PHASE 2a. Safety and immunogenicity study to define the dose of
MTBVAC in South African neonates

Finally, a concurrent Phase 2a trial was initiated in South Africa
in 2019 to define the appropriate dose of administration in new-
borns, evaluate the safety and immunogenicity of MTBVAC, as well
as to assess the frequency of IGRA test conversion, following the
results of the Phase 1b trial. 99 HIV-unexposed infants without BCG
vaccination were randomised into three cohorts in a 3:1 ratio [25
participants were assigned to each MTBVAC progressive dose group
(2.5 x 104 CFU, 2.5 x 105 CFU and 2.5 x 106 CFU) and 24 to the BCG
group]. The study has been completed and the results are pending
publication®® (Fig. 2).

PHASE 3. Efficacy, safety and immunogenicity evaluation of
MTBVAC in newborns in sub-Saharan Africa

Currently, as of September 2022, MTBVAC received partial fund-
ing through the European & Developing Countries Clinical Trials
Partnership (EDCTP2) to conduct a multi-centre Phase 3 efficacy

825
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Table 3

Studies of other indications and routes of administration of MTBAVC vaccine.
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Author (year)

Study

Aim

Results

Tarancén R et al. (2020)%2

Dijkman K et al. (2021)%*

Tarancén R et al. (2021)°!

Vierboom MPM et al.
(2021)%

Moreo E et al. (2022)%°

To study MTBVAC trained
immunity and protection against
experimental lethal pneumonia
compared to BCG in mouse model.

Pulmonary MTBVAC vaccination in
non-human primates

Therapeutic efficacy of pulmonary
live tuberculosis vaccines against
established asthma by subverting
local immune environment in
mouse model

Comparison standard intradermal
vaccination to pulmonary router in
non-human primates

Study of therapeutic MTBVAC
immunotherapy in a mouse model
of orthotopic bladder cancer.

To determine the ability of
MTBVAC to induce “trained
immunity” and offer protection
against a heterologous model of
pneumococcal pneumonia in mice.

To assess the impact of using
MTBVAC inoculated through the
respiratory mucosa in primates to
determine their ability to induce
adaptative immunity.

To evaluate the therapeutic efficacy
of intranasal administration of
vaccines based on live attenuated
mycobacteria in different models
of bronchial hyperresponsiveness.
To assess the impact of BCG and
MTBVAC inoculated through the
respiratory mucosa in primates to
determine their ability to induce
“trained immunity”.

To compare the efficacy of
anti-tumour treatment with
intravesical BCG versus intravesical
MTBVAC.

MTBVAC is able to generate metabolic and
immunomodulatory effects and epigenomic
modifications through mechanisms similar to
BCG, providing protection against
heterologous infections unrelated to TB, such
as Streptococcus pneumoniae.

Pulmonary vaccination with MTBVAC resulted
in a local antigen-specific response that has
previously been correlated with protection
against TB. Both T lymphocytes and antibodies
generated by the vaccine showed an enhanced
capacity to respond to M. tuberculosis.

Both BCG and MTBVAC can reverse bronchial
hyperresponsiveness in established asthma,
where there is high pre-vaccination
eosinophilia, by inducing a potent Th1-type
immune response.

The study showed stronger induction of
trained immunity by mucosal BCG or MTBVAC
administration compared with standard
intradermal route in monocytes present in
peripheral blood and bone marrow, with
inoculation.

MTBVAC acts as an antitumour treatment in
non-muscle-invasive bladder cancer refractory
to BCG treatment, and induce eradication of
fully established bladder tumours, largely due

to the expression of ESAT6 and CFP10.

trial in newborn babies. This is a randomised, double-blind, BGG-
controlled, multi-centre clinical trial, with the evaluation being
conducted in six different sites, four of them in South Africa for
efficacy study, one in Senegal and one in Madagascar for safety and
immunogenicity compared to BCG. The objective of this study is
to evaluate the safety, immunogenicity and, most importantly, the
efficacy of MTBVAC in healthy HIV-negative infants born to HIV-
positive or HIV-negative mothers. A total of 7120 participants are
expected to be recruited and randomised 1:1 to either the MTBVAC
or BCG group. Recruitment is currently underway, and the trial is
expected to end in September 202946 (Fig. 2).

