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An ESAT-6-convergent prime-boost
vaccination combining recombinant BCG
expressing Mycobacterium marinum ESX-
1 and ESAT-6/GLA-SE improves TB
protection

M| Check for updates

Kee Woong Kwon'?*’, Hongmin Kim>*?, Hagyu Kim?*, Roland Brosch®>< & Sung Jae Shin***¢

Although Bacille Calmette-Guérin (BCG) protects children against disseminated tuberculosis (TB), its
limited efficacy against adult pulmonary TB underscores the need forimproved vaccination strategies.
We previously developed arecombinant BCG strain expressing the ESX-1 type VIl secretion system of
Mycobacterium marinum (BCG::ESX-1M™), which enhances immunogenicity through cytosolic
immune signaling while maintaining low virulence. Here, we evaluated an ESAT-6-convergent prime-
boost vaccination strategy in which mice were primed with ESX-1-competent BCG::ESX-1"™" and
subsequently boosted with Mycobacterium tuberculosis (Mtb)-derived ESAT-6 formulated with the
TLR4 agonist adjuvant GLA-SE. Compared with ESAT-6/GLA-SE boosting following parental BCG
priming, the BCG::ESX-1"™"-primed regimen robustly increased antigen-specific CD4" T cells
localized within the lung parenchyma. This strategy markedly enhanced polyfunctional Th1 responses
against ESAT-6 and PPD, exceeding those induced by BCG::ESX-1"™" alone or the conventional
BCG-prime/subunit-boost approach. Importantly, ESAT-6 boosting of recombinant BCG::ESX-1Mm#
conferred superior long-term protection against hypervirulent Mtb challenge and significantly reduced
pulmonary inflammation. Together, these findings demonstrate that leveraging an ESX-1-competent
recombinant BCG platform for targeted ESAT-6 boosting can overcome key limitations of classical
BCG vaccination and represents a promising strategy for next-generation TB immunization.

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), con-
tinues to pose a formidable global health challenge despite decades of
control efforts. The 2025 WHO Global Tuberculosis Report highlights
that TB has regained its position as the leading cause of death from a
single infectious agent, accounting for an estimated 1.23 million deaths
in 2024 after being temporarily surpassed by COVID-19 during the
pandemic years. Approximately 10 million people develop active TB
annually, and nearly one-quarter of the global population carries latent

Mtb infection, with the highest burden concentrated in Asia and
Africa'?. The COVID-19 pandemic further disrupted diagnostic,
treatment, and prevention programs, reversing much of the progress
achieved in previous decades™. Although vaccination remains a key
pillar in TB control, the century-old Bacille Calmette-Guérin (BCG)
vaccine provides inconsistent and short-lived protection, particularly
against adult pulmonary TB with efficacy varying significantly across
different geographical regions and populations™, underscoring the
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urgent need for improved or next-generation vaccines to achieve sus-
tainable global TB elimination.

BCG revaccination was one of the promising strategies given that, if
proven to enhance its protective efficacy, this approach could serve as a cost-
effective and easily deployable tool to strengthen global TB control efforts.
However, the protective effect of BCG revaccination remains limited, with
reported efficacy against primary Mtb infection of less than 50%, and
notable benefit observed only among adults aged 31-40 years’. Ongoing
phase 2b clinical trials have yielded inconsistent outcomes, as studies in
Malawi and among HIV-negative adolescents failed to demonstrate sig-
nificantly improved protection®. In parallel, numerous TB vaccine candi-
dates have been developed through diverse approaches, including live
recombinant mycobacterial vaccines and adjuvanted protein subunit for-
mulations, designed either to replace BCG or to enhance BCG-primed
immunity". Encouragingly, two live vaccine candidates, VPM1002 and
MTBVAG, are currently undergoing multicenter phase 3 clinical trials to
evaluate their efficacy based on their safety profile'"'"”. Furthermore, the
adjuvanted subunit vaccine M72/AS01; demonstrated 49.7% efficacy in
preventing progression to pulmonary TB for at least 3 years and has
advanced to phase 3 clinical evaluation (NCT06062238)"*™". Despite these
encouraging findings, vaccines with efficacy exceeding 50% are still required
to achieve the WHO’s End TB strategy targets'®.

