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At its 100th birthday of its first administration to a newborn, BCG has been (and continues being) an
inspiration for the construction and development of hundreds of new TB vaccine candidates in the last
two and a half decades. Today, 14 candidates are in clinical development inside the global TB vaccine
pipeline. MTBVAC is one of these candidates. Based on a live-attenuated Mycobacterium tuberculosis clin-
ical isolate, MTBVAC’s 25 years of vaccine discovery, construction and characterisation have followed
Pasteur principles, and in the process, BCG has served as a reference gold standard for establishing the
safety and protective efficacy of new TB vaccine candidates. MTBVAC, which contains the antigen reper-
toire of M. tuberculosis, is now poised to initiate Phase 3 efficacy trials in newborns in TB-endemic coun-
tries. BCG’s efficacy extends beyond that against TB, shown to confer heterologous non-specific immunity
to other diseases and reduce all-cause mortality in the first months of life. Today, WHO recognises the
importance that any new TB vaccine designed for administration at birth, should show similar non-
specific benefits as BCG vía mechanisms of trained immunity and/or cross-reactivity of adaptive immune
responses to other pathogens. Key recent studies provide strong support for MTBVAC’s ability of inducing
trained immunity and conferring non-specific heterologous protection similar to BCG. Research on alter-
native delivery routes of MTBVAC, such as a clinically feasible aerosol route, could facilitate vaccine
administration for long-term TB eradication programmes in the future.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Global tuberculosis epidemiology and the need for new
vaccines

The Bacille Calmette-Guérin (BCG) centenary vaccine is one of
the most widely used of all current vaccines in the world [1,2]. It
is on the World Health Organization’s (WHO’s) list of essential
medicines [3] and since 2004, globally about 100 million children
are vaccinated with BCG each year [4]. In infants, in addition to
decreasing all-cause mortality, BCG confers protection (although
not absolute) against the disseminated forms of the disease, mil-
iary and meningeal tuberculosis (TB) [4]. However, in adolescents
and adults, BCG’s efficacy is more variable, ranging from 0 to 80%
in different parts of the world, depending on factors including
socioeconomic conditions, HIV-status, presence of environmental
mycobacteria, or climate and air polution, among others [5].
Another possible hypothesis for BCG’s variable efficacy in adults
and adolescents is that its protective immunity is thought to last
for up to 10–15 years [1,4,5], although there is evidence for longer
protection [6–8].

Despite BCG’s widespread use, TB remains the leading represen-
tative respiratory tract communicable disease threatening public
health, demonstrating the need to improve the efficacy of BCG in
protecting against respiratory TB, the transmissible form of the dis-
ease. And although incidence and mortality rates have slowly been
declining since the turn of 21st century, there were an estimated
10.0 million new cases and more than 1.4 million deaths reported
on a global level in 2019 by WHO [1]. TB mortality has only been
surpassed by the COVID-19 pandemic which in 2020 caused 1.8
million deaths as reported to WHO [9]. TB and COVID-19 are both
respiratory transmission diseases and it is estimated that as result
of lockdown-related disruptions due to COVID-19 pandemic,
deaths from TB could increase by up to 16% in the next five years
[10]. In high-income countries, TB (like COVID-19) mainly affects
the elderly, whereas in low resource settings, each year TB pri-
marly takes the lives of young and middle-aged adults, the most
productive members of society.
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Globally, some 50 million individuals are already latently
infected with multi- and extensively-drug resistant (MDR and
XDR, respectively) M. tuberculosis strains creating a remarkable
resource for future cases of active TB with insufficient treatment
options. Nevertheless, the WHO End TB Strategy has vowed to
reduce TB morbidity by 90% and TB mortality by 95% by 2035
and recognizes the urgent need for more accessible diagnostic
tools that are rapid and reliable, new less toxic and more effica-
cious antibiotics to shorten therapy and ultimately new vaccines
to prevent pulmonary TB in order to achieve this ambitious goal
[11].
2. Current TB vaccine pipeline

Based on a high unmet medical need, the development of new
TB vaccines has been identified as a priority for WHO Initiative
for Vaccine Research and in 2018, WHO developed a Preferred Pro-
duct Characteristics (PPC) document for new TB vaccines with the
aim to cover the priority need for vaccines that protect against pul-
monary TB in adults, and new TB vaccines with better safety and
efficacy characteristics than BCG to administer to neonates and
infants [12]. The PPC for new TB vaccines includes WHO’s prefer-
ences for parameters, such as vaccine indications, target groups,
possible immunization strategies, and features of desired clinical
data related to safety and efficacy, supportive of policy decision
making [12].

