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The recombinant vaccine BCG AureC::hly, which was developed by our team over the last 2
decades, has now entered an exciting stage [1]. The vaccine has been licensed to Vakzine Projekt
Management (VPM) GmbH in Hannover, who termed it VPM1002. Later, it was sublicensed to the
largest vaccine producer in the world, Serum Institute India (Pune, India). The vaccine has now
successfully completed two phase | clinical trials in adults: the first in Germany (NCT00749034) [2]
and the second in South Africa (NCT01113281). Moreover, a phase lla clinical study in infants in South
Africa (NCT01479972) has been successfully completed. Thus, VPM1002 is safe and immunogenic
in adults and infants. Currently a phase Il trial in HIV-exposed newborns is ongoing in South Africa
(NCT02391415), which will accumulate sufficient safety and immunogenicity data to register for a
phase llb efficacy trial in infants in South Africa in the near future. Most recently, the protocol for a
phase Il trial with VPM1002 has been submitted to the responsible Indian regulatory agency. The
goal of this study is to assess vaccine efficacy in a post-exposure setting in adults. Study participants
are former TB patients who have successfully completed conventional drug therapy (multiresistant
TB excluded). In this setting, recurrence rate, i.e., TB as a result of relapse or of reinfection, is in
the order of 10%. Hence, this study group allows assessment of protective efficacy in ca. 2000
individuals per study group. Moreover, since BCG vaccination is not considered as treatment of
choice, the trial comprises two study arms only: vaccination with VPM1002 and no vaccination.
Recruitment is expected to last for ca. 12 months and the study itself is planned to last another 12
months, since the majority of TB cases in this setting develop within this time period.

Concomitant studies in the wet lab are aimed at shedding more light on immunologic mechanisms
underlying the improved protective efficacy of VPM1002 over canonical BCG. These studies have
revealed a major role for central memory CD4* T cells in the improved vaccine efficacy of VPM1002
[3], and generated compelling evidence for a major contribution of inflammasome activation and
autophagy [4]. Finally, recent experiments revealed profound protection induced by rBCG AureC::hly
given post-exposure Mtb infection [5]. This finding was highly supportive for the move forward to a
phase Il trial in India. In parallel, we aim at further improving the BCG AureC::hly candidate with
respect to safety and efficacy. A safer vaccine candidate has been created by removing vitamin
B6 synthesis in the live vaccine strain [6]. In fact this vaccine strain is extremely safe both in
immunocompetent and immune-deficient mice. However, protection is reduced to the level of that
stimulated by parental BCG.

In an attempt to further improve the already profound protection afforded by VPM1002, we integrated
relevant cytokine genes into VPM1002, but without effect [7]. More successful was an approach in
which we deleted the anti-apoptotic nuoG gene [17]. Our work not only identified a role for nuoG in
xenophagic pathways but also demonstrated further improvement of vaccine efficacy while sustaining
the excellent safety profile. As part of the ADITEC vaccine consortium, we have generated canonical
BCG and VPM1002 expressing the H56 protein, which is a fusion protein containing epitopes from
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three Mtb antigens, ESAT6, Ag85B and Rv2660 [8]. These recombinant strains are currently
being tested in homologous and heterologous prime—boost studies together with intradermal DNA
vaccination with H56 DNA. In addition to creating new vaccines, we are also interested in the impact
of the route of administration on the efficacy of BCG and in novel vaccine candidates, including
those generated by our group. To this end, we have already found improved vaccine efficacy of BCG
administered by the mucosal route over the parenteral route. Intriguingly, mucosal BCG vaccination
strongly induced airway resident memory T cells of both CD4 and CD8 subpopulations.