Comparison of MTBVAC with other candidate vaccines in
PHASE 3

In addition to MTBVAC, other vaccine candidates are in Phase
3 of clinical development, such as VPM1002, GamTBvac, Immuvac
(MIP), and revaccination with BCG® (Fig. 1).

VPM1002 is a live attenuated vaccine based on recombinant
BCG that has demonstrated safety and immunogenicity in Phase
1 and 2a clinical trials. Its potential application as a post-exposure
immunisation technique in adults and as a preventive method for
TB in newborns is being studied.*” It was designed to stimulate the
CD8+ T cell-mediated response, resulting in an increase in IL-17
production.*8

GamTBvac is a subunit-based vaccine containing ESAT6-CFP10
antigens. GamTBvac has shown an acceptable safety profile
while inducing a specific and durable Th1 and humoral immune
response.*® This specific Th1 cellular response is mediated by
IFN-vy, with a better profile at medium doses, showing a progres-
sive increase in [FN-y production without a significant subsequent
decline in cytokine production over time.”?

The main difference between MTBVAC and the other candi-
date TB vaccines in Phase 3 is its larger antigen composition.
MTBVAC is the first and only vaccine candidate based on the
attenuation of M. tuberculosis in clinical trials.>! BCG was devel-
oped over a century ago through repeated subculture attenuation
of M. bovis.>! On the other hand, VPM1002 is a recombinant

BCG vaccine (BCGAureC::hly) in which the urease C gene has
been replaced by the coding gene (hly) of listeriolysin O from
Listeria monocytogenes.*’” Immuvac (MIP) is a vaccine based on
heat-killed Mycobacterium indicus pranii.® Finally, GamTBvac is a
recombinant subunit vaccine formed by the fusion of two mycobac-
terial antigens (Ag85A and ESAT6-CFP10) with the dextran-binding
domain immobilised on dextran, mixed with an adjuvant core con-
sisting of DEAE-dextran with CpG oligodeoxynucleotides (TLR9
antagonists).”2

Currently, the most reliable criterion for efficacy is the demon-
stration of disease prevention. Therefore, all the mentioned
vaccines are conducting trials to demonstrate their efficacy in this
regard.#6°3-55 Additionally, revaccination with BCG is conduct-
ing a study to demonstrate prevention of M. tuberculosis infection,
which is its primary indication.”® Furthermore, VPM1002 is study-
ing the prevention of M. tuberculosis infection®’ and the recurrence
of active TB disease (both pulmonary and extrapulmonary).>®

Another aspect to consider is the design of these studies in rela-
tion to their comparative efficacy with BCG, which is used as a
control in the trials as it is the only approved vaccine for human
use and therefore considered the gold standard. It is worth noting
that the studies of MTBVAC have been designed with the goal of
demonstrating superior efficacy to BCG, while other vaccines like
VPM1002 aim for non-inferiority, meaning the validation of possi-
ble alternatives without compromising the protection provided by
thereference vaccine. However, given the wide range of BCG formu-
lations, data should be interpreted carefully, avoiding extrapolation
of results from one formulation to other existing formulations.’

Additionally, both MTBVAC and GamTBvac express ESAT6-
CF10 antigens, which can result in cross reactivity with the IGRA
diagnostic test. Consequently, there is a need to develop new diag-
nostic techniques that reduce the number of false positives after
vaccination.?6-2

Finally, it is important to note that the administration of live
attenuated vaccines, such as MTBVAC, VPM 1002, or BCG, poses a
risk in individuals infected with HIV. Therefore, trials are being
planned to study the safety of theses vaccines in this population.??
A new study whose purpose is to evaluate the safety and
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immunogenicity of MTBVAC in adolescents and adults living with
and without HIV in South Africa (HVTN605A5421) is scheduled to
begin in early 2024.%°