The last two and a half decades of intensive research, have led
to a number of new TB vaccine candidates in clinical development.
Today, the global TB vaccine pipeline features 14 vaccine candi-
dates in different stages of clinical development, from Phase 1
through Phase 3 [13,14]. These candidates fall into one of three dif-
ferent concepts: preventive pre- and post-exposure subunit vacci-
nes based on one or more recombinant M. tuberculosis fusion
proteins, either vehiculated by viral-vectored or administered with
adjuvant, whose goal is to boost immunity to BCG; killed or frac-
tioned whole cell vaccines, for therapeutic purposes; and live-
attenuated mycobacterial vaccines, which target either BCG-
replacement at birth and/or prevention of TB in adolescents and
adults. The greatest challenge in the development of vaccines
against TB is understanding the mechanisms by which M. tubercu-
losis evades and escapes the immune responses of the host. With-
out knowing the immunological bases of protection against TB, it is
very difficult to design vaccines with a limited number of antigens
that can protect against the disease. As Professor Douglas Young
emphasizes, we need new vaccines against TB that protect against
the disease and we need to understand the immunology of the dis-
ease in order to obtain these vaccines [15]. That is why it is very
important to study the host-pathogen immune dinamycs of M.
tuberculosis, as 90% of those infected with TB do not develop the
illness.

The advancements in mycobacterial genetics were first made in
the 1980 s, with more than 20 years of delay with respect to
Escherichia coli, mainly due to the fastidious manipulation and
the pathogenicity of some mycobacterial species. The delay in
developing mycobacterial genetic tools was reflected in the con-
struction of new live attenuated vaccines against TB. Professor Bri-
gitte Gicquel pioneered the development of mycobacterial genetics
through techniques that allowed to introduce DNA into mycobac-
teria as well as develop gene inactivation protocols in M. tubercu-
losis [16–21]. These methodologies allowed to construct MTBVAC
from a clinical isolate of human origin. The construction of such
live attenuated vaccines is tedious and a more laborious strategy
compared to other vaccine candidates, since it involves starting
from scratch and having to demonstrate in a first stage the atten-
uation and safety of the candidate vaccine and then the increased
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immunity to TB. In 2005, a consultation meeting was held in Gen-
eva where scientists, stakeholders, vaccine developers and manu-
factures, and regulators met with the aim of defining the safety
criteria for live-attenuated mycobacterial vaccines to reach first-
in-human Phase 1 clinical evaluation, and as a result, a consensus
statement was developed [22] (referred to as the Geneva consen-
sus throughout the text). MTBVAC was designed and constructed
fulfilling these same Geneva consensus requirements for entry into
first-in-human clinical trials, namely, containing two stable dele-
tion mutations without antibiotic resistance markers to avoid
reversion to virulence, and demonstrating in recognized TB-
relevant animal models similar safety and bio-distribution profiles
as BCG [23] and improved protection against TB [24–27]. Today,
MTBVAC remains the first live attenuated vaccine, genetically
modified, based on the human pathogen M. tuberculosis fulfilling
the Geneva consensus requirements in ongoing successful clinical
developmpent.

In agreement with regulatory, WHO and the Geneva safety
requirements for development of live mycobacterial vaccines,
BCG has served as the reference gold-standard comparator in the
preclinical, clinical and industrial development of MTBVAC. Thanks
to BCG, today MTBVAC is the first vaccine of its kind that has suc-
cessfully reached clinical evaluation and is now poised to initiate
Phase 3 efficacy trials in newborns in South Africa in 2022. Follow-
ing the WHO PPC document, if MTBVAC is able to demonstrate
improved safety and/or significantly greater efficacy than BCG
when administered in newborns in high-burden TB-endemic set-
tings, MTBVAC could eventually replace BCG.

The main advantage of using live vaccines based on rational
attenuation of M. tuberculosis is their ability to keep the genetic
repertoire encoding immunodominant antigens absent in BCG,
whereas chromosomal deletions in virulence genes provide assur-
ance for safety and genetic stability. Such vaccines are expected to
safely induce more specific and longer lasting immune responses
in humans that can provide protection against all forms of the dis-
ease. This is the rationale that has been followed in the develop-
ment of the live-attenuated MTBVAC.
3. MTBVAC conceived following BCG’s rationale and Pasteur’s
principles for the development of vaccines

MTBVAC and BCG are both live-attenuated derivatives of the TB
pathogens in humans (M. tuberculosis) and in bovids (Mycobac-
terium bovis), respectively. Both M. tuberculosis and M. bovis are
related members of the M. tuberculosis complex (MTBC), character-
ized by more than 99.95% similarity at the nucleotide level, identi-
cal 16S rRNA sequences and a strictly clonal population structure
without ‘‘recent” evidence of ongoing horizontal gene transfer
between them [28]. BothM. tuberculosis andM. bovis emerged after
an evolutionary bottleneck from a most recent common ancestor
[29]. Today, global genome sequencing analyses have shown that
relative to the human-adapted pathogen M. tuberculosis, M. bovis
has smaller chromosomal content due to numerous genomic dele-
tion events, namely lacking various regions of difference (RDs),
ranging from RD4 to RD11 [30]. Specifically, loss of RD9 and other
specific RDs inM. bovis allow to branch it off fromM. tuberculosis in
the evolutionary tree of the MTBC.

