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SUMMARY

Tuberculosis (TB) vaccine development is hindered by limited understanding of human immune responses to
Mycobacterium tuberculosis. Using an aerosolized Mycobacterium bovis BCG human challenge model, we
perform single-cell and bulk immune profiling of bronchoalveolar lavage and blood samples to define the
temporal immune dynamics in BCG-naive individuals. Rapid changes in cellular composition and gene
expression occur in both compartments, with TB-associated gene signatures evident on days 2 and 7
post-challenge. T cell receptor clones that expand in blood at day 7 persist in the lung mucosa until day
56 and are often detectable in blood before challenge. Pre-existing expanded clones are more enriched
for activated CD4* T cells and preferentially localize to the lung mucosa than newly expanded clones. Public
expanded clones in the lung mucosa are validated as mycobacterial antigen-reactive using reporter T cells.
These findings provide insights into mucosal and systemic immunity post-mycobacterial infection, informing

TB vaccine design.

INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium tuberculosis
(M.tb), remains the world’s biggest killer from a single infectious
agent and is transmitted via airborne spread. In 2023, an esti-
mated 10.8 million people developed TB, and 1.25 million people
died." Bacillus Calmette-Guérin (BCG), a live attenuated strain of
Mycobacterium bovis (M. bovis), is the only licensed TB vaccine,
but its efficacy against pulmonary TB varies widely between
populations between 0% and 80%,? partly due to differences
in prior exposure to non-tuberculous mycobacteria (NTM), which
can influence immune responses to BCG vaccination and myco-
bacterial infection.?®

TB vaccine development has been hindered by the absence of
predictive animal models and incomplete understanding of host-
pathogen interactions.” Although the candidate vaccine M72/
ASO1g has shown moderate protective efficacy in a phase 2b
trial (49.7%),° its inconsistent efficacy in non-human primates
(NHPs) highlights challenges in translating findings across
species.”'® Human challenge models have been widely used
to study immune responses to pathogens and test the efficacy
of vaccine candidates against infectious diseases, such as
malaria,’’ influenza,’>'® and coronavirus disease 2019
(COVID-19)."*"® While delayed T cell responses are thought to
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facilitate immune evasion in the murine model,"”'® our previous
aerosolized BCG challenge studies in BCG-naive humans re-
vealed an unexpectedly rapid induction of antigen-specific
T cell responses in both the lung mucosa and blood, ' in contrast
to slower responses observed in NHPs that were challenged with
the same dose of BCG to that used in our aerosolized BCG hu-
man challenge study.’®*° These differences underscore the
importance of defining immune responses to mycobacterial
exposure directly in humans. Using virulent M.tb in human chal-
lenge studies is not ethical, but a controlled human infection
model provides insights not achievable in natural M.tb infection,
where exposure is variable. Ongoing efforts to develop condi-
tionally viable M.tb strains incorporating inducible kill-switch
mechanisms may enable safer human challenge studies in the
future.?’

Previous studies have primarily used flow cytometry and bulk
RNA sequencing to characterize early immune responses after
bronchoscopic instillation of purified protein derivative (PPD)/
BCG or aerosolized BCG challenge.'®***” Building on our
earlier single-cell RNA sequencing (scRNA-seq) dataset at early
time points (days 2 and 7) following aerosolized BCG challenge
in the lung mucosa of BCG-naive volunteers,?® we integrated
scRNA-seq, single-cell T cell receptor (TCR) sequencing
(scTCR-seq), and bulk TCR sequencing (TCR-seq) to provide a
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comprehensive characterization of cellular composition, gene
expression, and T cell responses across early and late time
points in the lung mucosa and peripheral blood of BCG-naive
volunteers. We found that early transcriptional responses to
aerosolized BCG challenge in humans recapitulated gene
expression signatures of M.tb infection in animal models. We
identified BCG-expanded TCR clones, likely mycobacteria-spe-
cific, many of which were detectable prior to challenge, in the
blood. Their enrichment in the lung mucosa was influenced by
presence prior to infectious challenge, expansion timing, and
transcriptional profiles in the blood. Sequence-based clustering
of BCG-expanded TCR clones revealed shared, mycobacterial
antigen-reactive TCR clusters across individuals, including one
present in over half of the BCG-challenged volunteers. These
findings provide insights into human mycobacterial immunity
and may inform vaccine development.

RESULTS

Human aerosolized BCG challenge model

To define the immune response following aerosolized BCG chal-
lenge in BCG-naive individuals, BCG-naive UK adults were as-
signed to five groups receiving either 1 x 107 CFU (colony form-
ing unit) aerosolized BCG Danish or 0.9% saline (ClinicalTrials.
gov, NCT03912207).°° Bronchoscopy with bronchoalveolar
lavage (BAL) collection was performed in different groups on
days 2, 7, 14, 28, and 56. Lung mucosal responses were
analyzed by performing scRNA-seq and scTCR-seq on BAL
samples from six volunteers per group (three BCG, three saline),
including previously published scRNA-seq dataset from days 2
and 7.%° Systemic immune responses were characterized by
performing scRNA-seq, scTCR-seq, and bulk TCR-seq using
peripheral blood mononuclear cell (PBMC) samples longitudi-
nally from the same BCG-challenged volunteers (Figure 1A;
Tables S1 and S2 and STAR Methods).

Cellular trends in the lung mucosa and PBMC over time
post-aerosolized BCG challenge

To characterize immune responses post-aerosolized BCG chal-
lenge, we generated 369,657 single-cell transcriptomes from 54
samples, including 235,221 BAL cells and 134,436 PBMCs. We
identified 8 and 10 broad cell populations in the lung mucosa
(Figures 1B and S1A; STAR Methods) and PBMC (Figures 1C
and S1B; STAR Methods), respectively, along with distinct sub-
populations of macrophages and monocytes in the lung mucosa
(Figure S2A; STAR Methods), as well as T cells and natural killer
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(NK) cells from both the lung mucosa (Figure S2B; STAR
Methods) and PBMC (Figure S2C; STAR Methods).

We first assessed changes in the lung mucosal cellular
composition over time. Day 2 BAL samples were excluded
from this analysis due to sample processing differences (STAR
Methods). Although BAL samples from groups 1-2 (bronchos-
copy on days 2 and 7, respectively) and groups 3-5 (bronchos-
copy on days 14, 28, and 56, respectively) were processed using
different versions of the 10x Genomics scRNA-seq kit, saline
control samples on day 7 exhibited no significant differences in
broad cellular composition compared to those on days 14, 28,
and 56 (Figure S3A). Therefore, day 7 BAL samples were com-
bined with later time points for this analysis. Macrophage/mono-
cyte frequencies decreased at day 7 post-BCG challenge
compared to saline controls, with a continued downward trend
at days 14 and 28. In contrast, the frequency of T cells, NK cells,
plasmacytoid dendritic cells (pDCs), and B cells increased on
day 7, with T and NK cells showing a trend toward sustained in-
crease until day 28 (Figure 1D).

Modest differences in macrophage/monocyte (Figure S3B)
and T cell subpopulations (Figure S3C) were observed between
BAL samples from saline controls in groups 1-2 (days 2 and 7;
batch 1) and groups 3-5 (days 14, 28, and 56; batch 2). Conse-
quently, subpopulation frequencies within these populations
were analyzed separately for these two batches. Within macro-
phages and monocytes, the frequency of several subpopula-
tions involved in inflammation increased post-aerosolized BCG
challenge, including FOLR2.IM (FOLR2"" interstitial macro-
phage; FOLR2: Folate receptor beta), Int.Mono (intermediate
monocytes), and FCN1.Mono (FCN1"S" monocytes; FCN1:
Ficolin-1) on days 2 and 7, with FCN1.Mono remaining elevated
on day 28. The frequency of alveolar macrophages (AMs) ex-
pressing CXCL10 and interferon (IFN)-responsive AMs
increased on day 2 (Figure S4A). Within T cells, the frequency
of Tcm/Naive (central memory/naive) CD8" T cells increased
on day 2, while proliferating CD4* T cells increased on day 7,
suggesting antigen-specific T cell proliferation in response to
BCG challenge (Figure S4B).

In contrast, changes in PBMC cellular composition were
modest and transient. T cell frequencies decreased and mono-
cyte frequencies increased on day 2, returning to baseline levels
by day 7, while NK cells remained reduced from day 2 to day 14
(Figure 1E). Among T cells, the frequency of most subpopula-
tions remained stable, except for follicular helper (Tfh) CD4*
T cells and natural killer T (NKT)-like CD8* T cells. The proportion
of proliferating T cells showed a trend toward an increase on

Figure 1. Temporal cell-state dynamics after aerosolized BCG challenge

(A) lllustration of the study design.

(B and C) Uniform manifold approximation and projection (UMAP) plots of all cells in the lung mucosa (B) and PBMC (C), colored by their broad cell type annotation.
(D) The proportion of broad cell types in BAL samples from BCG-challenged volunteers at different time points (N = 3, 3, 3, and 2 biological replicates for days 7,
14, 28, and 56, respectively) and saline controls (N = 11 biological replicates). Proportions of each cell type at post-challenge time points were compared with
saline controls using a two-sided Dunn’s test with Benjamini-Hochberg correction. Bars indicate medians with interquartile ranges (IQRs); whiskers extend to

1.5 x IQRs.

(E) The proportion of each cell type in PBMCs post-aerosolized BCG challenge (N = 6 biological replicates for each time point). Each line represents a volunteer.
Cell-type proportions at post-challenge time points were compared with day 0 using a linear mixed-effects model with volunteer as a random effect, with p values

adjusted by Benjamini-Hochberg correction.
See also Figures S1-54.
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Figure 2. Cell-state-specific gene expression change following aerosolized BCG challenge
(A) Selected enriched gene sets (red, enrichment of upregulated genes; blue, enrichment of downregulated genes; full sets are shown in Figure S5B) of differ-
entially expressed genes (DEGs) on days 2 and 7 were shown for each cell type in the lung mucosa. The differential gene expression analysis was between
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day 7, suggesting antigen-specific T cell proliferation in
response to BCG challenge (Figure S4C).

Broad upregulation of interferon responses in the lung
mucosa

Across lung mucosal cell types, more differentially expressed
genes (DEGs) were identified between saline controls from
different batches (batch 1: days 2-7; batch 2: days 14-56) than
within the same batch, including comparisons between day 2
and 7 saline samples that differed in processing (Figure S5A;
STAR Methods). Accordingly, batch, but not group, was
included as a covariate in differential gene expression analyses
comparing BCG-challenged volunteers with saline controls.
Aerosolized BCG challenge induced significant gene expression
changes at days 2 and 7, which largely resolved by day 14
(Figure S5B). Gene set enrichment analysis revealed that meta-
bolic pathways, including glycolysis, oxidative phosphorylation,
and fatty acid metabolism, were enriched among upregulated
genes in several macrophage populations on day 2 (Figures 2A
and S5C). Cell-cycle-related pathways were upregulated in
CD4* T cells on day 7, consistent with the increased proportion
of proliferating CD4" T cells at this time point (Figure S4B). Inter-
feron (IFN) signaling was upregulated across multiple cell types
on both days 2 and 7 (Figures 2A and 2B). STAT1, a key signal
transducer in both IFN-a/p and IFN-y pathways,”® was broadly
upregulated across several cell types on day 2 (Figure 2B). The
upregulation of IFN signaling was more prominent in myeloid
cells than lymphoid cells, with many genes, such as CXCL10,
CCL2, and ISG20, exclusively upregulated in macrophage and
monocyte populations (Figures 2B and S5D).