Previously, we engineered a low-virulence recombinant BCG vaccine
candidate harboring the esx-1 locus of Mpycobacterium marinum
(BCG=:ESX-1M™") with improved immunogenic properties regardless of
vaccination routes compared to its parental BCG Pasteur 1173P2''%, In
mycobacteria, the ESX-1 secretion system constitutes a type VII secretion
(T7S) machinery that exports key virulence-associated proteins, thereby
mediating host-pathogen interactions through permeabilization of the
phagosomal membrane"”. Incorporation of this functional ESX-1 system
into parental BCG resulted in superior protection against Mtb infection,
driven by robust activation of innate immunity and potent Th1 responses
elicited by ESX-1-secreted effectors’”.

Although the immune correlates of protection against TB remain
poorly defined, CD4" T cells are known to play a central role in host
defense against Mtb in animal models™. Thus, in the current study, we
designed a prime-boost vaccination strategy to efficiently induce anti-
gen (Ag)-specific polyfunctional Thl responses by leveraging the
complementary strengths of two platforms: an improved and more
immunogenic recombinant BCG::ESX-1™" with a safety profile simi-
lar to parental BCG, and ESAT-6 formulated with the TLR4 agonist
adjuvant GLA-SE as the booster Ag. The ESAT-6 used for boosting is
derived from Mtb and shares approximately 92% overall sequence
homology with the ESAT-6 of Mycobacterium marinum; notably, the
immunodominant CD4" T cell epitope differs by only a single amino
acid between the two proteins'’, supporting functional convergence at
the level of Ag-specific T cell recognition. Hereafter, we refer to this
strategy as an ESAT-6-convergent prime-boost vaccination. We then
evaluated this strategy in the context of infection with the hypervirulent
Mtb strain M2, a clinical isolate previously shown to exhibit increased
bacterial growth and exacerbated pulmonary pathology compared to
laboratory-adapted strains such as H37Rv in mouse models”. In this
setting parental BCG provides limited protection, whereas our previous
work demonstrated enhanced protective efficacy with recombinant
BCG:ESX-1M™"". Here, we sought to determine whether ESAT-6
boosting could further augment the protective capacity of BCG::ESX-
1M™ Boosting BCG:ESX-1M"" with ESAT-6 robustly increased loca-
lization of Ag-specific T cells within the lung parenchyma and enhanced
polyfunctional Thl responses. Moreover, this regimen conferred
superior long-term protection against chronic infection with the
hypervirulent Mtb strain M2 compared with either BCG:ESX-1M™"
alone or the parental BCG-primed ESAT-6/GLA-SE-boost strategy.
Our results provide a basis for further evaluating ESAT-6-boosted
BCG:ESX-1M™" as a potential approach to enhance the protective
efficacy of BCG-based vaccination strategies against TB.

Results

Boosting BCG:ESX-1""" with ESAT-6 mediated improved pro-
tection against Mtb infection

To investigate the potential of our strategy for exploiting a recombinant
BCG-primed subunit boost regimen, BCG::ESX-1""™"-primed and ESAT-6/
GLA-SE intramuscularly boosted mice were challenged with Mtb strain M2
(Fig. 1a). At 6 weeks post-infection, ESAT-6/GLA-SE boosted mice exhib-
ited a significant amelioration of pulmonary inflammation compared with
BCG:ESX-1"*-only vaccinated mice (Fig. 1b-c). This improvement in
lung pathology was accompanied by markedly lower bacterial burdens in
both the lungs and spleen, with the boosted group showing superior bac-
terial control relative to ESAT-6/GLA-SE alone or BCG:ESX-1"™" alone
(Fig. 1d). Together, these findings demonstrate that ESAT-6 boosting can
augment recombinant BCG-primed immunity, supporting its potential
value as a subunit boost strategy.

ESAT-6/GLA-SE boosting of recombinant BCG::ESX-1"mr
markedly increases Ag-specific CD4' T cells across both the
parenchymal and vascular compartments

Given the enhanced protection observed in our boosting regimen, we next
focused our analysis on lung compartments, as mucosal localization of Ag-
specific CD4" T cells within the lung parenchyma has been closely associated
with improved pulmonary immunity against Mtb'**>*. Accordingly, we
performed a head-to-head comparison of Ag-specific CD4" T cell responses
across the four vaccination groups-parental BCG, BCG plus ESAT-6/GLA-
SE, recombinant BCG::ESX-1""™", and BCG:ESX-1""" plus ESAT-6/GLA-
SE (Fig. 2a) to determine how each regimen differentially shaped par-
enchymal and vascular CD4" T cell immunity. Using ESAT-64-1,:1-A(b)
tetramer staining together with intravenous anti-CD45.2 labeling to dis-
tinguish vascular (CD45.2") from parenchymal (CD45.2) T cells**, we found
that boosting parental BCG with ESAT-6 did not significantly increase
ESAT-6-specific CD4" T cells in either lung compartment compared with
BCG alone at 4 weeks after the final immunization. In contrast, BCG::ESX-
1M jmmunization increased the frequency of ESAT-6-specific CD4'
T cells, but only within the lung vasculature whereas ESAT-6 boosting of
BCG:ESX-1"* elicited markedly higher frequencies of Ag-specific CD4"
T cells in both the lung parenchyma and vasculature compared with the
BCG-primed ESAT-6/GLA-SE boost regimen and the BCG:ESX-1™"-
only group (Fig. 2b-c). Together, these findings indicate that boosting
BCG:ESX-1M™" with ESX-1-secreted Ag ESAT-6 effectively enhances the
compartmental abundance of Ag-specific CD4" T cells.