As result of the repeated subcultivation process of M. bovis BCG
to achieve its attenuation between 1908 and 1921, BCG contains
about 100 genes less relative to M. tuberculosis [29]. Among them,
deletion of RD1, which encodes the protein secretion system
ESX-1, is considered the most relevant deletion responsible for
BCG attenuation [30]. It is generally accepted that T-cell epitopes
are evolutionarily hyper-conserved in the MTBC [31,32] and as
such, it is important to remark that regions lost in BCG strains also



C. Martín, D. Marinova, N. Aguiló et al. Vaccine 39 (2021) 7277–7285
contain potent antigenic proteins. After an updated analysis based
on previous studies [33,34], we found that of the 1,603 experimen-
tally validated human T cell epitopes in M. tuberculosis, 433 (27%)
of them are located in RD regions absent in BCG Pasteur. These epi-
topes are distributed in RD1 (307 epitopes), RD2 (59 epitopes),
RD11 (42 epitopes), and small percentages in RDs 3–10, 13 and
14. What is more, the vast number of epitopes absent in BCG is
located in only five antigenic proteins within the RD1, namely
ESAT6 (112 epitopes), CFP10 (95 epitopes), and PPE68 (79 epi-
topes) and within RD2, namely MPT64 (24 epitopes) and
Rv1985c (23 epitopes) [35]. These studies further support the
hypothesis that epitope sequence variation in BCG potentially
affects human T cell recognition that could result in ineffective
priming of the host immune system [33,34,36,37].
4. MTBVAC design following Pasteur’s principles: Isolation of
the human pathogen, attenuation by inactivation of selected
genes, protection in animals, and evaluation in humans

Which genes to select for attenuation of M. tuberculosis? BCG
was conceived as an attenuated strain of M. bovis that caused TB
in cows and was transmitted to humans mainly through the inges-
tion of unpasteurized milk. In a similar manner, the conception of
MTBVAC stems from what we learned from the deadly outbreak in
Spain in the early 19900s caused by an epidemic strain of
multidrug-resistant (MDR) M. bovis responsible for more than
100 deaths among HIV-patients, before retroviral treatment was
available [38–40]. Given that it is highly unusual for M. bovis to
be transmitted among humans, we performed a molecular charac-
terization of this unusual M. bovis strain, which today is well char-
acterized as extensively drug-resistant (XDR) [41], and we
discovered that an unexpected IS6110 insertion upstream the phoP
gene led to increased transcription of this gene and accounted for
the increased transmission and virulence of M. bovis [38,42,43]
(Fig. 1A). This led us to hypothesize that PhoP, which is part of
Fig. 1. Discovery the essential role of phoP in M. tuberculosis virulence and construc
passaging of a virulent bovine strainM. bovis, supplied by Nocard to them (originally isola
Guerín had achieved an attenuated version of theM. bovis strain, which they named BCG,
[78]. In 1997, we published for the first time the molecular characterization of the M.
containing an IS6110 insertion upstream the phoP gene leading to its increased transcript
tuberculosis, as first step toward the construction of MTBVAC. In 2008, MTBVAC final va
requirements for entry into first-in-human clinical trials, containing two stable genetic
fadD26.

7279
the two-component system PhoP/PhoR, could be essential for the
virulence of M. tuberculosis and its inactivation in a clinical strain
would attenuate the virulence of the human tubercle bacillus
[43] (Fig. 1B).

MTBVAC is a live rationally attenuatedM. tuberculosis derivative
of Mt103 strain, a clinical isolate from a TB patient, that we chose
instead of a laboratory M. tuberculosis strain, such as H37Rv, Erd-
man or CDC1551, to avoid undesired laboratory adaptations as
result of successive subcultivation in vitro [23]. Mt103 is a modern
M. tuberculosis strain belonging to Lineage 4, which, together with
Lineage 2 (Beijing strains), represents the most geographically
widespread lineage of the MTBC transmitted by the aerosol route
between humans [44]. MTBVAC was constructed and characterised
fulfilling the Geneva consensus safety requirements for entry into
clinical evaluation [22], and in this regard it was designed to con-
tain two independent stable genetic deletions, without antibiotic
resistance markers, in the genes phoP (Rv0757) and fadD26
(Rv2930) encoding two major virulence factors [23]. The gene phoP
was chosen because of our previous observations that the two-
component system PhoPR is essential for M. tuberculosis virulence
[43]. PhoP has been shown to regulate more than 2% of M. tubercu-
losis genes, most of which are implicated in virulence [45], and this
regulation could be mediated through other transcription factors,
e.g., WhiB6 of the ESX-1 system [46] or via non-coding RNAs, like
the described mcr7 and its role in regulating the TAT secretion sys-
tem, leading to over secretion of major antigens, such as those of
the Ag85 complex in M. tuberculosis phoP mutants, as MTBVAC
[47]. Other relevant virulence genes regulated by PhoP include
lipid metabolism genes (e.g., pks2, pks3) involved in biosynthesis
of the polyketide-derived acyltrehaloses (DAT, PAT) and sul-
folipids, which are front-line lipid constituents of the cell wall
thought to have a role in host immune modulation, interfering
with the recognition of M. tuberculosis by the immune system
[48,49]. PhoP also regulates genes within ESX-1 (e.g., the espACD
locus) implicated in the secretion of the major antigen and viru-
lence factor ESAT6, so that phoP-mutants can produce but are
tion of MTBVAC. (A) In 1908, Calmette and Guerín started repeated subcultivation
ted by him in 1902 from the udder of a tuberculous cow) and by1913, Calmette and
and started testing it in animals before its first administration to a newborn in 1921
bovis strain responsable for a deadly outbreak among HIV-patients in Spain [41],
ion. (B) Inactivation of phoP and demonstration of its essential role in virulence ofM.
ccine construct was ready to start GMP development, fulfilling Geneva consensus
mutations without antibiotic resistance markers in the virulence genes phoP and
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unable to export ESAT6 [22,50,51]. Besides, in order to fulfil the
Geneva requirements, a second gene implicated in virulence was
inactivated in MTBVAC. The fadD26 gene is the first gene in an
operon required for the biosynthesis and export of phthiocerol
dimycocerosates (PDIM), the main virulence-associated cell-wall
lipids of M. tuberculosis [52–55]. Recent evidence indicates that
PDIM are involved in phagosomal rupture in concert with ESAT-6
[52,56,57].
5. Attenuation and protection in different animal models: mice,
guinea pigs, non-human primates