To identify the cellular sources of type | IFN in the lung mucosa,
we examined IFNB1 expression and found it in a small number of
cells, primarily increased in IMs and monocytes (Figures 2C and
S6A) post-BCG challenge, consistent with the elevated IFN-§
production observed in these cell populations in the lungs of
M.tb-infected mice (25 days post-infection) and NHPs
(<100 days following M.tb infection).>®

We next identified cell populations responding to type | IFN in
the lung mucosa. Due to substantial overlap between type | and
type Il IFN-induced genes, we defined gene signatures specif-
ically induced by IFN-p or IFN-y using an RNA-seq dataset
from human monocyte-derived macrophages (MDMs) stimu-
lated with IFN-p, IFN-y, tumor necrosis factor o (TNF-a), or trans-
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forming growth factor beta (TGF-p) or were left unstimulated
(Figures S6B-S6D; Table $3).2%°° These signatures were selec-
tively upregulated in human MDMs by their respective cytokines
(Figure S6D). We found few cells expressing IFN-p-induced gene
signatures, primarily limited to a small proportion of monocytes
on day 2 post-BCG challenge. Increased expression of IFN-
y-induced gene signatures were broadly detected across
macrophage and monocyte populations on day 2 (Figure 2D).

Gene signatures of active TB were recapitulated in the
lung mucosa following aerosol BCG challenge

To investigate whether aerosolized BCG challenge recapitulates
gene expression changes observed during M.tb infection, we
derived active TB-specific gene signatures from a lung scRNA-
seq dataset from NHPs with active TB (<100 days following
M.tb infection), latent infection, and non-infected controls.”"
The signatures were derived from marker genes of three popula-
tions enriched in active TB in NHPs: AMs expressing IFN-
induced genes and activated CD4* and CD8" T cells expressing
activation and Th1/Th17 effector molecules®' (Tables S4-S6).
These gene signatures were then applied to score T/NK cell
and macrophage/monocyte populations in our dataset.

The CD4 activation score was broadly upregulated across NK
and T cell populations in the lung mucosa on day 2 or 7 post-
BCG challenge (Figure 2E), with highest levels in proliferating
T cells and activated CD4* T cells (Figure 2F). This suggests
that, in the context of aerosolized BCG challenge, the CD4 acti-
vation phenotype may reflect a polarization state induced by the
infectious challenge rather than a distinct T cell subset. Similarly,
the CD8 activation score (Figures S7A and S7C) and alveolar IFN
score (Figures S7B and S7C) were upregulated across T/NK cell
and macrophage/monocyte populations, respectively, on days 2
and 7.

Transient gene expression changes in the blood

Gene expression changes in the blood were more transient than
those in the lung mucosa, peaking on day 2 and diminishing
thereafter (Figures 2G and S8A). As in the lung mucosa, genes
involved in the IFN signaling pathway, particularly STAT1, were
broadly upregulated across cell types on day 2 (Figures 2G,
S8B, and S8C). On day 2, CD14" and intermediate monocytes
expressed IFN-y- and IFN-p-induced gene signatures in mutually
exclusive cells (Figure S8D), consistent with inhibitory effects of

volunteers receiving BCG and saline controls. Gene set enrichment was tested using a one-sided (upper-tail) hypergeometric test with Benjamini-Hochberg
correction.

(B) The day 2 log, fold-change of shared (in more than four cell types) IFN-stimulated genes (Benjamini-Hochberg adjusted p values <0.05 and logs fold change
>0.25) from the Hallmark IFN-a and IFN-y response gene set across all cell types in the lung mucosa; see also the full set of IFN-stimulated genes in Figure S5C.
(C) IFNB1 expression in macrophage/monocyte subpopulations in the BAL samples from BCG-challenged volunteers and saline controls.

(D) The proportion of alveolar macrophages (AMs), inflammatory AMs, interstitial macrophages (IMs), monocytes, and proliferating AMs in the lung mucosa that
are responsive to IFN-y (red), IFN-p (blue), or both (green). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(E) CD4 activation score in T/NK cell subpopulations in BAL samples from BCG-challenged volunteers at different time points and saline controls. Bars indicate
medians with IQRs; whiskers extend to 1.5 x IQRs.

(F) CD4 activation score in T/NK cell subpopulations in the lung mucosa.

(G) Gene expression changes of CD14" monocytes in the PBMCs 2 (left) and 7 days (right) post-aerosolized BCG challenge compared to day 0.

Two-sided Dunn’s test with Benjamini-Hochberg multiple testing correction was used to compare the proportion (D) or the score (E) of each population at time
points post-aerosolized BCG challenge to that in saline controls from the same batch. (A and F) Lung mucosa. Biologically independent samples were collected
from saline controls (N = 6 and 8 for batch 1 and 2, respectively) and BCG-challenged volunteers (N = 3, 3, 3, 3, and 2) between day 2 and day 56; g, blood (N = 6
biological replicates for each time point). See also Figures S5-S8.
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type | IFN signaling on IFN-y signaling.?®?° Unlike the lung mu-
cosa, where TNF-a signaling was upregulated in macrophage/
monocyte populations but downregulated in T/NK cell popula-
tions (Figure 2A), TNF-a signaling was downregulated across
T/NK cell populations and CD16* monocytes in the blood
(Figure S8B).

Inference of mycobacteria-specific TCRs in the lung
mucosa

Lung mucosal TCR sequences captured by scRNA-seq were
used to assess TCR repertoire diversity using the inverse Simp-
son index for each volunteer. There was a trend toward a higher
TCR diversity in the lung mucosa at day 2 compared to that in sa-
line controls (Figure 3A), suggesting that the T cells in the lung
mucosa 2 days post-BCG challenge were mainly non-BCG-spe-
cific T cells, consistent with the increased proportion of naive/
central memory T cells in the lung mucosa on day 2
(Figure S4B). T cell diversity then declined, reaching a minimum
onday 14 (Figure 3A), suggesting increasing dominance of BCG-
specific T cell response from day 7 onward.

We then used TCRdist3,°%*% an algorithm that clusters TCRs
based on a position-weighted, multi-CDR (complementarity-
determining regions) distance metric, to identify lung mucosal
TCRs similar to M.tb-specific TCRs in a reference database.**
We observed an increase in the frequency of lung mucosal
TCRdist3-inferred M.tb-specific TCRs at day 7, with this trend
persisting until day 28 (Figure 3B), consistent with reduced
T cell diversity in the lung mucosa (Figure 3A). However, the fre-
quency of lung mucosal TCRdist3-inferred M.tb-specific TCRs
remained lower than the frequency of IFN-y-secreting T cells
measured by intracellular cytokine staining using flow cytometry
after in vitro BCG restimulation (background from medium-only
controls subtracted),'® possibly due to HLA differences between
UK adults in this study and the South African adolescents in the
reference database. For example, in volunteer 1097, TCRdist3-
inferred M.tb-specific T cells accounted for less than 1% of
lung T cells, whereas approximately 30% of T cells in the lung
mucosa secreted IFN-y upon restimulation (Morrison et al., un-
published data). TRBV12-4 usage reached ~10% in lung
mucosal T cells of 1097 (Figure 3C), but this gene was absent
from the reference TCR database, potentially leading to under-
estimation of M.tb-specific TCR frequency in our scRNA-
seq data.

TCR expansion in PBMCs and the lung mucosa post-
aerosolized BCG challenge

Aerosolized BCG challenge induced a rapid and robust systemic
PPD-specific IFN-y response, measured by the enzyme-linked
immunospot (ELISpot) assay after in vitro stimulation of
PBMCs with PPD (Figure S9A), which peaked at day 7 and
declined by day 14, enabling identification of expanded TCR
clones in the blood by bulk TCR-seq.

Given the peak systemic IFN-y response on day 7 post-BCG
challenge, we identified BCG-expanded TCR clones by
comparing their frequency in blood on day 7 versus day
0 (Figures 3D, S9B, and S9C; STAR Methods). Their frequency
in the blood correlated with the magnitude of the systemic IFN-
y response on day 7 (Figure S9D), suggesting these clones likely
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represented BCG-specific TCR clones. Furthermore, BCG-
expanded TCR clones in the blood showed greater similarity to
M.tb-specific TCRs in the reference database®* than to CMV-,
EBV-, type A influenza-, or SARS-CoV-2-specific TCRs from
the VDJdb database®® (Figure S9E).

In PBMCs, most BCG-expanded TCR clones declined on day
2, peaked on day 7, and fell sharply by day 14 (Figure 3E), mirror-
ing the kinetics of systemic IFN-y response. Two types of BCG-
expanded TCR clones were identified: new clones absent at
day 0 in PBMCs and old (or pre-existing) clones detectable in
PBMCs before challenge (STAR Methods). Unexpectedly,
most expanded clones were pre-existing, suggesting the rapid
systemic IFN-y response in these BCG-naive volunteers were
driven by pre-existing T cells.

By integrating lung mucosal scTCR-seq data (STAR Methods),
we found BCG-expanded TCR clones in the lung mucosa were
nearly undetectable on day 2 post-BCG challenge but persisted
from day 7-56, with stable frequencies between days 7 and 28
(Figure 3F). Their frequency in CD4* T cells was comparable to
that of IFN-y* CD4* T cells after in vitro BCG-restimulation, de-
tected by flow cytometry (Morrison et al., unpublished data),
indicating that the combined TCR-seq approach was compa-
rably sensitive in identifying antigen-specific T cells. These
expanded clones were more likely than non-expanded clones
to be enriched (Figure S10) and to be activated CD4" T cells
(Figure 3@G) in the lung mucosa, further supporting their likely
BCG specificity.

In vitro T cell activation by mycobacterial antigens did
not predict in vivo expansion and activation following
aerosolized BCG challenge

To assess whether BCG-expanded TCR clones observed in vivo
could be activated by mycobacterial antigens in vitro, day 7
PBMCs from BCG-challenged volunteers were stimulated with
PPD (Figure S11A), M. bovis lysate, or live BCG or were left un-
stimulated (Figures S11B and S11C; STAR Methods). Unex-
pectedly, the sorted AIM* TCR clones showed limited overlap
with BCG-expanded TCR clones in the blood, regardless of
the antigens used for PBMC stimulation (Figures 4A, S12A,
and S13A). Typically, only 30%-40% of BCG-expanded clones
in the blood were found among AIM* clones (Figure S12B),
increasing slightly when multiple antigens were combined to
define AIM positivity (Figure S12C). Fewer than 5% of AIM*
clones showed expansion in the blood following aerosolized
BCG challenge (Figure S12D). MAIT cells comprised <5% of
AIM* clones, estimated by TRAV7-2 usage in TCRa chains,
except in one BCG-stimulated sample (Figure S12E), consistent
with reported frequencies in the M.tb-specific AIM* TCR refer-
ence dataset (Figure S12F).**

BCG-expanded AIM~ and AIM™* clones were more likely to be
enriched in the lung mucosa than non-BCG-expanded AIM*
clones, which showed no enrichment; no difference in the lung
mucosal enrichment was observed between BCG-expanded
AIM~ and AIM* clones (Figures 4B and S13B). Non-BCG-
expanded AIM* clones following M. bovis lysate stimulation
were less likely to be activated CD4" T cells and more likely to
be MAIT cells in the lung mucosa than BCG-expanded AIM™
and AIM* clones, suggesting MAIT cell activation in the AIM
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Figure 3. Aerosolized BCG challenge expanded previously detected TCR clones

(A) TCR diversity in the lung mucosa post-aerosolized BCG challenge.

(B) The frequency of TCRdist3-inferred M.tb-specific TCRs in the lung mucosa.

(C) The proportion of T cells in the lung mucosa that used TRBV12-4.

(A and B) Comparisons between BAL samples from BCG-challenged volunteers at different time points and saline controls were performed using a two-sided
Dunn’s test with Benjamini-Hochberg correction.

(A-C) Bars indicate medians with IQRs; whiskers extend to 1.5 x IQRs. Biologically independent samples were collected from saline control (N = 13) and BCG-
challenged volunteers (N = 3, 3, 3, 3, and 2) between days 2 and 56.

