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A B S T R A C T

Background: The century-old Mycobacterium bovis Bacillus Calmette-Guerin (BCG) remains the only licensed
vaccine against tuberculosis (TB). Despite this, there is still a lot to learn about the immune response induced
by BCG, both in terms of phenotype and speciﬁcity.
Methods: We investigated immune responses in adult individuals pre and 8 months post BCG vaccination. We
speciﬁcally determined changes in gene expression, cell subset composition, DNA methylome, and the TCR
repertoire induced in PBMCs and CD4 memory T cells associated with antigen stimulation by either BCG or a
Mycobacterium tuberculosis (Mtb)-derived peptide pool.
Findings: Following BCG vaccination, we observed increased frequencies of CCR6+ CD4 T cells, which includes
both Th1* (CXCR3+CCR6+) and Th17 subsets, and mucosal associated invariant T cells (MAITs). A large number of immune response genes and pathways were upregulated post BCG vaccination with similar patterns
observed in both PBMCs and memory CD4 T cells, thus suggesting a substantial role for CD4 T cells in the cellular response to BCG. These upregulated genes and associated pathways were also reﬂected in the DNA
methylome. We described both qualitative and quantitative changes in the BCG-speciﬁc TCR repertoire post
vaccination, and importantly found evidence for similar TCR repertoires across different subjects.
Interpretation: The immune signatures deﬁned herein can be used to track and further characterize immune
responses induced by BCG, and can serve as reference for benchmarking novel vaccination strategies.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Tuberculosis (TB), claims over 1.5 million lives every year, and is
caused by infection with Mycobacterium tuberculosis (Mtb). The Bacillus Calmette-Guerin (BCG) vaccine, ﬁrst introduced a century ago,
remains the only approved vaccine against TB and most widely used
vaccine in the world. BCG offers variable efﬁcacy against pulmonary
TB in all age-groups, but has high efﬁcacy against severe forms of TB
in young children [13]. The underlying cause for this variable efﬁcacy is difﬁcult to pinpoint, and is likely due to multiple factors
including geographical location and exposure to environmental
mycobacteria. Many approaches have been considered to improve
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the BCG efﬁcacy, including changes in the route of administration
from the current intradermal standard [47], booster vaccinations
with either BCG [813], or with Mtb-derived antigens [1416], and
recombinant BCG strains [14,17]. These results have been mixed and
a clear enhanced efﬁcacy has not been achieved. Further rational vaccine improvement efforts are hindered by our incomplete understanding of the mechanisms of immune protection elicited by BCG.
BCG was developed empirically more than a century ago [18], and
yet surprisingly little is known about BCG-induced immune
responses to this date. The speciﬁc cell subset or subsets responsible
for mediating BCG’s protective effects have not been clariﬁed. While
BCG-speciﬁc T cell reactivity does not mediate protection alone, it
can be used as an immune correlate of Mtb infection and disease risk
[19,20]. An increased level of BCG-speciﬁc cells post-vaccination is
frequently reported, but the BCG-speciﬁc T cell response has varied
considerably between studies [1,18,21,22]. Thus, studying the cellular

https://doi.org/10.1016/j.ebiom.2021.103746
2352-3964/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

2

A. Singhania et al. / EBioMedicine 74 (2021) 103746

Research in Context
Evidence before this study
The only approved vaccine against TB is a century old. Despite
this, the exact mechanism that induces protection against TB,
as well as the correlates of protection, are still poorly deﬁned.
Moreover, an in-depth characterization of the immune
response induced by BCG in terms of speciﬁc antigens recognized and the phenotype of responding immune cells is lacking.
Few studies have used multi-omics approaches in the context
of BCG vaccination and were primarily conducted in animals.
Added value of this study
We performed an extensive analysis of immune responses that
change following BCG vaccination. Our ﬁndings add novel evidence that CD4 T cells play a substantial role in the cellular
response to BCG, more speciﬁcally, a subset of CCR6+ CD4
T cells that have previously been implicated in protection
against TB. We also deﬁned multiple immune signatures triggered by BCG vaccination.
Implications of all the available evidence
This detailed characterization of BCG-induced immune
responses and TCR clonotypes improves our understanding of
the immune response triggered by BCG, and provides evidence
for an important role for CCR6+ CD4 T cells. The deﬁned
immune signatures can be used as a comparator to novel vaccination strategies and to further investigate the BCG-induced
immune response.