As outlined in the second Geneva consenus requirements for
live-mycobacterial vaccines, all preclinical characterization studies
of new TB vaccine candidates should use BCG as reference gold-
standard comparator, so that any new live attenuated vaccine
should be at least as safe as BCG and show significant improvement
of TB disease in the relevant animal models, mouse, guinea-pigs,
and non-human primates [51] (Fig. 2). Between 2001 and 2011,
rigorous preclinical safety, protective efficacy and immunogenicity
studies were conducted with MTBVAC in recognized TB-relevant
animal models by independent (national and international) labora-
tories inside research projects funded by the European Union
through consecutive Research Programs [23,27] (Fig. 2).
Fig. 2. MTBVAC from discovery to human clinical evaluation abiding by Pasteur’s prin
locus in M. tuberculosis (1997–2001) settled the basis for MTBVAC construction (2005–2
mechanisms of vaccine safety and induced protection in different recognized TB-releva
mouse studies (Unizar and other laboratories in Spain), guinea pigs [Public Health Englan
(Sally Sharpe) and Bimedical Primate Research Center (Frank Verreck, the Netherland
Industrial development and scale-up production of MTBVAC. 2012: First-in-human Ph
(funded by TBVI with funding from Bill & Melinda Gates Foundation). 2015: successfu
newborns in South Africa in collaboration with the South African Tuberculosis Vaccine In
trials in South Africa, one in adults (in collaboration with IAVI, US) and another one in ne
studies in Senegal and Madagascar. 2021: MTBVAC received EDCTP funding for a Phase 3
the exclusive licensee of MTBVAC and industrial developer and Sponsor of MTBVAC clin
TBVI is the European Tuberculosis Vaccine Inititiative. Since 2008, Biofabri works in c
MTBVAC.
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The preclinical studies conducted in small animal models (mice
and guinea pigs) showed that MTBVAC vaccination is safe,
immunogenic and has the potential to enhance protection against
experimental M. tuberculosis challenge relative to BCG [23,27].
Briefly, MTBVAC demonstrated to be at least as safe as BCG in
immunocompromised SCID mice, and to confer greater or equiva-
lent immunogenicity and protective efficacy to BCG against exper-
imental pulmonary M. tuberculosis challenge in mice and guinea
pigs [23,25,58,59]. In more recent studies in adult and newborn
mouse models, MTBVAC was shown to confer improved protection
compared to BCG [24,58]. All these studies provided strong bases
for the progress of MTBVAC to first-in-human clinical evaluation
in adults and newborns. To that end MTBVAC was developed by
the Spanish Biopharmaceutical company Biofabri as a freeze-
dried formulation in compliance with current Good Manufacturing
Practices (GMP) and fulfilling regulatory guidelines for assuring the
quality, safety, and efficacy of BCG freeze-dried vaccine [23]
(Fig. 2).
6. From the lab bench to regulatory approval to enter first-in-
human clinical evaluation

For receiving regulatory approval to enter first-in-human Phase
1a clinical evaluation of MTBVAC in healthy adults in Lausanne,
ciples on vaccine development. Identification of virulence genes phoP and of PDIM
008). 2001 until present: ongoing preclinical characaterization studies deciphering
nt animal models conducted by different national and international laboratories:
d (Ann Williams and Simon Clark)] and non-human primates [Public Health England
s)]. 2008–2012: GMP development of freeze-dried MTBVAC. 2012 until present:
ase 1a clinical evaluation of MTBVAC in healthy adults in Lausanne, Switzerland
l Phase 1a completion leads to first-in-human Phase 1b evaluation of MTBVAC in
ititative (SATVI) (NORAD funding). 2019: MTBVAC enters two dose-defining Phase 2
wborns (EDCTP2-funded, see acknowledgements), which includes capacity building
efficacy evaluation in newborns in South Africa, Senegal and Madagascar. Biofabri is
ical trials. Unizar is MTBVAC intellectual rights owner and vaccine discoverer, and
lose collaboration with Unizar and TBVI in the GMP and clinical development of