(D) The proportion of TCR clones in the bulk TCR-seq dataset from the PBMCs of volunteer 1026 on days 0 and 7 post-aerosolized BCG challenge. All BCG-
expanded TCR clones and 5% of randomly selected non-BCG-expanded TCR clones are shown for comparison.

(E) Dynamics of BCG-expanded TCR clones in PBMCs from BCG-challenged volunteers. Each line represents a TCR clone; the top 20 clones by day 7 frequency
per volunteer were shown.

(F) The proportion of old and new BCG-expanded TCR clones and non-BCG-expanded TCR clones in the lung mucosa of volunteers receiving BCG.

(G) The proportion of T cell subpopulations among BCG-expanded and non-BCG-expanded TCR clones in the lung mucosa of BCG-challenged volunteers.
Subpopulations without significant differences were assigned a log, fold change (log-FC) of 0. The right panel pools data from BCG-challenged volunteers with

BAL samples collected on days 7, 14, 28, and 56. Comparisons were performed using a two-sided paired Wilcoxon test with Benjamini-Hochberg correction.
See also Figures S9 and S10.
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Figure 4. Properties influencing the lung mucosal enrichment and activation of BCG-expanded TCR clones
(A) The proportion of AIM* (PPD-stimulated) and BCG-expanded TCR clones in the PBMC bulk TCR-seq dataset (day O vs. day 7) from one representative
volunteer.

(legend continued on next page)
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assay (Figures 4C and S14). AIM positivity of a TCR clone after
in vitro mycobacterial stimulation of day 7 PBMCs did not in-
crease the likelihood of lung mucosal activation for either
BCG-expanded or non-BCG-expanded clones (Figures 4C and
S14), indicating it is less predictive of lung mucosal activation
and enrichment after BCG challenge than expansion in the
blood.

Pre-existing BCG-expanded TCR clones were more
likely to be enriched and activated in the lung mucosa
following aerosolized BCG challenge

Most BCG-expanded TCR clones in the PBMCs and lung mu-
cosa post-BCG challenge were pre-existing in the blood prior
to challenge (Figures 3E and 3F), comprising 42%-89% in day
7 PBMCs (Figure S15A) and ~60%-100% in the lung mucosa
(Figure S15B). Pre-existing clones were more likely to be en-
riched in the lung mucosa post-challenge compared to newly
expanded clones (Figures 4D and S15C). They also differed in
cell-type composition in the lung mucosa (Figure 4E), with pre-
existing clones more frequently observed as activated CD4*
T cells, particularly at days 7 and 14, while new clones were
more often regulatory CD4* T cells (Figure 4E).

TCR clones that expanded on day 14 failed to be
enriched in the lung mucosa

The expansion of BCG-specific TCR clones following aerosol-
ized BCG challenge may be asynchronous. The predominance
of pre-existing clones among those expanded on day 7 likely
reflects secondary response, while newly expanded clones
represent primary responses to BCG. We defined day-14-
expanded TCR clones in the blood as those expanded on day
14 but not on day 7 (Figure S16A; STAR Methods). Compared
with BCG-expanded TCR clones, these clones were more often
new in the blood (Figure S16B), showed lower levels of expan-
sion in the blood (Figure S16A), and were rarely detected in the
lung mucosa, even when present at higher frequencies in
PBMCs on day 14 than some BCG-expanded clones that
were present in the lung mucosa (Figures S16C-S16D). These
findings suggested that early expansion, by day 7 post-BCG
challenge, is critical for subsequent enrichment in the lung
mucosa.

¢? CellPress

OPEN ACCESS

Gene expression profile of BCG-expanded TCR clones in
the blood can influence their enrichment and activation
in the lung mucosa

To understand whether transcriptional features of BCG-
expanded TCR clones in the blood influenced their lung mucosal
enrichment, we reintegrated and reclustered those clones from
the PBMC scRNA-seq data (Figure 4F). BCG-expanded clones
in the PBMCs segregated into two transcriptional phenotypes:
activated T cells, characterized by high expression of GZMK
and CCL5, and regulatory CD4" T cells expressing FOXP3 and
CTLA4 (Figure 4F). BCG-expanded clones were more frequently
associated with the activated T cell phenotype in the blood
(Figure 4F), and these cells were more likely to be enriched
(Figure 4G) and activated in the lung mucosa (Figure 4H) than
their regulatory counterparts.

Public BCG-expanded TCR clones in the lung mucosa
were reactive to mycobacterial antigens in an antigen
screening platform

TCRs recognizing the same epitope often exhibit convergent
sequence features.***® TCRap clones were defined as TCRs
with identical TCRa and TCRp sequences. Using TCRdist3,
we calculated pairwise distances between 788 TCRaf clones
found in the lung mucosa that were similar to BCG-expanded
TCR clones in PBMCs based on TCRp sequence similarity
(TCRdist <18). A similarity graph was then constructed by
linking TCRaf clones with pairwise distances <36, based on
both TCRa and TCRp sequences. This analysis revealed 42
TCRop clusters (Figure 5A), many with distinct CDR3 motifs
(Figure 5B).

Cluster 1 comprised six TCRap clones in the lung mucosa
resembling a known Rv1388g:.195-reactive TCR cluster (Figure
5C; Table S7).%” Five representative TCRs were validated for
reactivity to the Rv1388g1.105 peptide using a previously estab-
lished in vitro antigen screening platform (Figures 5D and 5E;
Table S7).°” The Rv1388g:.105 peptide is highly conserved
across mycobacteria: 56 of 65 mIHF (integration host factor;
Rv1388) sequences in UniProt are identical at this region,
including common NTM species such as Mycobacterium canet-
tii, Mycobacterium smegmatis, and Mycobacterium fortuitum
(Table S8).

(B) Lung mucosal enrichment of BCG-expanded AIM*, BCG-expanded AIM~, and non-BCG-expanded AIM* TCR clones (AIM assay with M. bovis lysate [left] or
PPD [right]) from BCG-challenged volunteers (N = 8 biological replicates). The enrichment of non-BCG-expanded AIM* TCR clones was compared to 1.

(C) The proportion of activated CD4* T cells and MAIT cells among BCG-expanded AIM*, BCG-expanded AIM~, non-BCG-expanded AIM* and non-BCG-
expanded AIM™ TCR clones in the lung mucosa (AIM assay with M. bovis lysate (left) or PPD (right), N = 8 biological replicates).

(D) Lung mucosal enrichment of old and new BCG-expanded TCR clones from BCG-challenged volunteers (N = 11 biological replicates).

(E) T cell subpopulation composition of old, new, and non-BCG-expanded TCR clones in the lung mucosa of each BCG-challenged volunteers (the right-panel
pooled data from days 7, 14, 28, and 56 in the left panel; N = 11 biological replicates).

(F) Marker gene expression of T cells belonged to the BCG-expanded TCR clones in the PBMCs.

(G) Lung mucosal enrichment of different subpopulations of BCG-expanded TCR clones in the PBMCs.

(H) The ratio of the proportion of T cell subpopulations in the lung mucosa between BCG-expanded TCR clones with an activated T cell phenotype in the PBMCs
and those with a FOXP3™" regulatory CD4* T cell phenotype.

(G and H) Data were pooled across BCG-challenged volunteers (bronchoscopy on day 14) due to limited numbers of PBMC scRNA-seqg-captured BCG-
expanded TCR clones (N = 26 and 17 biological replicates for activated T cells and FOXP3* Treg CD4* T cells, respectively). Each dot represents a BCG-
expanded TCR clone. If a T cell clone was composed of T cells from more than one cell population, it was included in both cell populations.

Two-sided paired Wilcoxon (B-E) or unpaired Mann-Whitney (G and H) test without multiple testing correction (D and G) or with Benjamini-Hochberg multiple
testing correction (B, C, E, and H) was used. The color in (B)~(D) encoded the day of BAL collection. Non-significant log,FC was set to 0 for (E) and (H). See also
Figures S11-S16.
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Figure 5. Public BCG-expanded TCRaf clones were mycobacterial antigen-reactive
(A) Sequence similarity graph of lung mucosal TCRaf clones similar to BCG-expanded TCR clones in the PBMCs (TCRdist <18 using TCRp; edges drawn at
TCRdist <36 using TCRaf). Nodes represent clones (size scaled by clone size); orange and gray edges indicate inter- and intra-individual connections,
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Unexpectedly, some clusters included lung mucosal TCRaf
clones from volunteers who received saline. For example, the
largest cluster (cluster 0) comprised eight TCRaf clones from
five saline recipients and 11 clones from seven BCG recipients
(Figure 5B; Table S7). Despite this, these clusters may still be
BCG-specific, given the widespread presence of pre-existing
BCG-expanded TCR clones. Supporting this, 21 BCG-
expanded TCR clones in the PBMC that were similar to lung
mucosal TCRaf clones in cluster 0 were detected in 9 of the
14 BCG-challenged volunteers with available PBMC bulk TCR-
seq data (Figure 5B).

To test the BCG reactivity of cluster O, a representative TCR
(TCRO002 from volunteer 1026) was expressed in a luciferase re-
porter cell line and stimulated with PPD-loaded autologous
monocyte-derived dendritic cells (MoDCs). The activation of the
reporter line confirmed the BCG-specificity of this TCR
(Figures 5C and 5F; Table S7). All 12 volunteers with cluster
0 TCR clones carried HLA-DRB4*01:01 or HLA-DRB4*01:03,
and 11/12 carried an allele from the HLA-DQB1*03 group
(Table S9). Usingartificial antigen presenting cells (@APCs) ex-
pressing single alleles, we found that TCR002 was restricted by
HLA-DRB4*01:01, not HLA-DQB1*03:01 (Figure 5G). Seven of
eight BCG-challenged volunteers with either HLA-DRB4*01:01
or HLA-DRB4*01:03 alleles had cluster 0 TCR clones in the lung
mucosa, with the exception sampled at day 2, likely too early to
detect any BCG-expanded TCR clones (Figure 3F; Table S9).

Four additional lung mucosal TCRs were tested and all re-
sponded to PPD (Figure 5F): TCR0O03—the most abundant
clone in the lung mucosa of volunteer 1026 on day 7 (consti-
tuting 10% of total TCRs in the lung mucosa); TCR004—
another representative clone from 1026; TCR005—from cluster
3, which also included clones from saline controls; and
TCRO006 —from cluster 4 (Figure 5C; Table S7). This further sup-
ported the BCG specificity of the BCG-expanded TCR clones.
Most lung mucosal TCRs that showed reactivity to mycobacte-
rial antigens (9/10) were pre-existing in the blood prior to chal-
lenge (Table S7). Despite shared sequence features of TCRap
clones within the same cluster, which highly likely recognize
the same epitope, their frequency and enrichment in the lung
mucosa varied across volunteers (Figure 5B), suggesting that
host factors such as exposure history or genetics influences
the enrichment of antigen-specific T cells in the lung mucosa
post-infection.
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DISCUSSION

In this study, we comprehensively characterized immune re-
sponses to aerosolized BCG challenge in the lung mucosa and
blood of BCG-naive individuals using scRNA-seq, scTCR-seq,
and bulk TCR-seq. This human challenge model recapitulated
key TB-associated immune features, including TB-specific
gene signatures®®*®' and lymphocyte infiltration,*® particularly
evident on days 2 and 7 post-challenge. Bulk TCR-seq of
PBMCs identified BCG-expanded TCR clones, which were likely
BCG-specific, supported by their correlation with systemic PPD-
specific IFN-y ELISpot responses. These clones accumulated in
the lung mucosa and persisted there longer than in PBMCs. Their
enrichment in the lung mucosa was associated with presence
before challenge, early expansion, and a more activated tran-
scriptional profile in the blood, but not with AIM assay positivity.
We further showed that several public BCG-expanded TCRaf3
clones in the lung mucosa were reactive to mycobacterial anti-
gens using an in vitro antigen screening platform.®’

Previous human lung challenge models have been pivotal in
defining pulmonary recall immunity, but mostly used broncho-
scopic segmental instillation of PPD or live BCG into a single
lung subsegment®?~° and largely enrolled individuals with pre-ex-
isting mycobacterial immunity, either PPD-positive/M.tb-infected
or historically BCG-vaccinated,?* 2 unlike the BCG-naive cohort
studied here. These studies demonstrated robust recruitment of
M.tb-specific Th1-like cells at early time points following broncho-
scopic instillation of PPD or BCG and provided key mechanistic
insights. Building on this, aerosol BCG challenge distributes
BCG through the respiratory tree and better mimics natural expo-
sure.'®?%27 Our study leverages this aerosol route together with
scRNA-seq, scTCR-seq, and bulk TCR-seq to resolve lung
mucosal and systemic immunity across multiple time points.