response induced by BCG vaccination is a key component of understanding how it mediates protection and what immune responses
are triggered.
Systems biology is a compelling approach that can be used to dissect
the heterogeneity of immune responses following various perturbations
(vaccination, infection, disease, autoimmunity, etc.). The resulting gene
signatures and cellular proﬁles have proven of signiﬁcant diagnostic,
prognostic, or mechanistic value [23]. Similar to what we have previously described for individuals with latent TB infection (LTBI) as compared to TB-uninfected controls [24,25], here we used a comprehensive
systems biology/multiomics approach to determine a global picture of
the immune responses triggered by BCG vaccination in humans. We
conducted a longitudinal study of immune responses associated with
BCG vaccination in a cohort of BCG naïve adults. This allowed the opportunity to study cell subset changes, gene signatures and the TCR repertoire changes induced by BCG vaccination. The results indicate that BCG
induced gene signatures in adults are primarily driven by the expansion
of Th1* CD4 memory T cells and results in both qualitative and quantitative TCR repertoire changes.
2. Methods
2.1. Ethics statement
All participants provided written informed consent for participation in the study. Ethical approval was obtained from the Institutional
€ ping University (2015/150-32) and the La Jolla
review boards at Linko
Institute for Immunology (VD-140).

AJVaccines (previously SSI), M. bovis BCG strain 1331) through their
€ ping University in February 2016. Their Mtb
medical school at Linko
infection status was conﬁrmed by a negative tuberculin skin test and
IFNg -release assay (IGRA; T.Spot-TB, Oxford Immunotec).
Venous blood was collected in heparin-containing blood bags 1-2
weeks prior to BCG vaccination (January 2016) and 8 months after
the vaccination (September 2016). Intermittent vaccinations during
the study period is unknown since we did not have access to their
vaccination records. Peripheral blood mononuclear cells (PBMC)
were puriﬁed from whole blood by density-gradient centrifugation
(Ficoll-Hypaque, Amersham Biosciences), according to the manufacturer’s instructions. Cells were cryopreserved in liquid nitrogen suspended in FBS (Gemini Bio-Products) containing 10% (vol/vol) DMSO
€ ping University
(Sigma). Cryopreserved cells were shipped from Linko
to LJI for analysis. Participants were used for subsequent experiments
based on how many cells were available for each.
2.3. HLA typing
Participants were HLA typed by an ASHI-accredited laboratory at
Murdoch University (Institute for Immunology & Infectious Diseases,
Western Australia) as previously described [26]. HLA typing for class
I (HLA A, B, C) and class II (DQA1, DQB1, DRB1, 3, 4, 5, DPB1) was performed using locus-speciﬁc PCR ampliﬁcation of genomic DNA.
Patient-speciﬁc, barcoded primers were used for ampliﬁcation.
Ampliﬁed products were quantitated and pooled by subject and up
to 48 subjects were pooled. An indexed (8 indexed MiSeq runs)
library was then quantitated using Kappa universal QPCR library
quantiﬁcation kits. Sequencing was performed using an Illumina
MiSeq using 2 £ 300 paired-end chemistry. Reads were quality-ﬁltered and passed through a proprietary allele calling algorithm and
analysis pipeline using the latest IMGT HLA allele database as a reference. The algorithm was developed by E.J.P. and S.A.M. and relies on
periodically updated versions of the freely available international
immunogenetics information system (http://www.imgt.org) and an
ASHI-accredited HLA allele caller software pipeline, IIID HLA analysis
suite (http://www.iiid.com.au/laboratory-testing/). The HLA type of
each subject is listed in Supplementary table 7.
2.4. Peptides and other stimuli
Peptides were synthesized as crude material on a small (1mg)
scale by A&A, LLC (San Diego, CA). Multi-epitope peptide pools
(“megapools”) were prepared as previously described [27]. Individual
peptides were resuspended in DMSO, and equal amounts of each
peptide were pooled to construct the peptide pool. After lyophilization, the peptide pools were resuspended in DMSO, aliquoted, and
stored at -20°C. Two different peptide pools were used; a peptide
pool containing 300 Mtb-derived 15-20-mer peptides (MTB300) primarily HLA class II restricted [27], and a peptide pool with 125 peptides derived from the Clostridium tetani toxin (TT) sequence [28].
MTB300 contains 255 peptides out of a total of 300 that are homologous between Mtb and BCG.
In addition to peptide pool, PBMCs were also stimulated with M.
bovis BCG-Danish (BCG vaccine SSI lyophilized powder for injection
resuspended in provided diluent and stored at 4°C, M. bovis BCG Danish strain 1331; gifted from R. Mortensen, SSI, Denmark) or M. bovis
Pasteur (frozen stocks at -80°C in 7H9 media, thawed, washed and
resuspended in PBS; gifted from D. Barber, NIH, USA) at 100 or 50
mg/ml (2-8 £ 106 bacteria/ml).
2.5. Fluorospot assay