C. Martín, D. Marinova, N. Aguiló et al. Vaccine 39 (2021) 7277–7285
Switzerland, scientific advice was sought from National (country of
manufacture (Spain)) and Swiss regulatory authorities (country of
the first-in-human Phase 1a clinical trial). After thorough review of
all preclinical data, additional biodistribution and formal toxicol-
ogy studies were designed and executed according to regulators’
advice to achieve an in-depth characterization of the final freeze-
dried vaccine formulation. The studies incorporated formal toxicity
and local tolerance in mice, and comprehensive up-to 6-month
organ distribution, persistence/clearance, and excretion studies in
well-established mouse and guinea-pig models of TB. All studies
employed freeze-dried clinical grade BCG SSI as the reference gold
standard comparator, same strain used as control in MTBVAC
Phase 1a trial. Moreover, the in vitro and in vivo (in guinea pigs)
GMP characterization assays for lot release of freeze-dried
MTBVAC were established following Euroepan Pharmacopoeia
and WHO guidelines for freeze-dried BCG production and using
freeze-dried clinical grade BCG SSI as the reference gold-standard
comparator. In summary, the additional safety and toxicity studies
showed that MTBVAC freeze-dried formulation is at least as safe as
BCG SSI and appears to be less reactogenic in mice and guinea pigs
[23]. Studies in newborn mice showed that freeze-dried MTBVAC
and BCG SSI present comparable safety and lack of toxicity profiles,
as measured by health appearance, normal growth and develop-
ment behaviour, and survival until fixed endpoint (6 months) of
experiment, and no effects on organ development at necropsy [58].

The success of the preclinical and GMP development of MTBVAC
to support first-in-human Phase 1 clinical evaluation was the
result of the close collaborative partnership between the vaccine
developers Biofabri, University of Zaragoza (Unizar), and the Euro-
pean not-for-profit TuBerculosis Vaccine Initiative (TBVI) [13].
Since 2008, the MTBVAC project has received external experts’
advice on preclinical, regulatory, GMP and clinical development
facilitated through the TBVI Product and Clinical Development
Teams (TBVI PDT and CDT), acknowledged in [23,27] (Fig. 2). All
preclinical data combined with the availability of GMP produced
and characterised freeze-dried MTBVAC clinical lots led to success-
fully obtaining regulatory approval by Swiss Medical Regulators
(Swissmedic) to enter first-in-human clinical evaluation in healthy
adults in Lausanne, Switzerland in Oct 2012 [23,27,60] (Fig. 2).
7. MTBVAC poised to initiate Phase 3 efficacy trials in TB-
endemic countries of Sub-Saharan Africa

After 11 years of intensive research and animal studies, the
approval in Oct 2012 to enter first-in-human dose-escalation Phase
1a clinical evaluation of MTBVAC was an important milestone.
Conducted at Lausanne University Hospital (CHUV) in Switzerland
by the study principal investigador (PI) Prof. François Spertini, the
study’s primary objectives were safety and local tolerance of
MTBVAC in comparison with BCG SSI with minimum secondary
immunogenicity in healthy adult volunteers without any history
of BCG vaccination, or exposure to TB (PPD-negative) and or HIV
[60]. Successful completion of the trial demonstrated that intrader-
mal vaccination with MTBVAC was at least as safe as BCG and did
not induce serious adverse events. This Phase 1a trial marked a his-
toric milestone in human vaccinology as for the first time a live-
attenuated M. tuberculosis vaccine was successluy tested in
humans corroborating its safety and immunogenic potentional,
supporting clinical development in high-burden TB-endemic
countries.

Today the Spanish biopharmaceutical and vaccine manufac-
turer Biofabri is the exclusive licensee and industrial and clinical
developer of MTBVAC, also Sponsor of the clinical trials. In partner-
ship with TBVI and MTBVAC intellectual owner University of Zara-
goza, Biofabri has established two independent clinical
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development plans (CDPs) for intradermal MTBVAC. The primary
CDP focuses on intradermal MTBVAC as a preventive vaccine
administered in newborns (BCG replacement strategy). The sec-
ondary CDP, also in collaboration with US International AIDS Vac-
cine Inititiative (IAVI) (continuation of the former US-founded
Aeras), aims at the development of MTBVAC as a preventive vac-
cine in BCG-vaccinated adolescents and adults living in high-
burden countries with or without prior infection with M.
tuberculosis.

Following the first-in-human Phase 1a trial, MTBVAC was eval-
uated in a dose-escalation Phase 1b safety and immunogenicity
trial in South Africa in its primary target age group population,
namely healthy HIV-unexposed newborn babies [61] (Fig. 2). Con-
ducted by the South African Tuberculosis Vaccine Initiative (SATVI)
with PI Dr. Michele Tameris, the Phase 1b trial included a safety
arm in healthy adults as a safety step prior to vaccination of new-
born babies. MTBVAC Phase 1b trial confirmed vaccine safety and a
greater immunogenicity as compared to the same dose of BCG SSI,
suggestive of the broader antigenic content.