In the TB vaccine candidate VPM1002 rBCG AureC::hly, the gene encoding urease C was exchanged
by the listeriolysin-encoding gene. Listeriolysin perforates the phagosomal membrane at an acidic pH,
which is achieved by urease C deletion. The vaccine candidate has been licensed to Vakzine Projekt
Management (VPM) and sublicensed to Serum Institute India (SSI, Pune, India). It had completed a
phase | trial in Germany (NCT 00749034) successfully. In this trial, three escalating doses were given
to young adults (104, 105, 108 CFUs VPM1002) and compared to 106 CFUs BCG. The vaccine study
included both BCG pre-exposed and unexposed adult volunteers and the vaccine trial ranged over
6 months with a 6-month follow-up period [2]. Subsequently a similar phase | trial was performed in
South Africa (NCT 01113281) which was completed successfully in 2011. The same regimen (three
escalating doses of VPM1002 and 10 CFUs BCG as comparator) was performed however only in
BCG pre-exposed adult volunteers. Both phase | studies demonstrated immunogenicity and safety
in adults of VPM1002. A phase lla trial in South Africa (NCT 01479972) was completed successfully
in 2013. In this trial study, three escalating doses of 104, 10°, 108 CFUs VPM1002 were compared to
108 CFUs BCG in newborns. This study demonstrated safety and immunogenicity of VPM1002 in
newborns. Currently, a phase Il trial is being performed in South Africa (NCT 02391415) including 416
newborn from HIV* and HIV- mothers, with the first baby vaccinated in June 2015. This clinical study
primarily aims at defining safety of VPM1002 in HIV-exposed newborns. Currently, VPM1002 is under
negotiation with regulatory agencies in India, for a multicentric phase Ill trial in adults. The goal of this
study is to determine the capacity of VPM1002 to protect against relapse when given after successfully
completed drug treatment of TB patients. It is therefore a post-exposure study of healthy individuals
after cure of TB. It is expected that ca. 10% drug-treated TB patients in this setting will relapse and the
goal is to determine the efficacy of VPM1002 in preventing TB recurrence. In parallel, a multicentric
phase I/l therapy trial for bladder cancer (NCT 02371447) is being performed in Switzerland. It has
been approved since 2015, with the first instillation in September 2015. BCG is the standard of care
for nonmuscle invasive bladder cancer, and the study aims to determine the therapeutic effects of
VPM1002 in bladder cancer patients with previous failure of canonical BCG treatment.

BCG has been used for vaccination against TB for nearly a century. Here, we analyzed immunity
induced by a live TB vaccine candidate, recombinant BCG AureC::hly vaccine (rBCG), with proven
preclinical and clinical safety and immunogenicity [2;9]. We pursued in-depth analysis of the
endogenous mycobacteria-specific CD4* T-cell population, comparing the more efficacious rBCG with
canonical BCG to determine which T-cell memory responses are prerequisites for superior protection
against TB. rBCG induced higher numbers and proportions of antigen-specific memory CD4* T cells
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than BCG, with a CXCR5*CCR7* phenotype and low expression of the effector transcription factors
T-bet and Bcl-6. We found that the superior protection of rBCG, compared with BCG, correlated
with higher proportions and numbers of these central memory T cells and of T follicular helper cells
associated with specific antibody responses. Adoptive transfer of mycobacteria-specific central
memory T cells validated their critical role in protection against pulmonary TB.

The recombinant BCG AureC::hly (rBCG) vaccine candidate induces improved protection against TB
over parental BCG (pBCG) in preclinical studies and has successfully completed a phase lla clinical
trial [2;3;9]. However, the mechanisms responsible for superior vaccine efficacy of rBCG are still
incompletely understood. Here, we investigated the underlying biological mechanisms elicited by
the rBCG vaccine candidate relevant to its protective efficacy. THP-1 macrophages were infected
with pBCG or rBCG, and inflammasome activation and autophagy were evaluated. In addition,
mice were vaccinated with pBCG or rBCG and gene expression in the draining lymph nodes was
analyzed by microarray at day 1 post-vaccination. BCG-derived DNA was detected in the cytosol of
rBCG-infected macrophages. rBCG infection was associated with enhanced absent in melanoma
2 (AIM2) inflammasome activation, increased activation of caspases and production of IL-13 and
IL-18, as well as induction of AIM2- and stimulator of IFN genes (STING)-dependent autophagy.
Similarly, mice vaccinated with rBCG showed early increased expression of II-1b and 1I-18, as well as
transmembrane protein 173 (Tmem173, the gene encoding STING). In conclusion, rBCG stimulates
AIM2 inflammasome activation and autophagy, suggesting that these cell-autonomous functions
should be exploited for improved vaccine design.