Research priorities in other MTBVAC uses

After more than two decades of development, MTBVAC is start-
ing Phase 3 efficacy trial in newborns against TB disease. However,
its effects go beyond achieving TB prevention.25 In addition to
MTBVAC protection against TB, other uses that take advantage
of the non-specific effect of live attenuated vaccines are under
investigation in pre-clinical studies. Its potential as a treatment
for BCG-refractory non-muscle-invasive bladder cancer has been
demonstrated, stimulating a tumour-specific immune response
mediated by CD4+ and CD8+ T lymphocytes.5° Similarly, its abil-
ity to induce a Th1-type immune response, to the detriment of an
IgE-producing Th2 response, has demonstrated MTBVAC's ability
to reverse established asthma in mice.®! Furthermore, its capacity
to induce “trained immunity”6263 has been studied, which refers
to epigenetic changes in primary myeloid cells, enhancing the
immune response against non-bacterial stimuli and providing het-
erologous protection against Streptococcus pneumoniaeS? (Table 3).

On the other hand, its respiratory administration has been stud-
ied as an alternative route to the intradermal inoculation used in
most studies. In these cases, MTBVAC was able to induce a local
antigen-specific response that extended beyond the site of inocu-
lation and has been previously correlated with protection against
TB.5* The respiratory administration of MTBVAC could facilitate
universal vaccination in the future (Table 3).

Conclusions

MTBVAC emerged as a response to the need for a better preven-
tive strategy than BCG vaccination, given its variable efficacy. Based
on the attenuation of M. tuberculosis, MTBVAC showed an optimal
safety profile, as well as an adequate degree of reactogenicity and
immunogenicity in preclinical animal studies, which supported its
entry into human clinical trials in 2012. After 20 years of devel-
opment, MTBVAC has started Phase 3 clinical trial to evaluate its
efficacy in newborns, with plans for a further trial in adolescents
and adults in the future.

While it is not the only candidate to have reached this point,
its properties and proven potential over the years make it a very
promising candidate.

Conflict of interest

C.M. is co-inventor on a patent on Tuberculosis Vaccine held
by the University of Zaragoza and Biofabri. Biofabri is an industrial
partner of University of Zaragoza and exclusive licensee and indus-
trial and clinical developer of MTBVAC. The authors declare that
they have no other known competing financial interests or per-
sonal relationships that could have appeared to influence the work
reported in this paper.

Acknowledgments

The construction and development of MTBVAC has been con-
tinuously financed by Spanish research projects over the last 25
years and European Union R&D projects. The MTBVAC vaccine
project is in ongoing collaboration with Biofabri and the TuBer-
culosis Vaccine Initiative (TBVI) and the US International AIDS
Vaccine Initiative (IAVI). Phase 1b/2a in BCG-vaccinated adoles-
cents and adults with and without prior M. tuberculosis infection
is conducted in collaboration with IAVI and financed by funds from

Archivos de Bronconeumologia 59 (2023) 821-828

the NIH and CDRMP of the United States government. Phase 2 dose-
defining clinical trial in newborns is funded by the European Union:
The European & Developing Countries Clinical Trials Partnership
EDCTP2 “RIA-2016-V-1637” MTBVACN2. EDCTP2 has granted fund-
ing for MTBVAC Phase 3 efficacy trial through “RIA2019S-2652"
MTBVACNS3 Efficacy trial: “MTBVAC in Newborns: Randomised,
Double-blind Controlled Phase 3 Trial to evaluate the Efficacy,
Safety and Immunogenicity of MTBVAC administered in healthy
HIV unexposed uninfected and HIV exposed uninfected newborns
in Tuberculosis-Endemic Regions of Sub-Saharan Africa.”

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.arbres.2023.09.009.

References

1. Bonilla Poma WC, Jaramillo Salazar JC, Roca Mendoza RA, Borja Guzman
ME. Infeccion por Mycobacterium tuberculosis. Diagnéstico y tratamiento.
2021;5:82-90. Recimundo.

2. Cardona PJ. Pathogenesis of tuberculosis and other mycobacteriosis. Enferm
Infecc Microbiol Clin (Engl Ed). 2018;36:38-46.