BCG::ESX-1"™"-primed mice followed by ESAT-6/GLA-SE vac-
cination exhibited enhanced capacity of eliciting Ag-specific
CD4" Th1 responses

Based on observations, we further examined the magnitude and quality of
polyfunctional Ag-specific T cells (following the gating strategy outlined in
Supplementary Fig.1), given that robust Th1-type cellular immunity directed
against mycobacterial Ags is a key determinant of protection against TB*. To
assess the production of IFN-y, TNF, and IL-2 by Ag-specific CD4" T cells,
lymphocytes were isolated from the lungs and spleen 4 weeks after the final
immunization. Prior to tissue collection, mice received an intravenous anti-
CD45.2 injection, and the isolated cells were then stimulated with ESAT-6 or
PPD for intracellular cytokine staining. The number of PPD-specific IFN-y’,
TNF, and IL-2" CD4" T cells in the lung parenchyma was higher in the
BCG:ESX-1"""-primed ESAT-6/GLA-SE boosted group than in either the
BCG-primed ESAT-6/GLA-SE boosted group or the BCG:ESX-1""*-only
group (Fig. 3a-b). In addition, the BCG:ESX-1"""-primed ESAT-6/GLA-
SE boost regimen markedly enhanced the polyfunctionality of Ag-specific
CDA4'T cells, characterized by the co-production of IFN-y, TNF, and/or IL-2
within the lung parenchyma (Fig. 3¢; Supplementary Fig. 2a). When sti-
mulated with ESAT-6, the BCG-primed ESAT-6/GLA-SE boosted group
also exhibited increased numbers of ESAT-6-specific CD4" T cells compared
with BCG alone; however, these increases were further augmented in the
BCG:ESX-1"™"primed ESAT-6/GLA-SE boosted group, which displayed
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Fig. 1 | Evaluation of vaccine efficacy in BCG::ESX-1"™"-primed ESAT-6/GLA-
SE boosted mice following infection with Mtb M2. a Experimental design. Mice
(n =5-6 per group) were immunized with BCG:ESX-1Y™" and, 10 weeks later,
received three intramuscular doses of ESAT-6/GLA-SE (blue arrows) prior to
aerosol infection with Mtb M2 (black arrow). Bacterial burden and lung pathology
were assessed 6 weeks after infection (red arrow). b Representative H&E-stained

lung sections from each group (10x, scale bars = 2.0 mm). ¢ Quantification of
inflamed areas in the superior lobe of the right lung. d Bacterial loads in lungs and
spleens at 6 weeks post-infection. Data are presented as mean + SD and are repre-
sentative of at least two independent experiments. Statistical comparisons were
performed using the Mann-Whitney U test. n.s., not significant, *p < 0.05,

and **p < 0.01.

the highest numbers of ESAT-6-specific CD4" T cells among all groups (Fig.
3a, d). Consistent with this pattern, ESAT-6-specific polyfunctional CD4"
T cells were most abundant in the BCG=ESX-1"™"-primed ESAT-6/GLA-
SE boosted group, exceeding the levels observed in both the BCG-primed
ESAT-6/GLA-SE boosted and the BCG=ESX-1"™"-only groups (Fig. 3e;
Supplementary Fig. 2b). In the lung vasculature, comparable patterns were
observed, with the BCG=ESX-1""*-primed ESAT-6/GLA-SE boosted group
again showing the highest numbers of PPD- and ESAT-6-specific CD4
T cells and the greatest frequencies of polyfunctional subsets across all
vaccination groups (Fig. 4a-d; Supplementary Fig. 3). Similar trends
extended to systemic immunity, as splenic analyses revealed the same
hierarchy of Ag-specific CD4" T cell numbers and polyfunctionality, with the
BCG:ESX-1M™"primed ESAT-6/GLA-SE boosted regimen consistently
outperforming all other groups (Supplementary Fig. 4). Together, these
findings show that ESAT-6 boosting of BCG:ESX-1M™" consistently
amplifies both the magnitude and polyfunctional quality of Ag-specific CD4
T cells across pulmonary and systemic compartments.