MTBVAC is now completing two dose-defining Phase 2 trials in
South Africa at SATVI, using BCG as reference comparator. A Phase
2a in newborns (NCT03536117) and a Phase 1b/2a in BCG-
vaccinated adolescents and adults with and without priorM. tuber-
culosis infection (NCT02933281). The vaccination phase has been
completed and safety and immunogenicity results will allow the
dose-definition of MTBVAC for entry into already planned multi-
center Phase 3 effiacy evaluation in newborns in Sub-Saharan
Africa. MTBVAC project was recently awarded partial funding
through The European & Developing Countries Clinical Trials Part-
nership (EDCTP2) to conduct a multi-center Phase 3 efficacy trial in
newborn babies in South Africa, Madagascar and Senegal, which is
now estimated to initiate second quarter of 2022 to account for
delays in the Phase 2 trials caused by the COVID-19 pandemic in
2020 (Fig. 2).
8. Key recent efficacy data in non-human primates supporting
Phase 3 efficacy evaluation

Since the early stages of clinical development of MTBVAC,
National and European Regulators have highlighted the impor-
tance of evaluating the immunogenicity and efficacy of freeze-
dried MTBVAC in a superior animal model such as non-human pri-
mates (NHP) in order to provide data to accelerate and assist deci-
sions to move to efficacy trials. In this respect, multi-faceted
efficacy studies of MTBVAC in a macaque M. tuberculosis model,
promoted by former Aeras (with funding from Bill and Melinda
Gates Foundation), were conducted at Public Health England. Part
of the study was recently published by White et al. by the group of
Sally Sharpe [26], demonstrating that a single intradermal vaccina-
tion with MTBVAC given to BCG-naïve adult rhesus macaques was
well tolerated and conferred a significant improvement in protec-
tive efficacy outcome following aerosol exposure to M. tuberculosis
compared to that provided by a single BCG vaccination. White, A.
et al., also describe concordance between immune profiles mea-
sured in the MTBVAC clinical trials and a significantly improved
outcome after M. tuberculosis challenge as evidence to support
the continued development of MTBVAC as an effective prophylac-
tic vaccine for TB vaccination campaigns.

Relevant to the secondary CDP of MTBVAC, aiming at applica-
tion of MTBVAC in BCG-vaccinated adolescents and adults in TB-
endemic countries, where BCG is usually given at birth, revaccina-
tion studies in guinea pigs showed superior protection when intra-
dermal MTBVAC was given as boost following BCG vaccination as
compared to BCG alone [25], indicating that, rather than boosting
the waning efficacy of BCG, a vaccination schedule involving a
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combination of these two live vaccines could be able to yield stron-
ger immunity to M. tuberculosis infection.
9. In the footsteps of BCG: MTBVAC in diverse therapeutic
settings

As it has been widely explored in the last decade and a half, con-
tinuous evidence is emerging demonstrating that apart from pro-
viding specific protection against M. tuberculosis infections, BCG
vaccination confers significant reduction of non-tuberculous infec-
tious diseases and all-cause mortality in the first 6 weeks of life in
infants [62]. This non-specific protection is thought to be related to
cross-reactivity of the adaptive immune system with unrelated
pathogens [63], and to training of the innate immune system by
means of metabolic and epigenetic reprogramming of innate
immune cells through a process termed ‘‘trained immunity”
[62,64]. Thus, prioritisation of BCG on the first day of life in high-
mortality settings is suggested to have significant public-health
benefits through reductions in all-cause infectious morbidity and
mortality [62]. In this regard, the WHO PPC document for new
TB vaccines considers the importance of establishing whether
any new TB vaccine candidates (especially those designed as
BCG-replacement strategy), currently under investigation, are also
able to induce trained immunity and initiate similar heterologous
protective effects [12].

In the context of MTBVAC, its ability to be applied in different
therapeutic settings has been increasingly exploited by our group.
The potential of MTBVAC as a bladder cancer therapy in vitro and
in vivo in a preclinical model was first published three years ago,
demonstrating MTBVAC’s ability to colonize human bladder tumor
cells to a much greater extent than BCG and a higher antitumor
effect in a murine model in vivo [65]. Intravesical instillation of
BCG has also been used as a first-line therapy for non–muscle-
invasive bladder cancer. Very recenlty, we showed the capacity
of intranasal administration of BCG or MTBVAC to revert estab-
lished asthma in mice, suggesting that these live vaccines might
be triggering allergen-specific memory T cells with a Th1 profile
[66]. Also in a collaboration with the group of Prof. Mihai Netea
[67], we showed that MTBVAC is able to generate trained immu-
nity in vitro in human primary myeloid cells, which resulted in
an enhanced response after secondary challenge with non-
related bacterial stimuli. Importantly, these findings were comple-
mented with in vivo studies in mice demonstrating ability of
MTBVAC to induce trained immunity in immunocompetent and
immunocompromised SCID mice and to confer heterologous pro-
tection against a lethal challenge with Streptococcus pneumoniae
in an experimental murine model of pneumonia. All these data
underline the potential of MTBVAC as a candidate for universal
vaccination against TB or treatment against bladder cancer, repre-
Table 1
Non-specific effects of BCG and MTBVAC.