3. Rahlwes KC, Dias BRS, Campos PC, Alvarez-Arguedas S, Shiloh MU. Pathogenicity
and virulence of Mycobacterium tuberculosis. Virulence. 2023;14:2150449.

4. Fanlo P, Tiberio G. Tuberculosis extrapulmonar [Extrapulmonary tuberculosis].
An Sist Sanit Navar. 2007;30:143-62.

5. WHO. Global Tuberculosis Report 2022; 2022. Available from: https://www.
who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-
report-2022 [cited 10.9.23].

6. Kantor IN. BCG, nuevas vacunas y la eliminacién de la tuberculosis [BCG, new
vaccines and the elimination of tuberculosis]. Medicina (B Aires). 2019;79:71-3.

7. Ruiz-Tornero AM, Sanchez-Recio R. Tuberculosis y factores socioeconémicos
en la poblacién espafiola: una revision sistematica [Tuberculosis and socioeco-
nomic factors in Spanish population: a systematic review]. Rev Esp Salud Publica.
2022;96, e202212089.

8. RitaccoV,KantorIN. La tuberculosis a 110 afios del Premio Nobel de Koch [Tuber-
culosis 110 years after the Nobel Prize awarded to Koch]. Medicina (B Aires).
2015;75:396-403.

9. Martin C, Aguilo N, Marinova D, Gonzalo-Asensio J. Update on TB vaccine
pipeline. Appl Sci. 2020;10:2632.

10. 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.

11. Morales P, Balcells ME. La relevancia actual de la vacuna BCG en la prevencién
de tuberculosis infantil [The importance of the BCG vaccine in the prevention of
childhood tuberculosis]. Rev Chil Pediatr. 2019;90:579-80.

12. Roy A, Eisenhut M, Harris R], Rodrigues LC, Sridhar S, Habermann S, et al. Effect
of BCG vaccination against Mycobacterium tuberculosis infection in children:
systematic review and meta-analysis. BMJ. 2014;349:g4643.

13. Hu Z, Lu SH, Lowrie DB, Fan XY. Research advances for virus-vectored tuber-
culosis vaccines and latest findings on tuberculosis vaccine development. Front
Immunol. 2022;13:895020.

14. Trauer JM, Kawai A, Coussens AK, Datta M, Williams BM, McBryde ES, et al.
Timing of Mycobacterium tuberculosis exposure explains variation in BCG effec-
tiveness: a systematic review and meta-analysis. Thorax. 2021;76:1131-41.

15. Ernst JD. Mechanisms of M. tuberculosis immune evasion as challenges to TB
vaccine design. Cell Host Microbe. 2018;24:34-42.

16. Tanner R, Villarreal-Ramos B, Vordermeier HM, McShane H. The humoral
immune response to BCG vaccination. Front Immunol. 2019;10:1317.

17. Djuardi Y, Sartono E, Wibowo H, Supali T, Yazdanbakhsh M. A longitudinal study
of BCG vaccination in early childhood: the development of innate and adaptive
immune responses. PLoS ONE. 2010;5:e14066.

18. Barreto ML, Pilger D, Pereira SM, Genser B, Cruz AA, Cunha SS, et al. Causes
of variation in BCG vaccine efficacy: examining evidence from the BCG REVAC
cluster randomized trial to explore the masking and the blocking hypotheses.
Vaccine. 2014;32:3759-64.

19. Méndez-Samperio P. Current challenges and opportunities for bacil-
lus Calmette-Guérin replacement vaccine candidates. Scand ] Immunol.
2019;90:e12772.

20. Frick M. Pipeline report 2022 - tuberculosis vaccines. Treatment Action Group
(TAG); 2022.

21. Tait DR, Hatherill M, Van Der Meeren O, Ginsberg AM, Van Brakel E, Salaun B,
et al. Final analysis of a trial of M72/AS01g vaccine to prevent tuberculosis. N
Engl ] Med. 2019;381:2429-39.

