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            Abstract
Tuberculosis (TB) remains the deadliest infectious disease1, and the widely used Bacillus Calmetteâ€“GuÃ©rin (BCG) vaccine fails to curb the epidemic. An improved vaccination strategy could provide a cost-effective intervention to break the transmission cycle and prevent antimicrobial resistance2,3. Limited knowledge of the host responses critically involved in protective immunity hampers the development of improved TB vaccination regimens. Therefore, assessment of new strategies in preclinical models to select the best candidate vaccines before clinical vaccine testing remains indispensable. We have previously established in rhesus macaques (Macaca mulatta) that pulmonary mucosal BCG delivery reduces TB disease where standard intradermal injection fails4,5. Here, we show that pulmonary BCG prevents infection by using a repeated limiting-dose Mycobacterium tuberculosis challenge model and identify polyfunctional T-helper type 17 (TH17) cells, interleukin-10 and immunoglobulin A as correlates of local protective immunity. These findings warrant further research into mucosal immunization strategies and their translation to clinical application to more effectively prevent the spread of TB.
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                    Fig. 1: Study design diagram and monitoring of TB infection by IFNÎ³ release after repeated ultra-low dose exposure to M. tuberculosis (Mtb).[image: ]


Fig. 2: Pulmonary mucosal BCG vaccination significantly reduces TB disease.[image: ]


Fig. 3: Flow cytometric analysis of the local immune response after BCG vaccination and RLD Mtb challenge.[image: ]


Fig. 4: Post-BCG and post-Mtb cytokine profiles, and proliferative and humoral immune responses.[image: ]
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Extended data

Extended Data Fig. 1 Dose determination and quality control of Mtb Erdman.
a, Kaplanâ€“Meier plot of the IGRA conversion dynamics of an Mtb Erdman dose-finding study in ten rhesus macaques displaying the percentage of IGRA conversion after each dose of Mtb. b, Recovery of CFUs from the Mtb Erdman stock as a percentage of the expected number of CFUs, as determined by plating of serial dilutions from the inoculum preparation process (nâ€‰=â€‰8 independent experiments, CFUs calculated from nâ€‰=â€‰3 replicates). Box-whisker plot indicating the 95% CI (box) and range (whiskers), with the line within the box indicating the median value.


Extended Data Fig. 2 Confirmation of BCG take in both vaccinated groups.
aâ€“c, Immune response analysis postvaccination to confirm vaccine take in both standard BCG and pulmonary BCG (BCG.muc) vaccinated animals (nâ€‰=â€‰8 animals per group, except for BCG.muc at week 8 in b, where nâ€‰=â€‰7 animals), as demonstrated by antigen-specific IFNÎ³ secretion in PBMCs (a), cell proliferation in PBMCs (b), and cell proliferation in BAL cells (c). In a, IFNÎ³ secretion by ELISpot is plotted as medium control-corrected SPM cells. b,c, Proliferation is shown as the stimulation index, that is, the ratio of incorporated 3H-thymidine by antigen-stimulated cells over culture medium-stimulated cells. d, BCG CFUs cultured from BAL samples taken after BCG vaccination. BCG recovery from BAL is calculated as CFUs in the total sample volume. The horizontal lines indicate the group medians. Statistically significant differences within groups are determined with a two-sided Wilcoxon signed-rank test; differences between groups with a two-sided Mannâ€“Whitney U-test. The color coding per individual is consistent throughout (see also Supplementary Table 1).


Extended Data Fig. 3 Assessment of additional parameters of TB disease manifestation.
a, Single PETâ€“CT images acquired online at week 8 postprimary Mtb challenge and corresponding pathology photographs taken at the end point of animals representing median lung and lymph node pathology within their respective groups with nâ€‰=â€‰8for each group (lung: Nv.ctrl: R1.8, BCG: R2.8, BCG.muc: R3.6; lymph nodes: Nv.ctrl: R1.8, BCG: R2.3, BCG.muc: R3.5; see also Supplementary Table 1). b, Granulomatous presentation by hematoxylin and eosin-stained histology slides from representatives of nâ€‰=â€‰8 in each treatment group. The colored dots in the pictures indicate the animal from which the sample originates (R1.1, R2.1, R3.1, R3.5, and R3.2, respectively; see also Supplementary Table 1). câ€“g, Change in body weight (c) and hematological parameters (d,e) associated with disease after Mtb infection. Change in serum albumin (f) and CRP levels (g) as markers of systemic inflammation. Change calculated as the delta of the preinfection value and each animalâ€™s end point measurement. The lines indicate the group medians (nâ€‰=â€‰8 animals per group). A two-sided Mannâ€“Whitney U-test adjusted for multiple comparisons was used to determine the significance of group differences. Å idÃ¡k-Holm-adjusted P values are shown. The color coding per individual is consistent throughout (see also Supplementary Table 1).