ESAT-6 subunit boosting improves the protective efficacy of
BCG:ESX-1"™" against hypervirulent Mtb M2 infection

At 12 weeks post-Mtb infection, pulmonary inflammation differed mark-
edly among the vaccinated groups. Consistent with our previous studies

using the hypervirulent Mtb M2 strain®”, vaccination with recombinant
BCG:ESX-1"™" again produced a clear reduction in lung inflammation
relative to the vaccination with parental BCG. Boosting parental BCG with
ESAT-6 formulated in GLA-SE did not improve its inflammatory outcome
compared with parental BCG alone, mirroring our earlier observation’. In
contrast, ESAT-6 boosting further enhanced the protective effect of
recombinant BCG:ESX-1"™, resulting in the lowest pulmonary inflam-
matory burden among all vaccinated groups (Fig. 5a-b). The same hier-
archy was reflected in bacterial burden measurements. ESAT-6/GLA-SE
boosting did not enhance the performance of parental BCG, as pulmonary
and splenic CFU levels remained comparable between the BCG-alone and
BCG-primed ESAT-6/GLA-SE boosted groups. In contrast, recombinant
BCG:ESX-1"™* again reduced CFU more effectively than parental BCG,
and this effect became more pronounced when recombinant BCG:ESX-
1M was boosted with ESAT-6/GLA-SE (Fig. 5¢). To determine whether
the protective efficacy of this regimen extended beyond the peak effector
phase, in a pilot experiment we increased the interval between the final
ESAT-6 boost and Mtb challenge from the previously used 4 weeks to
8 weeks (Supplementary Fig. 5a). Prior to Mtb infection, ESAT-6-boosted
BCG:ESX-1™" mice displayed higher frequencies and greater poly-
functionality of Ag-specific CD4" T cells compared with other vaccination
groups, indicating preserved functional responsiveness even after the pro-
longed interval between the final booster and Mtb challenge (Supplemen-
tary Fig. 5b and c). Under this delayed challenge setting, ESAT-6 boosting of
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Fig. 2 | Analysis of antigen-specific CD4" T cells in lung parenchymal and vas-
cular compartments following vaccination. a Experimental scheme. Mice were
immunized with parental BCG or recombinant BCG::ESX-1"" and, 10 weeks later,
received three intramuscular doses of ESAT-6/GLA-SE (blue arrows) prior to
aerosol challenge with Mtb M2 (black arrow). Lung immunological analyses were
performed 4 weeks after the final immunization, before Mtb infection (red arrow).
Bacterial burden and histopathology were assessed at 12 weeks post-infection (red
arrow). b Representative flow cytometry plots showing ESAT-6, ;,:I-A(b)" CD4’
T cells in lung parenchymal (CD45.2") and intravascular (CD45.2") compartments
(n =5). Numbers indicate the frequency of Ag-specific CD4" T cells within each
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compartment. ¢ Summary of Ag-specific CD4" T cell frequencies in lung par-
enchyma and vasculature. Data represent mean + SD and are representative of at
least two independent experiments. Statistical analyses were performed using one-
way ANOVA with Tukey’s post hoc test. n.s., not significant, *p < 0.05, and

*HKH¥p < 0.0001. Note that the experimental scheme shown in panel a illustrates the
entire timeline of the study. Panels b and ¢ of Fig. 2 and panels a—e of Figs. 3 and 4
present immunological analyses performed 4 weeks after the 3* booster immuni-
zation, corresponding to the time point at which the remaining mice were challenged
with Mtb. Protection data, including bacterial burden measured 12 weeks after
challenge, are shown in Fig. 5.

BCG:ESX-1""™ remained associated with significantly reduced pulmonary
bacterial burden at 4 weeks post challenge as compared with the other
vaccination groups, thereby suggesting that the enhanced protection was
maintained beyond the immediate post-vaccination period (Supplementary
Fig. 5d). Together, these findings support the potential of ESAT-6/GLA-SE
boosting to further enhance the protective efficacy of recombinant
BCG:ESX-1"™, highlighting this prime-boost strategy as a promising
approach to strengthen BCG-based vaccination against TB.