22. Clark S, Lanni F, Marinova D, Rayner E, Martin C, Williams A. Revacci-
nation of guinea pigs with the live attenuated Mycobacterium tuberculosis
vaccine MTBVAC improves BCG’s protection against tuberculosis. J Infect Dis.
2017;216:525-33.

23. Pérez I, Uranga S, Sayes F, Frigui W, Samper S, Arbués A, et al. Live attenu-
ated TB vaccines representing the three modern Mycobacterium tuberculosis


http://dx.doi.org/10.1016/j.arbres.2023.09.009
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0325
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0330
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0335
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0340
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2022
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2022
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2022
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0350
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0355
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0360
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0365
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0370
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0375
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0380
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0385
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0390
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0395
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0400
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0405
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0410
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0415
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0420
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0425
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0430
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435

S.Lacdmaraand C. Martin

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

lineages reveal that the Euro-American genetic background confers optimal
vaccine potential. EBioMedicine. 2020;55:102761.

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.

Arbues A, Aguilo ]I, Gonzalo-Asensio ], 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.

Martin C, Marinova D, Aguil6 N, Gonzalo-Asensio ]. MTBVAC, a live TB vaccine
poised to initiate efficacy trials 100 years after BCG. Vaccine. 2021;39:7277-85.
Marinova D, Gonzalo-Asensio ], Aguilo N, Martin C. MTBVAC from discov-
ery to clinical trials in tuberculosis-endemic countries. Expert Rev Vaccines.
2017;16:565-76.

Broset E, Martin C, Gonzalo-Asensio ]. Evolutionary landscape of the Mycobac-
terium tuberculosis complex from the viewpoint of PhoPR: implications
for virulence regulation and application to vaccine development. mBio.
2015;6:e01289-1315.

Diaz C, Pérez Del Palacio ], Valero-Guillén PL, Mena Garcia P, Pérez I, Vicente F,
et al. Comparative metabolomics between Mycobacterium tuberculosis and the
MTBVAC vaccine candidate. ACS Infect Dis. 2019;5:1317-26.

Pérez I, Campos-Pardos E, Diaz C, Uranga S, Sayes F, Vicente F, et al. The Mycobac-
terium tuberculosis PhoPR virulence system regulates expression of the universal
second messenger c-di-AMP and impacts vaccine safety and efficacy. Mol Ther
Nucleic Acids. 2022;27:1235-48.

Gonzalo-Asensio ], Marinova D, Martin C, Aguilo N, MTBVAC:. Attenuating the
human pathogen of tuberculosis (TB) toward a promising vaccine against the TB
epidemic. Front Immunol. 2017;8:1803.

Pérez E, Samper S, Bordas Y, Guilhot C, Gicquel B, Martin C. An essential role for
phoP in Mycobacterium tuberculosis virulence. Mol Microbiol. 2001;41:179-87.
Cardona PJ, Asensio ]G, Arbués A, Otal I, Lafoz C, Gil O, et al. Extended safety
studies of the attenuated live tuberculosis vaccine SO2 based on phoP mutant.
Vaccine. 2009;27:2499-505.

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 (Edinb). 2005;85(1-2):29-38.

Martin C, Williams A, Hernandez-Pando R, Cardona PJ, Gormley E, Bordat Y, et al.
The live Mycobacterium tuberculosis phoP mutant strain is more attenuated than
BCG and confers protective immunity against tuberculosis in mice and guinea
pigs. Vaccine. 2006;24:3408-19.

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.

White AD, Sibley L, Sarfas C, Morrison A, Gullick J, Clark S, et al. MTBVAC vacci-
nation protects rhesus macaques against aerosol challenge with M. tuberculosis
and induces immune signatures analogous to those observed in clinical studies.
NPJ Vaccines. 2021;6:4.

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

ClinicalTrials.gov  [Internet]. Bethesda (MD): National Library of
Medicine (US). 2000. Identifier NCT02013245, Dose-Escalation Study
to Evaluate the Safety and Immunogenicity of MTBVAC Vaccine in
Comparison with BCG Vaccine. (MTBVAC); 2013. Available from:
https://clinicaltrials.gov/study/NCT02013245?term=MTBVAC&rank=3  [cited
22.7.23].