The reduction in macrophage proportion in the BAL following
aerosolized BCG challenge was also observed following bron-
choscopic instillation of BCG and PPD.?*?**® Previous studies
have shown that bronchoscopic instillation of PPD in PPD
skin-test-positive individuals increased the total number of
AMs in the BAL, despite their relative proportion being reduced
because of an influx of lymphocytes.”>?® The reduction of
BCG-expanded TCR clones in blood at day 2 likely reflects traf-
ficking to draining lymph nodes for activation, as they were
almost absent from the lung mucosa at that time.

respectively. Lung mucosal TCRaf clones from BCG-challenged volunteers and saline controls were included. Only clusters with at least two TCRaf clones are
displayed.

(B) CDRB3 sequence logos of representative clusters in (A) and summed clonal frequencies per volunteer in the lung mucosa and PBMCs. The right panel shows
the summed clonal frequencies of TCRaf clones from the cluster in the lung mucosa and of similar BCG-expanded TCR clones in PBMCs for each volunteer. For
each CDR3 motif, the lower sequence logo displays amino acid information content by position, while the upper logo shows enrichment relative to randomly
selected CDR3 sequences with matched V and J gene usage.

(C) TCR sequence information of lung mucosal TCRaf clones selected for the validation of reactive to mycobacterial antigens in Figures 5E and 5F using an in vitro
antigen screening system,37 including two known Rv138841_105-reactive TCRap clones. The count and proportion of each TCR clone in BAL samples were shown
in the last two columns.

(D) A schematic overview of the in vitro antigen screening system using aAPCs or autologous MoDCs and an NFAT-luciferase TCR reporter cell line.

(E) Activation of selected TCRs from the cluster 1 by aAPCs loaded with Rv138891.195 (N = 3 or 4 technical replicates).

(F) Activation of selected TCRs by autologous MoDCs loaded with PPD (N = 3 technical replicates).

(G) Activation of TCR002 by aAPCs expressing indicated HLA-II molecules loaded with PPD (N = 3 technical replicates).

The mean + standard deviation (SD) is shown in (E-G). Medium-only control was used in (E-G). Fold change relative to control was displayed in (E) and (G). Two-
sided unpaired t test without multiple testing correction was used to assess TCR activation.
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The T cell response following aerosolized BCG challenge in
humans was markedly faster than in NHP models. In a parallel
study using BCG-naive rhesus macaques challenged with the
same BCG dose and delivery method, PPD-specific IFN-y re-
sponses in both PBMCs and lung mucosa were not detected un-
til day 28, peaking at 12 weeks post-challenge. Similarly, CD4*
T cell infiltration in the lung mucosa was only observed from
day 28 onward.?° In contrast, in humans, systemic PPD-specific
IFN-y responses, lung mucosal BCG-specific IFN-y responses,
and CD4* T cell infiltration were already evident and peaked on
day 7. This rapid response in humans may be driven by pre-ex-
isting BCG-expanded TCR clones. Whether the delayed
response in NHPs reflects a lack of such pre-existing clones or
inherent species differences remains unclear. Comparative
TCR-tracking studies in NHPs may help address this.

Gene expression changes in both the lung mucosa and
PBMCs following aerosolized BCG challenge were transient. In
the lung mucosa, transcriptional profiles across all cell types re-
turned to baseline by day 14, while in PBMCs, changes resolved
by day 7, despite previous evidence that BCG can remain
detectable in BAL up to day 14 in BCG-naive volunteers."® This
pattern mirrors findings from SARS-CoV-2 infection and vacci-
nation, where strong early (<5 days post-infection and 1 day
post-prime vaccination) transcriptional responses rapidly con-
tract within 10 and 7 days, respectively.®?*°

Type | IFN has long been implicated in active TB pathogen-
esis. 8224142 Theg response pattern to type | and Il IFN after
the challenge mirrors findings in M.tb-infected C57BL/6 mice,
an M.tb-resistant strain, in which macrophage and monocyte re-
sponses are dominated by an IFN-y-induced gene signature,
rather than IFN-p-induced signatures.®®

Aerosolized BCG challenge recapitulated key transcriptional
features of M.tb infection observed in animal models, including
the cellular source of type | IFN, cellular responses to IFN, and
gene signatures characteristic of active TB in NHPs.?**" This
supports the use of BCG in human challenge models as a surro-
gate challenge agent for M.tb. The relatively high BCG dose used
here may contribute to the magnitude of transcriptional align-
ment observed with active TB signatures in NHPs, potentially
amplifying inflammatory pathways that are also engaged during
progressive infection.?? Due to differences in how humans and
animal models respond to mycobacterial infection, it remains
important to derive cell-state-specific lung gene signatures
directly from humans early after M.tb infection or in early-stage
active TB disease; however, such datasets are currently lacking.

Not all early immune changes we observed are likely to be TB-
specific. The enrichment of T cells in the lung mucosa, together
with the upregulation of IFN-responsive genes in T cells and
AMs, resembles patterns reported in other inflammatory lung
conditions, including severe SARS-CoV-2 pneumonia, although
these responses appear to be less pronounced in severe pneu-
monia caused by other non-SARS-CoV-2 viral, bacterial, or
fungal pathogens.**** We also observed a trend toward
increased TCR diversity and a higher proportion of naive/central
memory CD4* and CD8" T cells in the lung mucosa on day 2
post-BCG challenge, when BCG-expanded TCR clones were
barely detected. By day 7, BCG-expanded TCR clones
increased and TCR diversity trended downward. Together, these
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findings suggest that early T cell accumulation and activation
following aerosolized BCG challenge may, at least in part, reflect
cytokine- and chemokine-driven bystander recruitment rather
than exclusively antigen-specific responses. As no unrelated
aerosolized organism was included as a control, non-specific
bystander effects cannot be formally excluded.

Only a small proportion of AIM* TCR clones identified after
in vitro mycobacterial stimulation of PBMCs expanded in the blood
post-challenge. This may reflect, first, cytokine-driven bystander
T cell activation in the AIM assay, meaning that some AIM* TCR
clones were not truly antigen-specific,”® despite the use of AlM
assay in previous studies to identify antigen-specific T cell re-
sponses. Future studies incorporating TCR-blocking antibodies
during in vitro stimulation may help to more rigorously distinguish
antigen-specific from bystander activation in AIM-based assays.
Second, even genuinely mycobacteria-antigen-specific AIM*
TCR clones may not have expanded post-challenge, as both
vaccination and infection can reorganize clonal hierarchies without
uniformly expanding all antigen-specific clones.*®° The response
to aerosolized BCG may be largely driven by a limited set of immu-
nodominant antigens, consistent with the focused antigen recog-
nition reported in human M.tb infection.®'~>%

In humans, true naive precursor frequencies for individual an-
tigen-specific T cells are extremely low and often fall below
detection limits,>* making it unlikely that the substantial propor-
tion of pre-existing BCG-expanded TCR clones in both PBMCs
and the lung mucosa of BCG-naive volunteers represents the
expansion of true naive precursors at baseline. Instead, they
likely derive from a pre-existing memory T cell pool, potentially
shaped by prior exposure to NTM. This was supported by the
conservation of the Rv1388g1.105 peptide across many NTM spe-
cies. T cells from individuals with latent M.tb infection more
readily recognized M.tb epitopes homologous to NTM,
compared to those specific to M.tb, suggesting that NTM expo-
sure may prime responses to conserved mycobacterial anti-
gens.55 Central memory T cells reactive to Mycobacterium avium
PPD have also been detected in BCG-naive UK volunteers.*®
Further studies are needed to determine whether the pre-exist-
ing BCG-expanded TCR clones preferentially target epitopes
shared between BCG and NTM, compared to newly expanded
clones. Pre-existing SARS-CoV-2 polymerase-specific T cells
cross-reactive to human seasonal coronavirus (HCoV) variants
were detectable in SARS-Cov-2 unexposed individuals before
the COVID-19 pandemic,®”*® and their expansion was associ-
ated with protection against infection.® In our study, pre-exist-
ing BCG-expanded lung TCR clones were more likely to be acti-
vated CD4* T cells at early post-challenge time points, while
newly expanded clones were more often regulatory CD4*
T cells. Together, these observations suggest that pre-existing
mycobacteria-reactive memory T cells can shape early immune
responses following aerosolized BCG challenge and highlight
the importance of considering prior NTM exposure in TB vaccine
design. In particular, incorporating M.tb-specific antigens that
are less conserved across NTM species may help preferentially
elicit protective effector responses while limiting the expansion
of regulatory CD4" T cells.

TCR clones that expanded in PBMCs on day 7 post-aerosol-
ized BCG challenge were more likely to be pre-existing and
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were enriched in the lung mucosa, whereas those TCR clones
that only expanded on day 14 were largely undetectable in the
lung mucosa on both days 14 and 28. Whether this preferential
enrichment of early expanded, likely pre-existing clones in the
lung also occurs during M.tb infection remains unclear, as M.tb
persists, raising the question of whether future TB vaccine stra-
tegies should boost pre-existing BCG/NTM-induced immunity or
target less recognized, including M.tb-specific, epitopes.

BCG-expanded TCR clones in PBMCs with an activated T cell
phenotype were more likely than those with a regulatory CD4*
T cell phenotype to be enriched and activated in the lung mucosa
post-aerosolized BCG challenge. However, the limited number
of BCG-expanded TCR clones captured by PBMC scRNA-seq
precluded robust within-donor analysis, limiting the strength of
this conclusion.

Despite the diversity of BCG antigens and the private nature of
TCR sequences even among TCRs recognizing the same
epitope, one large TCRaf cluster included clones from more
than half of the BCG recipients and some saline controls. The
cluster was likely BCG-specific, as it expanded post-challenge
across multiple BCG recipients, and a representative TCR,
TCRO002, was PPD-reactive and restricted by HLADRB4*01:01.
The overlap between carriage of HLADRB4*01:01/*01:03 and
presence of cluster 0 TCRs suggested that these TCRs were
restricted by HLA-DRB4*01:01 or HLA-DRB4*01:03. Half (5/10)
of saline recipients carrying HLADRB4*01:01/*01:03 had cluster
0 TCRs and PPD-specific IFN-y ELISpot responses >50 SFC/10°
PBMCs at baseline. Collectively, the data suggest that the public
nature of this cluster arises from a conserved cognate epitope
across NTM species, robust in vivo expression during BCG
infection (and consequent boosting by aerosolized BCG chal-
lenge), and common presenting HLA alleles. This TRBV12-4-us-
ing cluster was absent from the reference database.** Given the
high prevalence of HLA-DRB4*01:01 in South Africa,”® where
that database was generated, its absence in the database is un-
likely to be explained by HLA restriction. Instead, it may reflect
low abundance of the recognized epitope in the M.tb lysate
used to sort AIM* T cells for that database, suboptimal induction
of this response during natural M.tb infection, or different NTM
exposure of the volunteers in South Africa and UK.