BCG

First-line therapy for non–muscle-invasive bladder cancer. [69]

Trained immunity in human cells. [70]

Heterologous protection against lethal Candida albicans infection in mice. [70]

Therapeutic efficacy against established asthma. [66]

Enhancing humoral and cellular immunity of DTaP vaccine (diphtheria, tetanus, and
acellular pertussis) in mice. Ten-fold lower incidence of pertussis in countries using
and DTaP than countries using only DTaP. [68]
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senting a potential alternative to the current BCG vaccines . Most
recently, we also found that when administered before DTaP in
mice, both BCG and MTBVAC were able to trigger effective Th1
immune responses against diphtheria, tetanus, and pertussis and
enhanced humoral responses against DTaP antigens. Moreover,
exploration of human epidemiological data showed that pertussis
incidence was 10-fold lower in countries that use DTaP and BCG
compared to countries that use only DTaP suggesting potential
beneficial impact of BCG vaccination on the protection against per-
tussis conferred by DTaP [68] (Table 1).

Two studies were recently published by the group of Frank Ver-
reck evaluating innate and adaptive immunitiy induced following
mucosal delivery of MTBVAC and BCG to the lungs in rhesus maca-
ques [71,72]. Dijkman et al., [71] showed that pulmonary vaccina-
tion with MTBVAC in rhesus macaques resulted in more rapid
induction of immune responses and broader antigenic specificity
than BCG. Vierboom et al., [72] demonstrated that mucosal respira-
tory delivery of BCG or MTBVAC to rhesus macaques induced
trained immunity, which was more efficient than standard intra-
dermal vaccination, whereby MTBVAC and BCG were equailly
effective. Moreover, mucosal vaccination enhanced innate cytokine
production by blood- and bone marrow-derived monocytes associ-
ated with metabolic rewiring, typical of trained immunity. The
findings by Vierboom et al., support the innate immune stimula-
tory potential for MTBVAC and for live attenuated mycobacterial
vaccines in general, with ability to enhance innate immune train-
ing via respiratory mucosal vaccine administration. Alternative
delivery of new vaccines, like the aerosol route, with prior clini-
cally demonstrated safety and immunogenicity, could be used for
future eradication programmes.

Today MTBVAC remains the only live vaccine candidate in the
clinical TB vaccine pipeline based on an attenuated M. tuberculosis
strain. Considering the nature of MTBVAC, the vaccine conserves
the entire T cell epitope repertoire described for MTBC pathogens
including the major immunodominant antigens ESAT-6, CFP-10
and PPE68 which are absent in BCG due to the loss of RD1. Despite
their small molecular weight, these three proteins are unusually
immunogenic and contain 285 of the total 1603 epitopes described
in M. tuberculosis, recognized by human MHC haplotypes [35]. In
line with this observation, our preclinical studies published by
Aguilo et al. [24] have demonstrated that immunity against
ESAT-6 and CFP-10 conferred after MTBVAC vaccination remark-
ably correlates with improved vaccine efficacy relative to BCG.
What is more, MTBVAC-conferred ESAT-6/CFP-10 reactogenicity
important for improved protection in mice was shown to depend
on host genetic background, demonstrating the exclusive capacity
of the H-2 k (MHC II) haplotype of the C3H mouse strain, but not of
the two commonly used mouse strains BALB/c and BL6/C57, to rec-
ognize the ESAT-6 and CFP-10-derived peptides. Our studies high-
MTBVAC

Therapeutic efficacy in preclinical model of bladder cancer. [65]

Trained immunity in human cells (epigenetic and metabolic
reprogramming of the cells from the innate immune system). [67]

Heterologous protection against a lethal challenge with Streptococcus
pneumoniae in an experimental murine model of pneumonia. [67]

Therapeutic efficacy against established asthma. [66]

BCG
Enhancing humoral and cellular immunity of DTaP vaccine (diphtheria,
tetanus, and acellular pertussis) in mice.
[68]
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light the importance of host genetics in vaccine induced protection.
In humans, studies show that about 60–80% of individuals are able
to respond to these two antigens [73,74], making us hypothesize
that vaccine-induced reactogenicity to ESAT-6 and CFP-10 might
confer improved protection in these individuals (as compared to
BCG), what would have an evident impact on TB transmission. Con-
ducting clinical trials in diverse geographical regions to account for
differences in host genetic background would provide valuable
insights for this hypothesis. In support of this hypothesis are
prospective cohort studies of persons exposed to individuals with
active TB indicating that latently infected people (reactive to
ESAT-6 and CFP-10 stimulation) are more protected against re-
infection than non-infected ones. Apart from host-genetic back-
ground, presence of environmental mycobacteria has also been
shown to affect BCG-vaccine efficacy due to potential masking
and blocking events [75]. This is especially important for new TB
vaccines targeting age groups other than newborns. Considerations
for conducting clinical trials in representative geographical lati-
tudes, such as tropical regions where higher prevalence of environ-
mental mycobacteria is observed versus those further away from
the equator, where environmental mycobacteria infections are
lower [75], should form part of a successful clinical development
strategy of new TB vaccines.