Extended Data Fig. 4 Gating strategy applied to T cell analysis.
Gating strategy used to analyze cytokine production and phenotypic marker expression on PPD-stimulated CD4 and CD8 T cells in BAL (shown here) and PBMCs. After doublet exclusion, lymphocytes were gated based on size and granularity. Any anomalies indicative of unstable signal acquisition were excluded using the time parameter. Events from the combined time gates were plotted against the dump channel containing the viability, CD14 and CD20 markers, and subsequently gated as viable, CD14âˆ’, and CD20âˆ’ cells. Cells were further selected for CD45 and CD3 positivity before CD4 and CD8 gating was applied.


Extended Data Fig. 5 Additional flow cytometric characterization of T cell responses after BCG vaccination.
a,b, Ex vivo enumeration of CD3+ T cells per ml recovered BAL in relation to total BAL cellular yield (a) and individual Boolean-gated CD4+ T cell cytokine-producing subsets (b) in response to PPD stimulation, eight weeks post-BCG vaccination. câ€“d, Percentage of PPD-specific cytokine responses in CD4+ (c) and CD8+ (d) T cells in the periphery, eight weeks post-BCG. eâ€“h, Further characterization of mucosal response signatures. e, Breakdown of mucosal (from left to right) IFNÎ³-, TNFÎ±-, IL2-, and IL17A-producing CD4+ T cells in BAL per treatment group into the CD28+CD95+ central memory phenotype. f, PD-1 expression of the cytokine-producing CD4+ T cells in BAL samples from the BCG.muc group, after stimulation with PPD. g, Ex vivo CD69 expression on CD4+ T cells from BAL. h, Percentage of granzyme B-expressing CD8+ T cells in BAL. a, Box-whisker plot indicating the 95% CI (box) and range (whiskers), with the line within the box indicating the median value. bâ€“h, The lines indicate the group medians. For all figures nâ€‰=â€‰8 animals per group. A two-sided Mannâ€“Whitney U-test adjusted for multiple comparisons was used to determine the significance of group differences. Å idÃ¡k-Holm-adjusted P values are shown. The color coding per individual is consistent throughout (see also Supplementary Table 1).


Extended Data Fig. 6 Additional characterization of T cell responses after RLD Mtb challenge.
a,b, Ex vivo enumeration of CD3+ T cells per ml recovered BAL in relation to total BAL cellular yield (a), and individual Boolean-gated CD4+ T cell cytokine-producing subsets in response to PPD stimulation (b), eight weeks after the first Mtb inoculation. câ€“f, Percentage of cytokine-producing T cells in PPD-stimulated CD4+ and CD8+ PBMCs (c) and ESAT-CFP10-stimulated CD4+ (e) and CD8+ PBMCs (f). Samples from three animals (one from the BCG group, two from the BCG.muc group) were not acquired due to a technical error. The â€˜+â€™ symbol indicates either PPD- (c,d) or ESAT6â€“CFP10-stimulated samples (e,f); the â€˜âˆ’â€™ symbol indicates unstimulated culture medium-incubated samples as controls. gâ€“j, Further characterization of mucosal response signatures. g, Breakdown of mucosal (from left to right) IFNÎ³, TNFÎ±, IL2, and IL17A-producing CD4+ T cells in BAL per treatment group into CD28+CD95+ central memory phenotype. h, PD-1 expression of the cytokine-producing CD4+ T cells in BAL samples from the BCG.muc group after stimulation with PPD. i, Ex vivo CD69 expression on CD4+ T cells from BAL. j, Percentage of granzyme B-expressing CD8+ T cells in BAL. a, Box-whisker plot indicating the 95% CI (box) and range (whiskers), with the line within the box indicating the median value. bâ€“j, The horizontal lines indicate the group medians. For all graphs nâ€‰=â€‰8 animals per group, unless otherwise indicated. The significance of group differences was determined with a two-sided Mannâ€“Whitney U-test adjusted for multiple comparisons. Å idÃ¡k-Holm-adjusted P values are shown. The color coding per individual is consistent throughout (see also Supplementary Table 1).


Extended Data Fig. 7 Luminex analysis of additional cytokines.
aâ€“l, Characterization of cytokine responses in the supernatant taken after in vitro stimulation of BAL cells (aâ€“d) or PBMCs (eâ€“l), either eight weeks after vaccination with BCG (week 8) or eight weeks after initial RLD challenge (week 8+). Production of IFNÎ³ (a), TNFÎ± (b), IL2 (c), and IL17A (d) by BAL cells stimulated with PPD or ESAT6â€“CFP10 fusion protein. Production of IFNÎ³ (e), TNFÎ± (f), IL2 (g), IL17A (h), GM-CSF (i), IL6 (j), granzyme B (k), and IL10 (l) by PBMCs stimulated with PPD or ESAT6â€“CFP10 fusion protein. All cytokines are plotted as medium control-corrected values. The horizontal lines indicate the group medians, for all graphs nâ€‰=â€‰8 animals per group, except for (aâ€“d) where nâ€‰=â€‰7 for the BCG group at week 8 post-BCG. The significance of group differences was determined with a two-sided Mannâ€“Whitney U-test adjusted for multiple comparisons; Å idÃ¡k-Holm-adjusted P values are reported. Within-group comparisons were tested with a Wilcoxon signed-rank test. The color coding per individual is consistent throughout (see also Supplementary Table 1).
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