Spertini F, Audran R, Chakour R, Karoui O, Steiner-Monard V, Thierry AC, et al.
Safety of human immunisation with a live-attenuated Mycobacterium tubercu-
losis vaccine: a randomised, double-blind, controlled phase I trial. Lancet Respir
Med. 2015;3:953-62.

ClinicalTrials.gov  [Internet]. Bethesda (MD): National Library of
Medicine (US). 2000. Identifier NCT02729571, Dose-Escalation Safety
and Immunogenicity Study to Compare MTBVAC to BCG in Newborns
with a Safety Arm in Adults (MTBVAC-Ph1b); 2016. Available from:
https://clinicaltrials.gov/study/NCT02729571?term=MTBVAC&rank=2 [cited
22.7.23].

Tameris M, Mearns H, Penn-Nicholson A, Gregg Y, Bilek N, Mabwe S, et al.
Live-attenuated Mycobacterium tuberculosis vaccine MTBVAC versus BCG in
adults and neonates: a randomised controlled, double-blind dose-escalation
trial. Lancet Respir Med. 2019;7:757-70.

Aguilo N, Gonzalo-Asensio ], Alvarez-Arguedas S, Marinova D, Gomez AB,
Uranga S, et al. Reactogenicity to major tuberculosis antigens absent in BCG is
linked to improved protection against Mycobacterium tuberculosis. Nat Commun.
2017;8:16085.

ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of Medicine (US).
2000. Identifier NCT02933281, MTBVAC Study in Adults with and without
Latent Tuberculosis Infection in South Africa (A-050); 2016. Available from:
https://clinicaltrials.gov/study/NCT02933281?term=MTBVAC&rank=6 [cited
22.7.23].

ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of Medicine (US).
2000. Identifier NCT03536117, Dose-Defining Safety and Immunogenicity
Study of MTBVAC in South African Neonates (MTBVAC-03); 2018. Available
from:  https://clinicaltrials.gov/study/NCT03536117?term=MTBVAC&rank=1
[cited 22.7.23].

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

828

Archivos de Bronconeumologia 59 (2023) 821-828

ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of Medicine (US).
2000. Identifier NCT04975178, Efficacy, Safety and Immunogenicity Evaluation
of MTBVAC in Newborns in Sub-Saharan Africa (MTBVACN3); 2021. Available
from: https://clinicaltrials.gov/study/NCT04975178?term=MTBVAC&rank=4
[cited 22.7.23].

Nieuwenhuizen NE, Kulkarni PS, Shaligram U, Cotton MF, Rentsch CA, Eisele
B, et al. The recombinant Bacille Calmette-Guérin vaccine VPM1002: ready for
clinical efficacy testing. Front Immunol. 2017;8:1147.

Loxton AG, Knaul JK, Grode L, Gutschmidt A, Meller C, Eisele B, et al. Safety and
immunogenicity of the recombinant Mycobacterium bovis BCG vaccine VPM1002
in HIV-unexposed newborn infants in South Africa. Clin Vaccine Immunol.
2017;24:e00439-516.

Tkachuk AP, Bykonia EN, Popova LI, Kleymenov DA, Semashko MA, Chulanov
VP, et al. Safety and immunogenicity of the GamTBvac, the recombinant subunit
tuberculosis vaccine candidate: a phase I, multi-center, double-blind, random-
ized, placebo-controlled study. Vaccines (Basel). 2020;8:652.

Vasina DV, Kleymenov DA, Manuylov VA, Mazunina EP, Koptev EY, Tukhovskaya
EA, et al. First-in-human trials of GamTBvac, a recombinant subunit tuberculo-
sis vaccine candidate: safety and immunogenicity assessment. Vaccines (Basel).
2019;7:166.

Suliman S, Geldenhuys H, Johnson JL, Hugues JE, Smit E, Murphy M, et al.
BCG Re-vaccination of adults with latent Mycobacterium tuberculosis infec-
tion induces long-lived BCG-reactive natural killer cell responses. ] Immunol.
2016;197:1100-10.