BCG, a live vaccine derived from virulent M. bovis, was introduced almost a century ago to fight the
global TB pandemic. Until now, BCG remains the only TB vaccine in clinical use [10]. It is relatively
safe in immunocompetent individuals and significantly reduces mortality and extrapulmonary TB in
infants. However, it fails to protect against pulmonary TB, the most prevalent form of the disease
and the source of spread. In high endemic areas, a large proportion of adolescents and adults
carry latent TB infection (LTBI). Hence, a TB vaccine for adolescents and adults frequently needs to
be administered post-exposure with Mtb. We have developed recombinant BCG AureC::hly, which
secrets pore-forming listeriolysin O (LLO) of Listeria monocytogenes to achieve superior pre-clinical
protection and safety. This is clinically the most advanced viable TB vaccine candidate, which has
successfully demonstrated safety and immunogenicity in adults and infants. Here we assessed
the protective capacity of BCG AureC::hly as post-exposure vaccine. Mice with LTBI were better
protected when immunized with BCG AureC::hly as compared to vaccination with canonical BCG.

The profound protection achieved in our preclinical model strongly suggests that BCG AureC::hly
should be evaluated as a post-exposure vaccine in adolescents/adults with LTBI.

The only TB vaccine in use today, BCG, provides insufficient protection and can cause adverse
events in immunocompromised individuals, such as BCGosis in HIV* newborns. We previously
reported improved preclinical efficacy and safety of the recombinant vaccine candidate BCG
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AureC::hly, which secretes the pore-forming LLO of Listeria monocytogenes. Here, we evaluate a
second-generation construct, BCG AureC::hly Apdx1, which is deficient in pyridoxine synthase, an
enzyme that is required for biosynthesis of the essential cofactor vitamin B6 [11]. This candidate
was auxotrophic for vitamin B6 in a concentration-dependent manner, as was its survival in vivo.
BCG AureC::hly Apdx1 showed markedly restricted dissemination in subcutaneously vaccinated
mice, which was ameliorated by dietary supplementation with vitamin B6. The construct was safer
in severe combined immunodeficiency mice than the parental BCG AureC::hly. A prompt innate
immune response to vaccination, measured by secretion of IL-6, granulocyte colony-stimulating
factor, keratinocyte cytokine, and macrophage inflammatory protein-1a, remained independent of
vitamin B6 administration, while acquired immunity, notably stimulation of antigen-specific CD4 T
cells, B cells, and memory T cells, was contingent on vitamin B6 administration. The early protection
provided by BCG AureC::hly Apdx1 in a murine Mtb aerosol challenge model consistently depended
on vitamin B6 supplementation. Prime-boost vaccination increased protection against the canonical
Mtb H37Rv laboratory strain and a clinical isolate of the Beijing/W lineage. We demonstrate that
the efficacy of a profoundly attenuated recombinant BCG vaccine construct can be modulated by
external administration of a small molecule. This principle fosters the development of safer vaccines
required for immunocompromised individuals, notably HIV* infants.

The current TB vaccine, BCG, provides insufficient protection against pulmonary TB, which is the
most common form of the disease accounting for an estimated 9.6 million clinical cases in 2014.
We deleted the NADH dehydrogenase 1 subunit G (nuoG) gene [12;13] from BCG AureC::hly,
the most advanced live vaccine candidate in clinical development [2;3;9]. In vitro, deletion of nuoG
unexpectedly led to strongly increased recruitment of the autophagosome marker LC3 to the
engulfed vaccine, suggesting that nuoG may also inhibit xenophagic pathways. In mice, BCG
AureC::hly AnuoG vaccination was safer than BCG and improved protection over parental BCG
AureC::hly, significantly reducing TB load in murine lungs, ameliorating pulmonary pathology and
enhancing immune responses. Transcriptome analysis of draining lymph nodes after vaccination
with either BCG AureC::hly or BCG AureC::hly AnuoG demonstrated earlier and stronger induction of
immune responses compared to BCG SSI, and suggested upregulation of inflammasome activation
and IFN-induced GTPases. In summary, BCG AureC::hly AnuoG is a promising next-generation
vaccine candidate with excellent efficacy and safety.