In conclusion, this study provides a comprehensive single-cell
characterization of immune responses to aerosolized BCG chal-
lenge in the lung mucosa and blood, highlighting the value of
controlled human mycobacterial challenge models for studying
human immune responses to mycobacterial infection. Mapping
epitopes recognized by lung-mucosa-enriched T cell clonotypes
after challenge, particularly shared and persistent clonotypes
(day 56 and beyond), using a high-throughput T cell identification
platform®”°-°2 may guide the rational design of next-generation
TB vaccines. In addition, future studies incorporating epitope
identification and measurements of TCR avidity will help define
how antigen recognition strength and epitope characteristics in-
fluence T cell expansion and migration to the lung mucosa.

Limitations of the study

Our scRNA-seq analysis was limited by the small sample size
and by using different kit versions for BAL samples collected at
days 2-7 and days 14-56. Larger studies will be necessary to
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validate these findings, and the use of frozen BAL samples
may help minimize batch effects. Given the exploratory nature
of this study and limited sample availability, gene expression
changes were not validated at the protein level. Future studies
should incorporate the markers identified here into flow cytome-
try panels to validate these findings. In addition, the small
number of BAL samples analyzed at each time point may bias
TCR-based analyses toward the detection of the most prevalent
public TCR clonotypes across individuals, including clones
potentially cross-reactive to NTM antigens, and may limit detec-
tion of less common public TCR responses.

Our challenge model uses aerosolized BCG, which lacks
several key virulence determinants present in M.tb. As such,
some antigenic and inflammatory cues that shape T cell priming,
trafficking, and effector function during natural infection may be
underrepresented, and our findings should not be overinter-
preted as direct correlates of protection.” Future studies could
address this limitation by using MTBVAC, a live attenuated
M.tb vaccine strain with broader antigenic repertoire than
BCG, as a closer immunological surrogate challenge agent.

RESOURCE AVAILABILITY

Lead contact
Further information or requests for resources and reagents should be directed
to and will be fulfilled by the lead contact, Helen McShane (helen.mcshane@
ndm.ox.ac.uk).

Materials availability
All materials used in this study are commercially available or available upon
reasonable request to the lead contact.

Data and code availability

® The raw data and processed data of the scRNA-seq and bulk TCR-seq
generated in this study have been deposited in the Gene Expression
Omnibus database under accession code GEO: GSE301133. This pa-
per also analyses existing, publicly available data, for which the acces-
sion numbers are listed in the key resources table. Any reasonable
request for other raw or analyzed data will be reviewed by the study
team, and a response can be expected within 14 days. The data gener-
ated in this study are subject to patient confidentiality, and the transfer
of data or materials will require approval from the sponsor. Any shared
data will be de-identified. Requests should be made to the lead contact.

® The code used to analyze and present the data in this study has been
deposited at GitHub and is publicly available at https://github.com/
shuailinli/TB043-scRNAseq.

® Any additional information required to reanalyze the data reported in this
work paper is available from the lead contact upon request.
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(CD40L) Antibody

APC anti-human CD80 Antibody Biolegend Cat: 375403; RRID: AB_2890817
PE anti-human HLA-DM Antibody Biolegend Cat: 358003; RRID: AB_2562027
Bacterial and virus strains

BCG AJ Vaccines N/A

Biological samples

Fetal calf serum Labtech Cat: FCS-SA/500

Chemicals, peptides, and recombinant proteins

RPMI 1640 Sigma Cat: R0883

L-glutamine Gibco Cat: G7513
Penicillin-streptomycin Gibco Cat: PO781

DMEM Sigma Cat: D6546

RPMI 1640 medium with 10 mM HEPES Gibco Cat: 22400089

GM-CSF PeproTech Cat: 300-03

IL-4 PeproTech Cat: 200-04
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Sodium pyruvate Gibco Cat: 11360039

DMSO Sigma Cat: D2650

Lymphoprep Stemcell Technologies Cat: 7811

CD3 microbead Miltenyi Biotec Cat: 130-097-043
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Staphylococcal Enterotoxin B Sigma Cat: S4881
Solution 13 Chemometec Cat: 910-3013
Human TruStain FcX™ BioLegend Cat: 422301
Dulbecco’s Phosphate Buffered Saline Sigma Cat: D8537
MACS® BSA Stock Solution Miltenyi Biotec Cat: 130-091-376
RLT Plus buffer Qiagen Cat: 1053393
B-mercaptoethanol Sigma Cat: M3148
RNase-free water Thermo Fisher Cat: AM9937
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Hygromycin Thermo Fisher Cat: 10687010
Puromycin Sigma Cat: P4512
Rv138891.105 peptide Genscript N/A

Critical commercial assays

Chromium Next GEM Single Cell V(D)J 10x Genomics N/A

Reagent kits v1.1
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Qubit™ dsDNA Quantification Assay Kits Thermo Fisher Cat: Q32851
Qiagen RNeasy Micro kit Qiagen Cat: 74004

Deposited data

scRNA-seq data of BAL samples from
BCG-challenged volunteers and saline
controls in TB043 (Group 1 and Group 2)
scRNA-seq data of BAL samples from
BCG-challenged volunteers and saline
controls in TB043 (Groups 3-5)
scTCR-seq data of BAL samples from
BCG-challenged volunteers and saline
controls in TB043
scRNA-seq/scTCR-seq data of PBMC
samples from BCG-challenged volunteers
in TB043 (Group 3)

Bulk TCR-seq data of PBMC samples from
BCG-challenged volunteers and saline
controls in TB043

Bulk TCR-seq data of AIM+ T cells from
BCG-challenged volunteers in TB043
scRNA-seq of M.tb-infected non-human
primates from Esaulova et al.”’

Bulk RNA-seq of cytokine

stimulated human macrophages

from Nilsson et al.*°

Gene Expression Omnibus

Gene Expression Omnibus

Gene Expression Omnibus

Gene Expression Omnibus

Gene Expression Omnibus

Gene Expression Omnibus

Gene Expression Omnibus

Gene Expression Omnibus

GEO: GSE282132

GEO: GSE301133

GEO: GSE301133

GEO: GSE301133

GEO: GSE301133

GEO: GSE301133

GEO: GSE149758

GEO: GSE20251
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Experimental models: Cell lines

Jurkat J.RT3-T3.5 cells ATCC Cat: TIB-153
K562 cells ATCC Cat: CCL-243
HEK-293T cells ATCC Cat: CRL-3216
Recombinant DNA

pLenti-CMV-GFP-Hygro Addgene Cat: 17446
pMD2.G Addgene Cat: 12259
HLA sequences This paper N/A

TCR sequences This paper N/A

Software and algorithms

CellRanger suite (v6.0.1)

cellsnp-lite (v1.2.3)

vireoSNP (v0.5.8)
SoupX (v1.6.1)

Scanpy (v1.9.8)
Scrublet (v0.2.3)

Harmony (harmonypy, v0.0.6)
Leiden algrorithm (leidenalg, v0.8.10)
UMAP (umap-learn, v0.5.3)

DESeq?2 (v1.34.0)
clusterProfiler (v4.2.2)

Ucell (v2.2.0)

Seurat (v5.1.0)
scRepertoire (v1.4.0)
ggseglogo (v0.2)
arcasHLA

Terdist3

10x Genomics

Huang et al.®®

Huang et al.®*
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Young et a
Wolf et al.®®

Wolock et al.®”

Korsunsky et al.®®

Traag et al.®®
Mclnnes et al.”®
Love et al.”
Yu et al.””
Andreatta et al.”
Hao et al.”
Borcherding et al.”
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Wagih et al
Orenbuch et al.””

Mayer-Blackwell et al.*”

https://www.10xgenomics.com/support/
software/cell-ranger/latest

https://cellsnp-lite.readthedocs.io/en/
latest/

https://vireosnp.readthedocs.io/en/latest/

https://github.com/constantAmateur/
SoupX

https://scanpy.readthedocs.io/en/stable/
https://github.com/swolock/scrublet
https://github.com/slowkow/harmonypy
https://github.com/vtraag/leidenalg

https://umap-learn.readthedocs.io/en/
latest/

https://github.com/thelovelab/DESeq2

https://github.com/YuLab-SMU/
clusterProfiler

https://github.com/carmonalab/UCell
https://satijalab.org/seurat/
https://github.com/BorchLab/scRepertoire
https://omarwagih.github.io/ggseqlogo/
https://github.com/RabadanLab/arcasHLA
https://tcrdist3.readthedocs.io/en/latest/

FlowJo (v10.8.1) FlowJo, LLC https://docs.flowjo.com/flowjo/getting-
acquainted/10-8-release-notes/
10-8-1-release-notes/

Prism (v10.0.3) GraphPad https://www.graphpad.com/updates/
prism-10083-release-notes

Custom code This paper https://github.com/shuailinli/
TB043-scRNAseq

Other

CoolCell Corning Cat: 432000

Leucosep tubes Greiner Cat: 227290

Countess Il FL

MS Columns
NC-slide A8™
M.bovis lysate

0.22 pm syringe filter

Thermo Fisher
Miltenyi Biotec
Chemometec
BEI Resources
Fisher Scientific

Cat: AMQAX1000
Cat: 130-042-201
Cat: 942-0003
Cat: NR-31211
Cat: 15206869
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design
A cohort of BCG-naive healthy adult volunteers from the UK were enrolled in the aerosol BCG challenge study. The study was con-
ducted to investigate the systemic and mucosal innate and adaptive immune responses induced by inhaled BCG in healthy adults.
Volunteers received 107 CFU of aerosol-inhaled BCG Danish (manufactured by AJ Vaccines). A control group received an inhaled
saline solution.

The ethical approval for this study was granted by the South Central Oxford A REC on September 20, 2018, under reference number
18/SC/0307. Prior to the initiation of the study, the study was registered on clinicaltrials.gov (NCT03912207, dated April 11, 2019). The
study was conducted at the Oxford University Hospitals NHS Trust and the Center for Clinical Vaccinology and Tropical Medicine, The
University of Oxford. The work was carried out in adherence with the Declaration of Helsinki and Good Clinical Practice requirements.

Volunteers between the ages of 18 and 50 from the Oxford vicinity were recruited through advertising. Fully informed consent was
granted before any study procedures were undertaken. Criteria for exclusion from the study included a history of smoking, any past
or ongoing respiratory illnesses, pregnancy or lactation, or any significant medical issues. Additionally, to minimise the chances of prior
mycobacterial sensitisation affecting the study’s outcomes, individuals who had previously received BCG vaccination, a positive
Interferon-Gamma Release Assay (IGRA), or a history of residing in a tropical country for a duration exceeding one year were excluded.

For Groups 1 and 2, volunteers were allocated to a study group in a sequential manner. Volunteers were allocated to Groups 3-5
according to the investigator’s discretion, considering volunteer preference and bronchoscopy availability. Within Groups 1-5, vol-
unteers were randomised in a 10:3 ratio to receive either BCG or saline. This randomisation process was facilitated using sequentially
numbered, sealed envelopes that were prepared by an independent statistician at the Department of Primary Care at the University of
Oxford to ensure impartiality. The nature of the inhaled substance was not disclosed to the volunteers until three-months following
receiving BCG or saline.