Discussion

Despite a century of global use, the BCG vaccine provides incomplete and
variable protection against pulmonary TB, particularly in adolescents and
adults. Recent clinical data have highlighted the limitations of BCG revac-
cination, which shows inconsistent and age-restricted efficacy’®. These
shortcomings underscore the need for improved BCG-based boosting
strategies capable of overcoming the immunological constraints of the
classical platform. In this context, our study demonstrates that a prime-
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Fig. 3 | Analysis of CD4" T cell responses in the lung parenchyma of mice
following BCG- or BCG::ESX-1""*-primed ESAT-6/GLA-SE vaccination

4 weeks after the 3" booster administration. a Representative flow cytometry plots
showing IFN-y", TNF’, or IL-2"CD4'T cells in the lung parenchyma. The numbers in
plots indicate the IFN-y"TNF*, IFN-y*TNF", and IFN-y TNF" / IFN-y‘IL-2",
IFN-y*IL-27, and IFN-y IL-2*. b Quantification of PPD-stimulated IFN-y’, TNF’,
or IL-2" CD4' T cells in the lung parenchyma (n = 4). ¢ Polyfunctionality profiles of
PPD-stimulated CD4'CD44'CD62L°CD69" T cells, shown as pie charts representing

the proportions of triple-, double-, and single-cytokine-producing subsets.

d Quantification of ESAT-6-stimulated IFN-y', TNF’, or IL-2" CD4" T cells in the
lung parenchyma (# = 4). e Polyfunctionality profiles of ESAT-6-stimulated
CD4'CD44'CD62L°CD69' T cells, represented as pie charts showing the distribution
of triple-, double-, and single-cytokine-producing populations. Data represent
mean + SD and are representative of at least two independent experiments. Statis-
tical analyses were performed using one-way ANOVA with Tukey’s post hoc test.
n.s., not significant, **p < 0.01, ***p <0.001, and ****p < 0.0001.

boost regimen combining BCG:ESX-1"™" with an ESAT-6/GLA-SE
enhances both immunogenicity and protection against chronic infection
with the hypervirulent Mtb strain M2.

In line with our previous work'’, the recombinant BCG strain con-
ferred measurable protection at 6 weeks post-infection, and this effect was
further strengthened by ESAT-6 boosting. A head-to-head comparison
revealed that the immunological consequences of boosting were strongly
influenced by the priming platform. While boosting parental BCG exerted
minimal effects on T cell distribution, priming with BCG:ESX-1M"*

established an immunological environment that promoted the selective
accumulation of Ag-specific CD4' T cells within the lung parenchyma. This
quantitative and qualitative shift suggests that ESX-1 competence is an
important determinant for directing subunit-boosted immunity toward
pulmonary compartments critical for protection.

In the broader context of TB vaccine development, booster strategies
employing subunit vaccine candidates have frequently been pursued to
broaden antigenic coverage and reinforce BCG-primed immunity as
vaccine-induced protection wanes'’. Indeed, several subunit vaccines have
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Fig. 4 | Analysis of CD4" T cell responses in the lung vasculature of mice fol-
lowing BCG- or BCG::ESX-1""*"-primed ESAT-6/GLA-SE vaccination 4 weeks
after 3" booster administration. a Representative flow cytometry plots showing
IFN-y', TNF', or IL-2" CD4" T cells in the lung vasculature. The numbers in plots
indicate the IFN-y"TNF*, IFN-y*"TNF~, and IFN-y TNF" / IFN-y‘IL-2", IFN-
y'IL-27, and IFN-y IL-2". b Quantification of PPD-stimulated IFN-y", TNF’, or IL-
2" CD4' T cells in the lung vasculature (n = 4). ¢ Polyfunctionality profiles of PPD-
stimulated CD4'CD44'CD62L°CD69" T cells, shown as pie charts representing the

proportions of triple-, double-, and single-cytokine-producing subsets.

d Quantification of ESAT-6-stimulated IFN-y’, TNF’, or IL-2° CD4" T cells in the
lung vasculature (n = 4). e Polyfunctionality profiles of ESAT-6-stimulated
CD4'CD44'CD62L°CD69' T cells, represented as pie charts showing the distribution
of triple-, double-, and single-cytokine-producing populations. Data represent
mean + SD and are representative of at least two independent experiments. Statis-
tical analyses were performed using one-way ANOVA with Tukey’s post hoc test.
n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

elicited enhanced booster-induced and/or de novo CD4" T cell responses
when administered following BCG priming, accompanied by improved
protective efficacy'”****. However, accumulating evidence suggests that the
effectiveness of boosting may be shaped by the immunological context
established during the priming phase”. A critical component of this context
is the primary activation of Ag-specific CD4" T helper cells, which can
influence the magnitude, functional quality, and durability of vaccine-
induced immune responses”. Accordingly, the CD4" T cell priming

31,32 33,34

properties of diverse adjuvants™, immunization routes™", and delivery
systems-including live recombinant mycobacterial platforms such as
recombinant BCG'>*-have been characterized to facilitate the rational
design of effective prime-boost vaccination strategies.