CG, the only approved TB vaccine, provides only limited protection. Previously, we generated a
recombinant derivative (BCG AureC::hly), which secretes the pore-forming LLO of Listeria
monocytogenes [86]. This vaccine shows superior protection against TB in preclinical models and
is safe in humans. Here we describe two new vaccine strains which express human IL-7 (hIL-

7) or hIL-18 in the genetic background of BCG AureC::hly to modulate specific T cell immunity.
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Both strains exhibited an uncompromised in vitro growth pattern, while inducing a proinflammatory
cytokine profile in human DCs. Human DCs harbouring either strain efficiently promoted secretion of
IL-2 by autologous T cells in a coculture system, suggesting superior immunogenicity. BALB/c mice
vaccinated with BCG AureC::hly, BCG AureC::hly_hIL7 or BCG AureC::hly _hIL18 developed a more
robust Thl response than after vaccination with parental BCG. Both strains provided significantly
better protection than BCG in a murine Mtb challenge model but efficacy remained comparable to
that afforded by BCG AureC::hly. We conclude that expression of hiL-7 or hlL-18 enhanced specific
T cell responses but failed to improve protection over BCG AureC::hly in mice.

Currently, BCG is the only licensed vaccine against TB. Yet, its moderate efficacy against pulmonary
TB in all age groups combined with a sharp increase in drug resistance urgently calls for improved
TB vaccination strategies. Besides modifications of the vaccine vector, alternative administration
routes can also improve local protection and vaccine efficacy [14]. Here, we dissected pulmonary
immune responses following mucosal BCG vaccination, which conferred superior protection in an
experimental mouse model of TB. In comparison to subcutaneous vaccination, mucosal vaccination
by intratracheal and intranasal routes induced two spatially distinct waves of protective CD4* and
CD8" T effector memory (Tgy) and tissue resident memory (Tgy) cells. Early after mucosal BCG
vaccination, T cells accumulated within the lung parenchyma, whereas mycobacteria-specific T cells
resided almost exclusively within the airway lumen after clearance of BCG. The airway-resident
CD8* T cells displayed prototypical T, features and secreted IFN-y and tumor necrosis factor-alpha
(TNF-a) [15]. In contrast, airway-resident CD4* T cells comprised a mixture of T-bet* effector and
Foxp3* regulatory T cells producing IL-10. Adoptive mucosal transfer experiments demonstrated an
important contribution of both CD8* and CD4* T cell subsets for protection against TB. Collectively, we
unraveled the mechanistic basis of superior immune protection following mucosal BCG administration
by demonstrating a key role for vaccine-induced airway-resident T cells in host defense against
pulmonary TB. These results have direct implications for the design of refined vaccination strategies
against pulmonary TB [16].

BCG is the only vaccine against TB currently in use, but while it protects against childhood TB and
disseminated forms of disease, it is ineffective against pulmonary TB, the most common form of
disease. The H56 fusion protein, containing epitopes from three Mtb antigens, ESAT6, Ag85B and
the latency antigen Rv2660c, has been shown to confer protective immunity in pre-exposure mouse
models [85]. Previously, we generated a recombinant derivative (BCG AureC::hly), which secretes
the pore-forming LLO of Listeria monocytogenes [9]. As this vaccine has improved efficacy, we
generated BCG AureC::hly expressing H56 to enhance efficacy further. Antigen-specific T cell
responses to Ag85B were increased after vaccination with BCG AureC::hly::H56, but only a small
number of mice showed responses to ESAT6. BCG AureC::hly::H56 did not increase efficacy of either
pre-exposure or post-exposure vaccination strategies. However, as BCG AureC::hly is already very
effective, and the recombinant strain may not express additional inserted antigens optimally due to
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already expressing listeriolysin, we also generated recombinant BCG SSI expressing H56. BCG::H56
vaccination led to increased IFN-y-producing cells specific for Ag85B, ESAT6 and Rv2660c. The
efficacy of this vaccine in a challenge model is currently being tested. In addition, we are testing
BCG::H56 in homologous and heterologous prime—boost models, together with intradermal DNA
vaccination with optimized H56 DNA sequence. Preliminary data indicates that intradermal DNA
vaccination induces increased numbers of antigen-specific T cells. Currently, we await the results of
prime—boost and efficacy studies.
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