The study protocol included fibreoptic bronchoscopy to be carried out at either two days (day 2 for Group 1), seven days (day 7 for
Group 2), fourteen days (day 14 for Group 3), twenty-eight days (day 28 for Group 4), or fifty-six days (day 56 for Group 5) after admin-
istration of the aerosolised agent. This procedure was conducted in line with the protocols of the Oxford University Hospitals NHS
Trust by an experienced consultant respiratory physician. Sedation was offered as an option using intravenous Midazolam and Fen-
tanyl, administered according to the volunteers’ preferences. In addition, a local anesthetic, 2% lidocaine spray, was used on the
upper and lower regions of the vocal cords. Observations of the airway’s macroscopic condition were documented prior to the
collection of BAL fluid, which was extracted from the medial segment of the right middle lobe using 150 mL of isotonic 0.9% sodium
chloride. Throughout the procedure, the bronchoscopist performing the procedure was blinded to eliminate any bias in the reporting
of the appearance of the lung mucosa and the extent of airway inflammation.

We did not assess the influence of sex or gender on the study outcomes due to the limited sample size, which restricted our ability
to conduct meaningful subgroup analyses.

Cell lines

The Jurkat J.RT3-T3.5 cell line (isolated from a 14-year-old male), K562 cell line (isolated from a 53-year-old female) and their deriv-
atives were cultured in R10 medium (RPMI 1640 + 2 mM L-glutamine +100 U/ml penicillin-streptomycin (pen-strep) + 10% fetal calf
serum (FCS)) at 37°C, 5% CO,. HEK-293T cells (isolated from a female fetus) were cultured in D10 medium (DMEM +2 mM
L-glutamine +100 U/ml pen-strep +10% FCS) at 37°C, 5% COs.. All cell lines were regularly tested for mycoplasma and were all nega-
tive. Cells were obtained directly from American Type Culture Collection (ATCC) and, thus, were not authenticated.

Generation of monocytes-derived dendritic cells

MoDCs were generated as antigen-presenting cells following a well-established protocol.’® Briefly, autologous PBMCs from the
volunteer from whom the TCR of interest was derived were plated in 6-well plates at 6-8x10° cells per well in 3 mL of RPMI 1640
medium supplemented with 10 mM HEPES, 10% FCS, 2 mM L-glutamine, 100 U/ml pen-strep. After a 2-h incubation at 37°C,
non-adherent cells were removed by gently washing the wells twice with medium, leaving only adherent monocytes.

These monocytes were then cultured with 50 ng/mL IL-4 and 50 ng/mL GM-CSF at 37°C in 5% CO, for five days. Fresh IL-4 and
GM-CSF were added to the culture medium every other day. On day 5, immature DCs were harvested, resuspended at 1x10° cells/
ml, and plated at 50 pL per well into 96-well plates. DCs were pre-loaded with PPD tuberculin (PPD-T, in PBS (phosphate-buffered
saline), 20 pg/mL) for 24 h, after which 50 pL of TCR-transduced Jurkat-NFAT-Luc cells (4x10%/mL) were added to each well. Co-
cultures were incubated for a further 24 h before luciferase activity was measured.

|78

METHOD DETAILS

Sample collection

PBMC isolation from peripheral blood

PBMCs were isolated from heparinised blood using 50 mL Leucosep tubes preloaded with 15 mL Lymphoprep. After brief centrifu-
gation at 1800 rpm for 1 min to position the Lymphoprep, blood was layered onto the tubes. Samples were centrifuged at 1000xg for
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13 min at room temperature without brake. Plasma was collected and stored at —80°C. PBMCs at the interface were transferred to
50 mL tubes, washed with RO medium (RPMI 1640 + 2 mM L-glutamine +100 U/ml pen-strep) (centrifuged at 1800 rpm, 5 min, room
temperature, max brake), red blood cell (RBC) contamination was removed using RBC lysis solution, washed again in RO and resus-
pended in R10 medium with 1% sodium pyruvate.

Cells were counted, pelleted again, and resuspended in cold FCS at 5-10 million cells/ml. After resting at 4°C for 20-30 min, an
equal volume of 20% DMSO in FCS was added. Aliquots (1 mL per cryovial) were frozen in a CoolCell container at —80°C overnight
or over the weekend, then transferred to liquid nitrogen for long-term storage. Serum was obtained from coagulated blood and stored
at —80°C.

BAL cell preparation for single-cell sequencing

BAL volume was recorded, and tubes from the same volunteer were pooled before being centrifuged (400xg, 10min, maximum
brake) to separate the BAL cells from the supernatant BAL fluid (BALF). BAL cells were incubated in 5 mL of red blood cell (RBC)
lysis solution for 5 min, followed by washing and resuspension for counting using a Countess Il FL. Cells were spun at 300xg for
10 min at 4°C and resuspended in the R10 medium (no streptomycin), aiming to recover 5000 cells per well. Resuspended cells
were transferred on ice to the Oxford Genomics Center (OGC) for further processing.

Group 1 (bronchoscopy on day 2) samples initially underwent attempts at Magnetic Cell Separation (MACS) bead sorting as part of
the original plan to enrich the T cell population, particularly for TCR sequencing. MACS CD3 MicroBeads and Magnetic Separation
(MS) column were used to positively select CD3* cells as per the manufacturer’s instructions. Due to technical issues with cell count-
ing equipment at the time, all cells were recombined and sent for sequencing in their original proportions after these attempts at sep-
aration, allowing for comparisons across different groups. The BAL samples collected from volunteers in the groups 2 (bronchoscopy
on day 7) and onwards did not undergo any cell sorting.

Ex-vivo Enzyme-Linked ImmunoSpot (ELISpot) assay

Fresh PBMCs were used in an ex vivo IFN-y ELISpot assay at baseline, day 2 (Group 1 only), day 7, day 14, day 28, day 56, day 84 and
day 168. Briefly, cells were stimulated in triplicate wells at 3x 10%/well with 20 pg/mL of PPD-T, 10 pg/mL Staphylococcal Enterotoxin
B, or left unstimulated as a negative control for the assay. Background (unstimulated) subtracted PPD-specific responses are pre-
sented as Spot Forming Cells (SFC) per 1x10° PBMC.

Single-cell RNA sequencing

Sample processing, library generation and sequencing of fresh BAL cells

Cells were processed as described above in the BAL cell preparation for single cell sequencing section. Samples were then sent for
library construction and sequencing at the OGC. Samples from each volunteer were separated into two Gel beads-in-emulsion (GEM)
wells, aiming for 5000 cells per well. 5’ gene expression libraries and V(D)J libraries were generated as per the manufacturer’s instruc-
tions. Samples from the Groups 1 and 2 (Batch 1, bronchoscopy on days 2 and 7, respectively) were processed using the Chromium
Next GEM Single Cell V(D)J Reagent kits v1.1 and sequenced using a single index configuration. Due to changes in reagents avail-
ability, the Chromium Next GEM Single Cell 5’ Reagent Kits v2 were used for library construction for Groups 3-5 (Batch 2, bronchos-
copy on days 14, 28 and 56, respectively) samples. Libraries were sequenced using the lllumina NovaSeq 6000 platform to achieve a
minimum sequencing depth of 30,000 mean reads per cell with 50% sequencing saturation.

Sample processing, library generation and sequencing for frozen PBMCs

Frozen PBMCs (1 mL) were thawed at 37°C and gradually diluted into 9 mL of warm R10 medium, followed by centrifugation at 400xg
for 7 min at room temperature. The pellet was resuspended in 2 mL R10, and cell count and viability were assessed using Solution 13
on the NC-slide A8.

Cells were then spun at 300xg for 5 min, resuspended in cell staining buffer at 1x107” cells/ml, and blocked with Human TruStain
FcX for 10 min at 4°C. TotalSeq-C cell hashing antibody (2 pL) was added and incubated for 30 min at 4°C. Cells were washed three
times with staining buffer and resuspended in 100 pL of 0.04% PBS/BSA (bovine serum albumin). Count and viability were reas-
sessed before pooling.

PBMCs from three donors (1.4x10% cells each) were pooled and processed using the Chromium Next GEM Single Cell 5’ HT Re-
agent Kit (v2) to generate gene expression, surface protein, and V(D)J libraries, following the manufacturer’s protocols.

Libraries were sequenced on the lllumina NovaSeqg-X platform (paired-end 150 bp), targeting >45,000 reads/cell for gene expres-
sion and >7,500 reads/cell for V(D)J and surface protein libraries.

Bulk TCR sequencing of PBMC samples

Frozen PBMC samples were thawed, and around 2 million cells were disrupted in 350 pL of the RLT Plus buffer with
B-mercaptoethanol (BME) (10 pL/mL). RNA was extracted using the AllPrep DNA/RNA/miRNA Universal Kit following the manufac-
turer’s instructions. RNA was eluted into 35 pL of RNase-free water with the concentration quantified by the Nanodrop. RNA was then
concentrated using the RNeasy MinElute Cleanup Kit following the manufacturer’s instructions and eluted into 20 pL of RNase-free
water. RNA concentration was quantified using the Nanodrop, and RNA integrity was assessed using the Agilent 4150 TapeStation
System. 500-1,000 ng RNA was used as input for TCR library construction using the SMART-Seq Human TCR (with UMIs) kit. TCR
libraries were quantified using the Qubit and TapeStation and sequenced on the lllumina NovaSeq 6000 SP flow cell to achieve a
target sequencing depth of 1.5x10” reads per PBMC sample.
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Bulk TCR sequencing of AIM* cells
Cells were thawed as they were in the processing of scRNA-seq, except that the cells were resuspended in 2 mL of the R10 medium
with 2xbenzonase (4 pL/mL). Cells were incubated in 5% CO, at 37°C for 10 min and then counted using Countess Il FL. Cells were
washed, resuspended, and seeded at a density of 1x10° cells per 100 pL per well in a 96-well U-bottom plate. Cells were incubated
with a purified anti-CD40 monoclonal antibody (100 pg/mL; 5 L per million cells) for 15 min at room temperature to block CD40-medi-
ated signaling pathways. No washing step was performed between the blocking and stimulation stages. Cells were stimulated with
PPD-T (20 pg/mL), BCG (2 x 10° CFU/mL) or M.bovis lysate (10 pg/mL) in a total volume of 200 pL for 24 h at 37°C with 5% CO,.
Post-incubation, cells were centrifuged at 440xg for 5 min. The cell pellet was washed with cold PBS, transferred to a V-bottom
plate, and centrifuged again under the same conditions. After discarding the supernatant, cells were stained with a Live/Dead Aqua
stain (diluted 1:100 in PBS) in a total volume of 5 puL for 10 min at 4°C. This was followed by staining with a cell surface antibody cock-
tail for 30 min at 4°C (Table S10). Cells were then washed with 2% BSA/PBS, resuspended in 100 pL of 2% BSA/PBS. AIM* CD4" or
CD8" T cells, identified by co-expression of CD134 and CD137, CD154 and CD134, CD154 and CD137, CD69 and CD134, CD69 and
CD137, or CD69 and CD154 (Figures S11A and S11B),”® were then sorted using the FACSAria Fusion flow cytometer (BD Biosci-
ences) to 350 pL RLT buffer. RNA was extracted using the Qiagen RNeasy Micro kit following the manufacturer’s instructions.
RNA was then processed and sequenced as mentioned in the Bulk TCR sequencing of PBMC samples part, except the target
sequencing depth was 1x10° reads per 1,000 sorted cells.

Single-cell RNA sequencing data analysis

Alignment, quantification, sample demultiplexing and quality control

Barcode assignment, Unique Molecular Identifier (UMI) tagging, and sequence alignment for the BAL samples were conducted using
the Cell Ranger count pipeline, employing the human reference genome GRCh38 (GENCODE version 32/Ensembl 98) provided by
10x Genomics.?° TCR clonotypes in the BAL samples were determined using the Cell Ranger V(D)J pipeline, with the GRCh38 Human
V(D)J Reference (v7.1.0) from 10x Genomics. For PBMC samples, the Cell Ranger multi pipeline was utilized, processing data from
the 5’ gene expression, V(D)J, and cell surface protein libraries, using the same human reference genome and V(D)J reference as for
the BAL samples.