Within this framework, our findings indicate that ESAT-6 boosting
elicits distinct immunological outcomes depending on the priming plat-
form. While ESAT-6/GLA-SE boosting following parental BCG had
minimal impact on pulmonary T cell localization or functional quality,
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Fig. 5 | ESAT-6/GLA-SE boosting enhances the a
long-term protective efficacy of recombinant
BCG:ESX-1""" against hypervirulent Mtb M2
infection. a Gross pathology and H&E staining of
lungs of each group at 12 weeks after aerosol infec-
tion with Mtb M2 (10x, scale bars = 2.0 mm).

b Quantification of lung inflammation based on the
inflamed area of the superior lobe of the right lung.

BCG — BCG::ESX-1Vmar —»

ESAT-6/GLA-SE GLASE ESAT-6/GLA-SE

-

¢ Bacterial loads in the lungs and spleens of each
group at 12 weeks post-infection. Data are presented
as mean + SD and are representative of at least two
independent experiments. Statistical comparisons

were performed using the Mann-Whitney U test.
n.s., not significant, *p < 0.05, and **p < 0.01.
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administration of the same booster after priming with BCG:ESX-1™"  derived system-fundamentally improves the localization of Ag-specific

markedly enhanced Ag-specific CD4' T cell responses. These results suggest
that the benefit of boosting is closely linked to the immunological context
established during priming, and that prime-boost strategies may be parti-
cularly effective when the priming platform engages cytosolic sensing
pathways and promotes Thl polarization through ESX-1-dependent
mechanisms'”".

The superior efficacy of this regimen can therefore be attributed to
the enhanced priming quality of the recombinant BCG platform. Unlike
parental BCG, which lacks a functional ESX-1 system due to the dele-
tion of the RD1 region, BCG:ESX-1"™ restores the functions of the
ESX-1-mediated Ag secretion and cytosolic access, facilitating early
priming of ESAT-6-specific T cells and activation of innate sensing
pathways such as cGAS-STING™. Consequently, ESAT-6/GLA-SE
boosting likely functions predominantly as an anamnestic stimulus that
expands pre-existing, functionally competent memory T cells rather
than initiating a de novo primary response'”*”. The resulting enrich-
ment of polyfunctional Th1 cells within the lung parenchyma is par-
ticularly relevant, as parenchymal rather than intravascular T cells are
required for direct interaction with infected macrophages and effective
restriction of Mtb replication” . Together, our results demonstrate
that restoring ESX-1 functionality-even using a safer M. marinum-

T cells in the lung parenchyma and functional competence of the cel-
lular immune response against hypervirulent Mtb"’.

Several limitations of this study warrant further discussion. First, while
our regimen significantly boosted immunity, we did not perform a detailed
phenotypic analysis of ESAT-6-specific T cells with respect to terminal
differentiation markers such as KLRG1 or PD-1. Given that persistent
exposure to ESAT-6 can drive T cell dysfunction or exhaustion'*”, verifying
the memory transition and differentiation state is crucial, as avoiding
terminal differentiation is essential for sustained parenchymal migration
and long-term protection™. Second, although we observed a correlation
between parenchymal T cell accumulation and protection, we did not
directly demonstrate the requirement of these cells using pharmacological
inhibitors. Future studies employing FTY720 to block the recruitment of
newly activated T cells from lymphoid organs would be valuable to confirm
whether the pre-existing parenchymal T cell pool is the primary deter-
mining factor for the observed protective capacity””. Third, while our cur-
rent study focused primarily on ESAT-6, other ESX-1-associated effectors-
such as CFP-10 or the PE/PPE family proteins-might also significantly
contribute to the overall protective immunity’>*. Future investigations into
whether co-immunization with a broader repertoire of ESX-1-secreted
antigens could further synergize with our recombinant BCG platform