More recently, MTBVAC vaccine efficacy was reapreaised in the
context of the evolutionary genomics of M. tuberculosis, where
MTBVAC variants constructed in clinical isolates belonging to lin-
eages 2 (which includes Beijing strains) and 3 (L2 and L3) together
with the original MTBVAC vaccine, derivative of L4, were compared
against BCG in mouse models [76]. Of note L2, L3 and L4 are con-
sidered the three most geographically distributed lineages of the
MTBC responsible for a large proportion of the TB burden world-
wide today, as such the study served to see whether vaccine effi-
cacy could be lineage specific. Safety studies in
immunocompromised mice showed that MTBVAC-L2 was less
attenuated than BCG Pasteur, whereas the original MTBVAC was
found even more attenuated than BCG, and MTBVAC-L3 showed
an intermediate phenotype. Efficacy studies in immunocompetent
mice against L2, L3 and L4 aerosol challenge showed similar or
superior protection as compared to BCG Pasteur for all three
MTBVAC vaccines [76]. All these studies indicate that MTBVAC
could protect clinically against the three modern TB lineages (L2,
L3 and L4) that cause more than 95% of tuberculosis cases in
humans and support the planned Phase 3 efficacy trials in agree-
ment with regulatory requirements.
10. The need for new more reliable TB diagnostic tests

A question concerning conduct of community-wide Phase 3
efficacy trials with new TB vaccines is the availability of an ade-
quate TB-diagnostic test which does not interfere with vaccine-
induced immune responses. The Phase 1b trial of MTBVAC noted
a dose-related QuantiFERON-TB-Gold (QFT) test conversion, how-
ever by day 360, a dose-related QFT reversion had occurred ranging
from 100% in the lowest dose group to 43% in the highest dose
group [61]. Importantly, QuantiFERON TB and ELISPOT-based (T.
SPOT-TB) interferon gamma release assays (IGRAs) are the two
commercially available test frequently employed by PIs in clinical
trials for detecting M. tberculosis infection. However, both tests are
based on detecting response to ESAT-6 and CFP-10 epitopes, two of
the most immunodominantM. tuberculosis antigens, which are still
present in MTBVAC and have been correlated with vaccine
improved efficacy [24]. The lack of diversity in new TB-
diagnostics that could aid in the efficacy evaluation of new TB vac-
cines is of great vaccine development and epidemiological impor-
tance. The evidence of immunogenicity of MTBVAC supports its
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progression into larger safety and efficacy trials, but also confounds
interpretation of the current tests for M. tuberculosis infection,
highlighting the need for stringent endpoint definition [61].

MTBVAC vaccine development efforts are focused on the dis-
covery of a more effective TB vaccine that could help reverse TB
incidence and mortality rates, and on the development of a
vaccine-specific test for differentiation of MTBVAC and M. tubercu-
losis infection. As mentioned earlier, in order to have an effective
vaccine, we need to understand immunity needed for TB protec-
tion, and in order to understand protective immunity (and have
correlates of TB protection) we need an effective TB vaccine [15].
As in the case of COVID-19, the lack of a reliable diagnostic test
did not hinder the development of different effective vaccination
strategies that could save millions of lives. Once such effective vac-
cines are made available for mass vaccination campaigns, it would
be easier to identify correlates of protection that could aid in the
development of reliable diagnostic tests able to differentiate pro-
tection from infection and disease.
11. Final remarks

BCG has been in use for one hundred years now and has served
to provide continous new insights into vaccination against TB [77],
positioning it as true guide in the design and development of hun-
dreds of new TB vaccine candidates in the last two and a half dec-
ades. MTBVAC is one of these candidates in the global TB vaccine
pipeline. Based on a live-attenuated M. tuberculosis clinical isolate,
MTBVAC’s 25 years of vaccine discovery, construction and charac-
terization have strictly abided by Pasteur principles, similar to BCG.
Using BCG as an established referencegold standard for safety and
protective efficacy, MTBVAC, which contains the whole antigen
repertoire of M. tuberculosis, has demonstrated superior protective
efficacy in mice, guinea pigs and non-human primates and similar
safety as compared to BCG. Today MTBVAC is the first and only
candidate of its nature in clinical development ready to move into
Phase 3 efficacy trials in newborns in TB-endemic countries.
Beyond conferring protection against TB, BCG is recognized for its
ability to induce non-specific immunity to other heterologous dis-
eases and all-cause mortality in the first months of life. Today, the
WHO recognizes the importance that any new TB vaccine designed
for administration at birth, should show similar non-specific bene-
fits as BCG vía mechanisms of trainned immunity and/or cross-
reactivity of adaptive immunine responses to other pathogens. Fol-
lowing the footsteps of BCG’s application in different therapeutic
settings, key recent studies provide strong support for MTBVAC’s
ability of inducing trainned immunity and confering non-specific
heterologous protection similar to BCG. Research on alternative
delivery routes of MTBVAC, like a clinically feasible aerosol route,
could facilitate vaccine administration for long-term TB eradica-
tion programmes in post-licensure studies of new TB vaccines.
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