In PBMC samples, cells from 3 donors were pooled and processed. To demultiplex cells, cellsnp-lite®® was used to identify a list of
common variants on each cell. These variants, combined with the cell hashing antibody information for each donor, were then used to
assign cells to their respective donors by vireoSNP.%*

Potential contamination by ambient RNA was removed using the SoupX package.®® Data processing and doublet exclusion were
then executed using the Scanpy toolkit.®® In BAL samples, cells were excluded if they had fewer than 200 genes detected, more than
10% mitochondrial gene expression, or if their doublet score surpassed the 0.75 quantile by 1.5 times of the interquartile ranges
(IQRs), as determined by the Scrublet.” Anomalous quality control metrics led to the exclusion of the volunteer 1122 from Group
5 (BCG) in BAL samples due to significantly lower gene and UMI counts per cell, indicative of potential technical errors in library prep-
aration or sequencing. In PBMC samples, cells were excluded if they had fewer than 500 genes detected, more than 6,000 genes
detected, fewer than 2,000 UMIs detected, more than 60,000 UMIs detected, more than 10% mitochondrial gene expression, or their
doublet score surpassed the 0.75 quantile by 1.5 times of the IQRs, as determined by the Scrublet.

Dimensionality reduction, sample integration and clustering

For dimensionality reduction, the gene-cell matrix underwent normalization and log transformation. The Cell Ranger algorithm was
used to identify the top 2,000 variable genes. Data was standardized to unit variance before PCA was executed on these genes. The
inflection point of the explained variance was found®' and was used to determine the number of principal components (PCs) to retain
for the downstream analysis.

Harmony was applied to the PCA outputs for batch effect correction.®® Cosine distances between cells were used to construct a
neighborhood graph. Cell clustering within this graph was performed with the leiden algorithm.®® Uniform Manifold Approximation
and Projection (UMAP) was used for visualization of the clustered data.”®
Marker identification and cell annotation
Student’s t test in the Scanpy was used to discern marker genes for each cluster against all others. Cell clusters were manually an-
notated using the literature-supported marker genes. Macrophages and monocytes in the BAL samples, T cells and NK cells in the
BAL and PBMC samples were reintegrated separately following similar processing as described above. The refined cell type anno-
tations were then assigned based on several published datasets.***>"®” The volunteer 1087 (Group 3, saline control) was excluded
from the following analysis on grounds of abnormally low TCR diversity and high IFN-y expression of unstimulated CD8" T cells in the
lung mucosa, detected by flow cytometry.

Annotation of broad cell types

Broad cell types identified in the lung mucosa included T cells, which showed high expression of CD3D (CD3 delta chain), CD3E (CD3
epsilon chain), and CD3G (CD3 gamma chain); B cells, with high expression of CD19 and MS4A1 (membrane spanning 4-domains
A1, CD20); macrophages and monocytes, with high expression of LYZ (lysozyme), CD68, and MACRO (macrophage receptor with
collagenous structure); conventional dendritic cells (cDCs), with high expression of CD1C and CLEC9A (C-type lectin domain family 9
member A); plasmacytoid dendritic cells (pDCs), with high expression of PLD4 (phospholipase D family member 4), IRF8
(interferon regulatory factor 8), LILRA4 (leukocyte immunoglobulin-like receptor A4), and LILRB4 (leukocyte immunoglobulin-like
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receptor B4); NK cells, with high expression of NKG7 (natural killer cell granule protein 7) and GNLY (granulysin) and low expression of
T cell markers; mast cells, with high expression of TPSAB1 and TPSB2 (tryptase alpha/beta 1 and 2); and epithelial cells, with high
expression of FOXJ1 (forkhead box J1), MUC5B (mucin 5B), and EPCAM (epithelial cell adhesion molecule).

Broad cell types identified in PBMCs included T cells, NK cells, B cells, plasma cells, CD14* monocytes, CD16" monocytes, den-
dritic cells (DCs), plasmacytoid dendritic cells (pDCs), and CD34* hematopoietic stem/progenitor cells (HSPCs). CD14" monocytes
were characterised by high expression of LYZ and CD74 and low expression of FCGR3A (Fc fragment of IgG receptor llla, CD16),
CD16* monocytes by high expression of FCGR3A and LYZ with low expression of CD74, intermediate monocytes by moderate
expression of both CD714 and FCGR3A, and DCs by high expression of CD1C.

Annotation of macrophage/monocyte subpopulations in the lung mucosa

Monocytes in the lung mucosa were subdivided into FCN1.Mono, showing high expression of VCAN (versican) and FCN1; Int.Mono,
with high expression of VCAN, CCL2 (C-C motif chemokine ligand 2), and CCR2 (C-C motif chemokine receptor 2); and Mono, with
high expression of VCAN. Interstitial macrophages (IMs) were characterised by high expression of FOLR2 (folate receptor beta),
CCL13 (C-C motif chemokine ligand 13), and SELENOP (selenoprotein P). Inflammatory alveolar macrophages (AMs) included
CK.AM.CXCL10, CK.AM.CCL4, CK.AM.CXCL3, and CK.AM.CCL24, each expressing high levels of CXCL10, CCL4, CXCL3, or
CCL24, respectively, and IFN.AM, which expressed high levels of interferon-induced genes such as ISG20 and IFIT1. Additional
AM subpopulations included C3.AM (high C3), HES2/CD36.AM (high HES2 and CD36), DDIT4.AM (high DDIT4), MT.AM (high expres-
sion of metallothionein genes such as MT1M), FA.AM (high expression of fatty-acid-metabolism genes such as AKR1C2, aldo-keto
reductase family 1 member C2), IGF1.AM (high IGF1), IGF1.FA.AM (high IGF1 and fatty-acid-metabolism genes), GDF15.AM (high
GDF15, growth differentiation factor 15), Cholesterol.AM (high expression of cholesterol-metabolism genes such as DHCR?,
7-dehydrocholesterol reductase, and SQLE, squalene epoxidase), and proliferating AMs expressing MKI67 (marker of proliferation
Ki-67). AM.1 and AM.2 represented AM clusters without defining marker genes. Annotation of lung mucosal macrophage and mono-
cyte populations was primarily based on Li et al.®?

Annotation of T/NK cell subpopulations

Lung mucosal T cells were subdivided into CD4* T cells, CD8" T cells, mucosal-associated invariant T (MAIT) cells, and gamma-delta
T (Tgd) cells. CD4* T cells included central memory or naive cells (Tcm/Naive CD4* T), showing high expression of CCR7 (C-C motif
chemokine receptor 7), SELL (selectin L, CD62L), and LEF1 (lymphoid enhancer-binding factor 1); regulatory CD4* T cells (Treg CD4"*
T), with high expression of FOXP3 (forkhead box P3) and CTLA4 (cytotoxic T-lymphocyte-associated protein 4); activated CD4*
T cells, with high expression of HLA-DRB1 and CCL5 (C-C motif chemokine ligand 5); Tcm/Naive-like CD4* T cells, expressing
CCR7, SELL, and LEFT1 at lower levels; and early effector CD4" T cells, lacking CCR7, SELL, and LEF1 but expressing HLA-DRB1
and CCL5 at lower levels. CD8* T cells included Tcm/Naive CD8* T cells (high CCR7, SELL, and LEF1), GZMK* CD8"* T cells
(high GZMK, granzyme K), tissue-resident/effector memory CD8* T cells (Trm/em CD8* T; high ITGAE, integrin subunit alpha
E/CD103, and ZNF683, zinc finger protein 683), and early effector CD8* T cells, with reduced GZMK, ITGAE, and ZNF683. MAIT cells
were identified by TRAV1-2 (T cell receptor alpha variable 1-2), and gamma-delta T cells by TRDV2 (T cell receptor delta variable 2)
and TRGVI (T cell receptor gamma variable 9). Proliferating CD4"* T cells expressed MKI67. Annotation of lung mucosal T and NK cell
populations was primarily based on Dominguez Conde et al.®®

Blood T cells were subdivided into CD4* T cells, CD8" T cells, MAIT cells, and gamma-delta T cells. CD4* T cell subsets included
Tcm/Naive CD4™ T cells, Treg CD4™ T cells, follicular helper CD4* T cells (Tfh CD4* T; high CXCR5, C-X-C motif chemokine receptor
5), and effector memory CD4* T cells (Tem CD4" T; high CXCR3, C-X-C motif chemokine receptor 3, or CCR6, C-C motif chemokine
receptor 6). CD8" T cells included Tcm/Naive CD8* T cells, Tem CD8* T cells expressing GZMK (granzyme K) or GZMB (granzyme B),
and NKT-like CD8" T cells with high expression of FCGR3A and KIR3DL1 (killer cell immunoglobulin-like receptor, three domains,
long cytoplasmic tail, 1). Proliferating T cells expressed MKI67. NK cells included CD56bright NK cells (high NCAM1, neural cell adhe-
sion molecule 1/CD56, and low FCGR3A), CD56dim NK cells (high FCGR3A), and proliferating NK cells (high MKI67). Annotation of
blood T and NK cell populations was primarily based on Terekhova et al.®’

Differential gene expression analysis

For simplicity in differential gene expression analyses, several macrophage/monocyte and T/NK cell subpopulations were combined,
as described in the cell type annotation section above. We aggregated the expression values of each gene across all cells within a
given cell type and sample to construct a pseudo-bulk expression matrix. Only genes that were expressed in more than 5% of cells in
a given cell type were included in the expression matrix of the cell type. We then used the DESeq2 package’' to identify differentially
expressed genes (DEGs) for each cell type between BAL samples collected from BCG recipients at different time points following
challenge and saline controls, including batch as a covariate in the model of BAL samples. In PBMC samples, we compared the
gene expression profile at time points after the BCG challenge to that at day 0, including the volunteer and batch as covariates in
the model. Genes with an adjusted p-value of less than 0.05 were considered DEGs. Over-represented blood transcriptomic modules
(BTMs) and Hallmark gene sets in the upregulated and downregulated DEGs were identified using the clusterProfiler package (v
4.2.2), respectively.”” Gene sets with an adjusted p-value of less than 0.05 were considered enriched. Gene sets that were over-rep-
resented both in the upregulated and downregulated DEGs were excluded.

Gene signature score calculation

Gene signature scores were computed using the AddModuleScore_UCell function in the UCell package,’® representing the aggre-
gated relative ranking of genes within individual cells. Gene signatures specifically induced by IFN-p and IFN-y were derived using the
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same methods as described in Kotov et al..?%*° The 99" percentile of signature expression for each cell type in saline controls was
used as the threshold to classify cells as responding to IFN-B or IFN-y. Gene signatures for activated CD4" and CD8" T cells in the
GEO: GSE149758°" dataset were derived by comparing their gene expression to other T cell populations using the FindAllMarkers
function in the Seurat package.”* Marker genes were defined as those expressed in at least 10% of the cell population of interest, with
a log, fold change greater than 0.25 and a Benjamini-Hochberg-adjusted p-value below 0.05. Similarly, the alveolar IFN score was
calculated by comparing the gene expression of IFN-responsive macrophages to other alveolar macrophages using the same
method. Given that different scRNA-seq library preparation kits were used for Groups 1-2 (bronchoscopy on days 2 and 7) and
Groups 3-5 (bronchoscopy on days 14, 28 and 56), we compared gene signature scores between BCG recipients and saline control
separately for these two sets of groups.