npj Vaccines| (2026)11:114


www.nature.com/npjvaccines

https://doi.org/10.1038/s41541-026-01439-3

Article

would be of great interest, potentially leading to even more robust and
comprehensive protection against diverse Mtb strains. Fourth, our study
was conducted exclusively in female mice. Biological sex is increasingly
recognized as an important determinant of vaccine-induced immunity,
including in the context of TB vaccination*'. Therefore, future studies
incorporating both male and female models will be necessary to determine
whether the enhanced priming and boosting effects observed with
BCG:ESX-1"™ are broadly applicable. Lastly, it is crucial to acknowledge
that the immense diversity in phenotypic, genotypic, and pathogenic traits
among various Mtb lineages can significantly alter vaccine performance***.
Therefore, these strain-specific differences must be integrated into any
comprehensive evaluation of protective efficacy. Furthermore, the durability
of vaccine-induced responses is a critical concern. In healthy children, the
capacity of central memory T cells to proliferate and differentiate into active
effector T cells upon BCG stimulation has been shown to decline progres-
sively with age”*. This waning of cellular immunity suggests that the
protection established by neonatal BCG is not lifelong, emphasizing that
booster vaccinations are essential to sustain Ag-specific T cell populations
and prolong the period of protection. In this regard, the results of a pilot
experiment using a delayed challenge model suggests that enhanced pro-
tection following ESAT-6 boosting of recombinant BCG can still be
observed when the interval between the final immunization and infection
was extended. This effect was seen, together with maintained multi-
functional Ag-specific CD4" T cell responses prior to challenge. Never-
theless, future studies with extended intervals and comprehensive memory
phenotyping will be needed to confirm the long-term durability of this
vaccination strategy.

In summary, our study exemplifies a synergistic prime-boost strategy
that significantly enhances protection against hypervirulent Mtb. By com-
bining the improved priming capacity of recombinant BCG::ESX-1""* with
a targeted ESAT-6 boost, we achieved superior control of bacterial burden
and lung inflammation through the robust recruitment of polyfunctional
CD4' T cells into the lung parenchyma. These findings suggest that lever-
aging the ESX-1 secretion system can overcome the limitations of the
classical BCG platform. To advance these findings from the preclinical stage
to clinical application, further mechanistic studies across diverse animal
models will be essential to ensure the safety and sustained efficacy of this
next-generation vaccination strategy.

Methods

Ethics statement

All animal studies were performed in accordance with Korean Food and
Drug Administration (KFDA) guidelines. The experimental protocols used
in this study were reviewed and approved by the Ethics Committee and
Institutional Animal Care and Use Committee (Permit Number: 2021-
0279) of the Laboratory Animal Research Center at Yonsei University
College of Medicine (Seoul, Korea).

Animals

Six- to seven-week-old specific pathogen-free female C57BL/6 ] mice were
purchased from Japan SLC, Inc. (Shizuoka, Japan). Mice were maintained
under barrier conditions in the ABSL-3 facility at the Yonsei University
College of Medicine. All mice were housed in a constant temperature/
humidity environment (24 + 1 °C, 50 + 5%) under light-controlled condi-
tions (12 h light-dark cycle; 7 am on and 7 pm off) and fed a sterile com-
mercial mouse diet with ad libitum access to water.

Expression and purification of recombinant proteins

The esat-6 was amplified from Mtb H37Rv ATCC27294 genomic DNA
using following primer sets: esat-6 forward, 5-AAGCTTATGACA-
GAGCAGCAGTGGAAT-3 (HindlIII), and reverse, 5-
CTCGAGTGCGAACATCCCAGTGACGTT-3 (Xhol). The DNA
fragments of ESAT-6 was cloned into the restriction sites (ESAT-6;
HindIIl and Xho I) of the plasmid pET22b (+) vector (Novagen,
Madison, W1, USA), and the c-terminal His-tag present in the plasmid

was included. The product was transformed into Escherichia coli BL21,
which was induced to express proteins by isopropyl -D-1-thioga-
lactopyranoside (IPTG). IPTG was added at a final concentration of
1 mM. The recombinant ESAT-6 was prepared as described
previously'’. All the uncropped and unprocessed gel images are pro-
vided in the Supplementary Fig. 6.

Preparation of mycobacteria strains

Mycobacterial strains included Mtb M2 (ITRC, Changwon, Gyeongsang-
nam-do, South Korea) and BCG (Pasteur strain 1173P2; Pasteur Institute,
Paris, France). Recombinant strain BCG:ESX-1M™" was generated and
cultivated as described previously'’. All mycobacteria used in this study were
prepared as described previously™'’*.