Tkachuk AP, Gushchin VA, Potapov VD, Demidenko AV, Lunin VG, Gintsburg AL.
Multi-subunit BCG booster vaccine GamTBvac: assessment of immunogenic-
ity and protective efficacy in murine and Guinea pig TB models. PLOS ONE.
2017;12:e0176784.

ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of Medicine
(US). 2000. Identifier NCT04975737, Study of Safety and Efficacy of the
Subunit Recombinant Tuberculosis Vaccine GamTBvac; 2021. Available from:
https://clinicaltrials.gov/study/NCT04975737?distance=50&intr=NCT04975737
&rank=1 [cited 22.7.23].

ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of Medicine
(US). 2000. Identifier NCT05330884, BCG Revaccination in Children
and Adolescents; 2022. Available from: https://clinicaltrials.gov/study/
NCT05330884?distance=50&intr=NCT05330884&rank=1 [cited 22.7.23].
Clinical Trials Registry India [Internet]. New Delhi: database publisher
(India). 2007. Identifier CTRI/2019/01/017026, A Phase IIl, Randomized,
Double-blind, three arm Placebo controlled Trial to Evaluate the Effi-
cacy and Safety of two vaccines VPM1002 and Immuvac in Preventing
Tuberculosis (TB) in Healthy Household Contacts of Newly Diagnosed
Sputum Positive Pulmonary TB Patients; 2019; 1 p. Available from:
https://ctri.nic.in/Clinicaltrials/pmaindet2.php?trialid=27411&EncHid=
&userName=vpm1002 [cited 22.7.23].

ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of Medicine
(US). 2000. Identifier NCT04453293, Immunization With BCG Vaccine
to Prevent Tuberculosis Infection (PTI); 2020. Available from: https://
clinicaltrials.gov/study/NCT04453293?distance=50&intr=NCT04453293&
rank=1 [cited 22.7.23].

ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of Medicine
(US). 2000. Identifier NCT04351685, Evaluation of Efficacy and Safety
of VPM1002 in Comparison to BCG in Prevention of TB Infection in
Infants (VPM1002); 2020. Available from: https://clinicaltrials.gov/study/
NCT04351685?distance=50&intr=NCT04351685&rank=1 [cited 22.7.23].

ClinicalTrials.gov  [Internet]. Bethesda (MD): National Library of
Medicine (US). 2000. Identifier NCT03152903, Study to Check
the Efficacy and Safety of Recombinant BCG Vaccine in Preven-

tion of TB Recurrence; 2017. Available from: https://clinicaltrials.
gov/study/NCT03152903?distance=50&intr=NCT03152903&rank=1 [cited
22.7.23].

ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of Medicine
(US). 2000. Identifier NCT05947890, Evaluating the Safety and Immunogenic-
ity of MTBVAC in Adolescents and Adults Living With and Without HIV
in South Africa (HVTN605A5421); 2023. Available from: https://clinicaltrials.
gov/study/NCT05947890?term=MTBVAC&rank=5&tab=table [cited 3.9.23].
Moreo E, Uranga S, Pic6 A, Gémez AB, Nardelli-Haefliger D, Del Fresno
C, et al. Novel intravesical bacterial immunotherapy induces rejection
of BCG-unresponsive established bladder tumors. ] Immunother Cancer.
2022;10:e004325.

Tarancén R, Mata E, Uranga S, Gémez AB, Marinova D, Otal I, et al. Therapeutic
efficacy of pulmonary live tuberculosis vaccines against established asthma by
subverting local immune environment. EBioMedicine. 2021;64:103186.
Tarancén R, Dominguez-Andrés |, Uranga S, Ferreira AV, Groh LA, Domenech
M, et al. New live attenuated tuberculosis vaccine MTBVAC induces trained
immunity and confers protection against experimental lethal pneumonia. PLoS
Pathog. 2020;16:e1008404.