TCR V(D)J analysis

Alignment and definitions of TCR, TCRap, and TCR« clones

Alignment of FASTQ files from the bulk TCR-seq data and assembly of TCR sequences were performed using the Cogent NGS Im-
mune Profiler with the default settings. Throughout the manuscript, a TCR clone in the bulk TCR-seq dataset was defined by TCRp
chains sharing the same Vf gene and CDR3p amino acid sequence. For single-cell TCR-seq (scTCR-seq) data, only cells with exactly
one paired TCRa and TCRp chain were retained; cells with only one chain or with more than one a- or -chain were excluded. Cells in
the scTCR-seq data were assigned to a bulk TCR clone if their TCRp chain matched the clone’s Vp gene and CDR3p amino acid
sequence. A TCRa clone in the bulk TCR-seq dataset was defined by TCRa chains sharing the same Va gene and CDR3a amino
acid sequence. A TCRaf clone was a set of TCRs in the scTCR-seq data that had the same Va gene, Ja gene, CDR3a amino
acid sequence, V gene, Jp gene and CDR3p amino acid sequence. The clonal diversity of all T cells in the BAL samples in each volun-
teer was calculated using the scRepertoire package’® in R.

Inference of M.tb-specific TCRs in the lung mucosa

To infer M.tb-specific TCRs in the BAL, we used published M.tb-specific TCR sequences as ref.>* and clustered TCRs in the the refer-
ence using Tcrdist3.% The distances between different TCRs in the reference database were calculated by their similarities in their
TCRp chains. TCRs with distances less than 18 were clustered to form meta-clonotypes. Any TCRs in the BAL with distances (based
on TCRp sequences) less than 18 to the public meta-clonotypes (present in more than one individual) in the reference database were
inferred to be M.tb-specific TCRs.

Identification of BCG-expanded TCR clones

To identify BCG-expanded TCR clones in the bulk TCR-seq data from PBMCs of volunteers receiving BCG, we compared the fre-
quency of a TCR clone on day 7 in a volunteer receiving BCG to that on day 0 in the same volunteer using one-sided fisher test with
Benjamini-Hochberg multiple testing correction. Clones were considered “potentially BCG-expanded” if their frequency on day 7
was statistically significantly higher than on day 0 (adjusted p-value <0.05), exceeded 1 x 1075, and showed at least a 4-fold increase
compared to day 0. In each volunteer, we only considered the top 100 most frequent “potential” BCG-expanded TCR clones on day 7
as BCG-expanded TCR clones. Pre-existing BCG-expanded TCR clones were defined as those with a frequency greater than zero in
the day 0 (prior to infectious challenge) PBMC bulk TCR-seq data from the same volunteer from whom the BCG-expanded clones
were derived. New BCG-expanded TCR clones were defined as clones undetectable in the corresponding day 0 PBMC bulk TCR-
seq data from that volunteer.

Saline-expanded TCR clones in saline controls were defined as TCR clones that showed expansion on day 7 compared to day 0,
using the same criteria applied for defining BCG-expanded TCR clones. Day 14-expanded TCR clones in volunteers receiving BCG
were defined as TCR clones that showed expansion on day 14 compared to day 0, using the same criteria applied for defining BCG-
expanded TCR clones, but excluding those already identified as BCG-expanded TCR clones.

Enrichment of TCR clones in the lung mucosa

The enrichment of a TCR clone in the lung mucosa compared to PBMC was calculated as the ratio of its frequency in the lung mucosa
(from scTCR-seq data at the BAL collection timepoint), based on matching VB gene and CDR3p amino acid sequences, to its fre-
quency in PBMC on day 7 (from bulk TCR-seq data).

Annotation of BCG-expanded TCR clones by public V(D)J database

To annotate BCG-expanded TCR clones in the bulk TCR-seq data from PBMCs using the reference database of M.tb-specific TCRs
and other pathogen-specific TCRs in the VDJdb database,*° the distances between the BCG-expanded TCR clones and different
pathogen-specific TCRs were calculated using the Tcrdist3 based on their TCRp sequences. BCG-expanded TCR clones with a dis-
tance less than 18 to any of the pathogen-specific TCRs were considered as “similar” to the pathogen-specific TCRs.
Clustering of TCR«f clones

Terdist3 was used to calculate the distances between different TCRaf clones based on both TCRa and TCRf amino acid sequences.
TCRap clones with a distance of no more than 36 were connected in the similarity graph. BCG-expanded TCR clones in the bulk TCR-
seq data from PBMCs were grouped into a cluster in the similarity graph if their distances (based on TCRp sequence only) to any of the
TCRap clones in the cluster were no more than 18. Motifs for the representative TCRop clusters were rendered using ggseqglogo.’®
HLA typing

HLA typing of HLA-A, B, C, DQB1, DRB1, DRB3/4/5 locus was performed by Transplant Immunology & Immunogenetics, The
Churchill Hospital. HLA-DQA1 allele of volunteer 1026 was inferred by arcasHLA’’ using the scRNA-seq data of BAL samples.
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Cell culture and cell lines

The Jurkat J.RT3-T3.5 cell line, which lacks endogenous TCRp expression, was obtained from ATCC and maintained under standard
culture conditions. The NFAT-Luc reporter gene was cloned into the pLenti-CMV-GFP-Hygro vector (a gift from Eric Campeau & Paul
Kaufman; Addgene plasmid #17446). Lentiviral transduction of the pLenti-NFAT-Luc-Hygro construct into Jurkat J.RT3-T3.5 cells
was used to generate the NFAT reporter cell line (Jurkat-NFAT-Luc). Single-cell clones with optimal fold induction of luciferase
expression following PMA/lonomycin stimulation were selected for further use. The K562 cell line was also obtained from ATCC
and cultured under standard conditions. aAPCs were generated by lentiviral transduction of K562 cells with constructs encoding
CD80, HLA-DM, and various HLA alleles (gBlocks synthesised by Integrated DNA Technologies). Surface expression of CD80
and HLA-DM on transduced K562 cells was confirmed by flow cytometry using anti-CD80-APC and anti-HLA-DM-PE antibodies.

Lentiviral transduction

Lentiviral transduction was performed as described previously.?® HEK-293T cells were plated on 6-well plates at 8x10° cells per well
24 h prior to transfection. The culture medium was changed prior to transfection. Lentiviral supernatants were prepared by cotrans-
fecting 1 pg transfer plasmid, 0.5 pg pMD2.G envelope plasmid (a gift from Didier Trono; plasmid #12259; Addgene), and 0.5 pg
pCMV-dR8.91 packaging plasmid using Geneduice. The viral supernatant was collected 48 h later. The viral supernatants were
filtered through a 0.22 pm syringe filter. Filtered viruses were used for Jurkat or K562 cell transduction using spinoculation for
30 min at 32°C in the presence of 8 pg/mL polybrene. Three days after transduction, medium containing hygromycin (500 pg/mL)
or puromycin (2 pg/mL) was added for selection for a week.

Peptide or PPD stimulation of aAPCs

50 pL of TCR-transduced Jurkat-NFAT-Luc cells (4x10%/mL) was cocultured with 50 pL of HLA-transduced K562-CD80-HLADM
cells (10°/mL) in a 96-well plate. Rv138841.105 peptide (in PBS, no DMSO was used for reconstitution) was added to the well at
20 pg/mL. After 4-h incubation, cells were harvested, and luciferase activity was measured. Fold induction of luciferase activity
was calculated with reference to unstimulated samples. K562-CD80-HLADM cells expressing different HLA alleles were pre-loaded
with PPD-T (20 pg/mL) for 24 h, after which 50 L of TCR-transduced Jurkat-NFAT-Luc cells (4x10%/mL) were added to each well.
Co-cultures were incubated for a further 4 h before luciferase activity was measured.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism Software 10, Python 3.8.19, and R v.4.1.2. Flow cytometry data were
analyzed by FlowdJo (v10.8.1). Comparisons were made between two groups using two-tailed Wilcoxon signed rank test for paired
data, or two-tailed Mann-Whitney for unpaired data. Comparisons between samples collected from volunteers receiving BCG and
saline controls were performed using two-sided Dunn’s test with Benjamini-Hochberg multiple testing correction. Linear fixed-ef-
fects model with volunteer as the mixed effect was used to compare timepoints post-aerosolised BCG challenge to that on day
0, and p values were adjusted with Benjamini-Hochberg multiple testing correction. Two-sided unpaired t test without multiple
testing was used to determine the activation of selected TCRs. The frequency of a TCR clone on day 7 or day 14 was compared
to that on day 0 in the same volunteer using one-sided fisher test with Benjamini-Hochberg multiple testing correction. Uncorrected
Fisher’s exact test was used to compare the proportion of BCG-expanded TCR clones annotated as specific to different pathogens.
The statistical details for each experiment are provided in the associated figure legends.

Sample inclusion and assay allocation
The number of BAL and PBMC samples included in the scRNA-seq analysis, and the number of PBMC included in the bulk TCR-seq
analysis, are summarised in Table S1.

BAL cells from all three saline controls and three selected volunteers receiving BCG from each Group were processed for scRNA-
seq. The three volunteers receiving BCG were selected to allow for batched processing with saline controls where possible, followed
by consideration of cell availability for single-cell processing. BAL scRNA-seq data from volunteer 1122 (day 56, BCG) were excluded
following quality control, and data from volunteer 1087 (day 14, saline) were excluded after cell type annotation for the reasons
described in the corresponding STAR Methods section. BAL samples collected on day 2 were excluded from analyses of broad
cellular composition for the reasons described in the STAR Methods and Results sections. BAL samples collected on day 2 were
excluded from analyses of lung mucosal enrichment and subpopulation composition of BCG-expanded TCR clones due to the
limited number of BCG-expanded TCR clones detected in these samples. Volunteer 1056 (day 14, saline) had scRNA-seq data
only, without corresponding scTCR-seq data, due to technical issues.

PBMC samples from volunteers in Group 3 (bronchoscopy on day 14) were selected for scRNA-seq, as day 14 represents the bron-
choscopy time point used in both completed and ongoing aerosolised BCG challenge clinical trials (NCT02709278,"°
NCT04777721,>” NCT06670755, and NCT06246851). Selecting Group 3 volunteers therefore enables direct comparison of immune
responses across these trials. Six BCG-challenged volunteers from Group 3 were included based on sample availability, three of
whom also had paired BAL scRNA-seq data.

Bulk TCR-seq of PBMC samples collected on days 0 and 7 was performed for all BCG-challenged volunteers, with the exception of
volunteer 1122, as well as for two saline controls (volunteers 1005 and 1011; bronchoscopy on day 2) who had BAL scRNA-seq data,
and three additional Group 3 volunteers (bronchoscopy on day 14) with PBMC scRNA-seq data. The saline controls were included to
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demonstrate the minimal TCR clonal expansion observed following saline inhalation. For volunteer 1125, the day 14 PBMC sample
was used due to sample availability.

For Group 3 volunteers (bronchoscopy on day 14) with bulk TCR-seq data at days 0 and 7, additional bulk TCR-seq was performed
at days 2, 14, 28, and 56 to comprehensively characterise TCR dynamics and to enable comparison with future aerosolised BCG
challenge studies with day 14 bronchoscopy. For volunteer 1062 and 1097, day 84 instead of day 56 PBMC samples were used
because of sample availability. For Group 4 volunteers (bronchoscopy on day 28) with bulk TCR-seq data at days 0 and 7, additional
bulk TCR-seq was performed at days 14 and 28 to assess the lung mucosal enrichment of TCRs expanded in PBMCs after day 7.

Eight day 7 PBMC samples from BCG-challenged volunteers in Group 2-5 (bronchoscopy on days 7, 14, 28 and 58, respectively)
with corresponding BAL scRNA-seq data were included in the AIM assay and subsequent bulk TCR-seq of AIM* T cells, based on
sample availability. All samples were stimulated with M.bovis lysate and PPD, and four samples were additionally stimulated with
BCG, subject to sample availability. Volunteers in Group 1 (bronchoscopy on day 2) were excluded from the AIM assay due to the
limited number of BCG-expanded TCR clones detected in BAL samples at this time point.
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