Immunization and challenge protocol

For all in vivo experiments BCG or BCG:ESX-1"™" was subcutaneously
administered once with 1.0 x 10° CFUs, then mice were immunized with
1 ug of ESAT-6 formulated in GLA-SE 10 weeks after priming with BCG or
BCG:ESX-1"™*, The ESAT-6/GLA-SE boost was given as an intramuscular
injection three times at 3 weeks intervals. Four weeks after the final boost,
immunized mice were aerogenically challenged with the Mtb M2 strain as
previously described”. In an independent pilot experiment, the interval
between the final ESAT-6 boost and Mtb challenge was extended to 8 weeks
to evaluate the durability of vaccine-induced immunogenicity and protec-
tion. Aerosol infection was performed using a Glas-Col aerosol apparatus
(Terre Haute, IN, USA) adjusted to achieve an initial infectious dose of 200
CFUs. At 12 weeks post-challenge, mice from each group were euthanized
in a euthanasia chamber following the gradual carbon dioxide (CO,) filling
method from a compressed CO, gas cylinder followed by KFDA guidelines
for subsequent analysis.

In vivo intravascular labeling

For intravenous staining, mice were injected intravenously with FITC-
conjugated anti-CD45.2 (104; BD Biosciences) as previously described’.
Briefly, 4 pg/mouse of antibody was administrated in a total volume of
200 pl. Three minutes after antibody injection, mice were euthanized as
described above, and single cell suspensions were prepared as
described below.

Tetramer, surface and intracellular cytokine staining

Tetramer (ESAT-6,_,7I-A(b)) conjugated to PE and corresponding
negative controls (hCLIP:I-A(b)) were provided by the NIH tetramer
facility (Atlanta, USA). Single cell suspensions of the lungs and spleens
were prepared as previously described*. Single cell suspensions of each
group were stained with MHC-II tetramers for 30 min at 37 °C. Then,
single cell suspensions were first washed with 2% FBS containing PBS
and blocked with anti-CD16/32 (BD Biosciences) at 4 °C for 20 min. For
phenotypic analysis, single cell suspensions were stained with the fol-
lowing antibodies for 20 min at 4 °C; ThermoFisher Scientific (Wal-
tham, MA, USA): Live/Dead Fixable Viability Dye eFluor 780;
Biolegend (San Diego, CA, USA): CD4 (RM4-5)-PerCP-Cy5.5, CD8
(53-6.7)-BV785, CD62L (MEL-14)-Alexa700, CD44 (IM7)-BV421, and
CD69 (H1.2F3)-PE/Dazzle 594. For intracellular staining, cells were
fixed, permeabilized, and stained intracellularly with following anti-
bodies; BD Biosciences: IFN-y (XMG1.2)-PE, IL-2 (JES6-5H4)-PE-
Cy7, and TNF (MP6-XT22)-APC. To detect intracellular cytokines in
T cells from the lungs and spleens, single cell suspensions (1 x 10° cells)
from infected or immunized mice were stimulated with ESAT-6 (1 pg/
ml) or PPD (Purified Protein Derivative; 5 pg/ml) at 37 °C for 9 h in the
presence of GolgiPlug and GolgiStop (BD Biosciences). PPD was kindly
provided by Dr. Michael Brennan at Aeras (Rockville, MD, USA). Then,
cells were analyzed using the CytoFLEX S flow cytometer (Beckman
Coulter, Indianapolis, IN, USA), and subsequent analysis was per-
formed wusing FlowJo version 10 software (TreeStar, Ash-
land, OR, USA).
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Bacterial enumeration and assessment of pulmonary
inflammation

To enumerate the number of bacteria, mice were euthanized with CO,, and
lungs and spleens were homogenized. The number of viable bacteria was
determined by plating serial dilutions of the organ homogenates onto
Middlebrook 7H10 agar (Difco, Detroit, MI, USA) supplemented with 10%
OADC (Difco) and amphotericin B (Sigma Aldrich, USA). Colonies were
counted after 4 weeks of incubation at 37 °C. For histopathological analysis,
the middle cross-section from entire superior lobes of the right lung were
stained with hematoxylin and eosin (H&E) and assessed for the severity of
inflammation. The level of inflammation in the lungs was evaluated by
Image] (National Institutes of Health, USA) program, as previously
described”.

Statistical analysis

Data for all experiments are presented as the mean + SD. For immunolo-
gical analysis, the significance of differences between samples was assessed
by one-way ANOVA after Tukey’s post-test for multiple comparisons. For
CFU and histopathology analysis, Mann-Whitney rank test was used when
comparing the differences between two different groups. For statistical
analysis, GraphPad Prism version 8.00 for Windows was used (GraphPad
Software, La Jolla California USA, www.graphpad.com). Differences having
*p <0.05, **p<0.01, ***p<0.001, or ****p<0.0001 were considered
statistically significant.

Data availability
All data upon which conclusions are drawn are included in the manuscript
or in the supplemental information file provided.
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