Vierboom MPM, Dijkman K, Sombroek CC, Hofman SO, Boot C, Vervenne
RAW, et al. Stronger induction of trained immunity by mucosal BCG or MTB-
VAC vaccination compared to standard intradermal vaccination. Cell Rep Med.
2021;2:100185.

Dijkman K, Aguilo N, Boot C, Hofman SO, Sombroek CC, Vervenne RAW, et al. Pul-
monary MTBVAC vaccination induces immune signatures previously correlated
with prevention of tuberculosis infection. Cell Rep Med. 2021;2:100187.


http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0435
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0440
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0445
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0450
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0455
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0460
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0465
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0470
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0475
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0480
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0485
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0490
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0495
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0500
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0505
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0510
https://clinicaltrials.gov/study/NCT02013245?term=MTBVAC&rank=3
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0520
https://clinicaltrials.gov/study/NCT02729571?term=MTBVAC&rank=2
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0530
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0535
https://clinicaltrials.gov/study/NCT02933281?term=MTBVAC&rank=6
https://clinicaltrials.gov/study/NCT03536117?term=MTBVAC&rank=1
https://clinicaltrials.gov/study/NCT04975178?term=MTBVAC&rank=4
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0555
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0560
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0565
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0570
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0575
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0580
https://clinicaltrials.gov/study/NCT04975737?distance=50&intr=NCT04975737&rank=1
https://clinicaltrials.gov/study/NCT04975737?distance=50&intr=NCT04975737&rank=1
https://clinicaltrials.gov/study/NCT05330884?distance=50&intr=NCT05330884&rank=1
https://clinicaltrials.gov/study/NCT05330884?distance=50&intr=NCT05330884&rank=1
https://ctri.nic.in/Clinicaltrials/pmaindet2.php?trialid=27411&EncHid=&userName=vpm1002
https://ctri.nic.in/Clinicaltrials/pmaindet2.php?trialid=27411&EncHid=&userName=vpm1002
https://clinicaltrials.gov/study/NCT04453293?distance=50&intr=NCT04453293&rank=1
https://clinicaltrials.gov/study/NCT04453293?distance=50&intr=NCT04453293&rank=1
https://clinicaltrials.gov/study/NCT04453293?distance=50&intr=NCT04453293&rank=1
https://clinicaltrials.gov/study/NCT04351685?distance=50&intr=NCT04351685&rank=1
https://clinicaltrials.gov/study/NCT04351685?distance=50&intr=NCT04351685&rank=1
https://clinicaltrials.gov/study/NCT03152903?distance=50&intr=NCT03152903&rank=1
https://clinicaltrials.gov/study/NCT03152903?distance=50&intr=NCT03152903&rank=1
https://clinicaltrials.gov/study/NCT05947890?term=MTBVAC&rank=5&tab=table
https://clinicaltrials.gov/study/NCT05947890?term=MTBVAC&rank=5&tab=table
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0620
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0625
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0630
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0635
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640
http://refhub.elsevier.com/S0300-2896(23)00305-8/sbref0640

	MTBVAC: A Tuberculosis Vaccine Candidate Advancing Towards Clinical Efficacy Trials in TB Prevention
	Introduction
	Methodology
	Mycobacterium tuberculosis vaccine: MTBVAC

	Preclinical studies on prototype vaccine SO2 and MTBVAC
	MTBVAC clinical trials
	PHASE 1a. Dose-escalation study to assess the safety and immunogenicity of MTBVAC vaccine compared to BCG vaccine
	PHASE 1b. Dose-escalation study and immunogenicity study to compare MTBVAC with BCG in neonates with a safety arm in adults
	PHASE 1b/2a. MTBVAC study in adults with and without latent TB infection in South-Africa (A-050)
	PHASE 2a. Safety and immunogenicity study to define the dose of MTBVAC in South African neonates
	PHASE 3. Efficacy, safety and immunogenicity evaluation of MTBVAC in newborns in sub-Saharan Africa

	Comparison of MTBVAC with other candidate vaccines in PHASE 3
	Research priorities in other MTBVAC uses
	Conclusions
	Conflict of interest
	Acknowledgments
	Appendix A Supplementary data

	References