2.2. Study subjects
We recruited 17 TB negative and BCG naïve individuals for participation in the study who were offered the BCG vaccine (BCG vaccine

Antigen-speciﬁc cellular responses were measured by IFNg Fluorospot assay with all antibodies and reagents from Mabtech (Nacka
Strand, Sweden). Plates were coated overnight at 4°C with a mouse
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anti-human IFNg (clone 1-D1K, RRID:AB_907282) antibody. Brieﬂy,
2 £ 105 cells were added to each well of pre-coated Immobilon-FL
PVDF 96-well plates (Mabtech) in the presence of 2 mg/ml peptide
pool, or 100 mg/ml BCG, and incubated at 37°C in humidiﬁed CO2
incubator for 20-24 hrs. Cells stimulated with DMSO (corresponding
to the percent DMSO in the peptide pools) were used to assess nonspeciﬁc/background cytokine production and PHA stimulation at 10
mg/ml was used as a positive control. All conditions were tested in
triplicates. Fluorospot plates were developed according to manufacturer’s instructions (Mabtech). Brieﬂy, cells were removed and plates
were washed 6 times with 200 ml PBS/0.05% Tween 20 using an automated plate washer. After washing, 100 ml of antibody mixture containing anti-IFNg (7-B6-1-FS-FITC, Mabtech) prepared in PBS with
0.1% BSA was added to each well and plates were incubated for 2 hrs
at room temperature. Plates were again washed 6 times with 200 ml
PBS/0.05% Tween 20 using an automated plate washer and incubated
with diluted ﬂuorophores (anti-BAM-490, Mabtech) for 1 hr at room
temperature. Finally, plates were once more washed 6 times with
200 ml PBS/0.05% Tween 20 using an automated plate washer and
incubated with ﬂuorescence enhancer for 15 mins at room temperature. The plates were blotted dry and spots were counted by computer-assisted image analysis (AID iSpot, Aid Diagnostica GMBH,
Strassberg, Germany). Responses were considered positive if the net
spot-forming cells (SFC) per 106 PBMC were 20, the stimulation
index 2, and p0.05 by Student’s t-test or Poisson distribution test.
2.6. Flow cytometry
Several different ﬂow cytometry panels were used. Cryopreserved
PBMCs were thawed in RPMI supplemented with 5% human serum
(Gemini Bio-Products, West Sacramento, CA), 1% Glutamax (Gibco,
Waltham,MA), 1% penicillin/streptomycin (Omega Scientiﬁc, Tarzana,
CA), and 50U/ml Benzonase (Millipore Sigma, Burlington, MA). Cells
were then washed and counted. 1 million cells were then blocked in
10% FBS for 10 mins at 4°C. After blocking, cells were stained with
APCef780 conjugated anti-CD4 (clone RPA-T4, eBiosciences, RRID:
AB_1272044), AF700 conjugated anti-CD3 (UCHT1, BD Pharmigen,
RRID:AB_396952), BV650 conjugated anti-CD8a (RPA-T8, Biolegend,
RRID:AB_2563505), PECy7 conjugated anti-CD19 (HIB19, TONBO,
RRID:AB_2621842), APC conjugated anti-CD14 (61D3, TONBO, RRID:
AB_2621560), PerCPCy5.5 conjugated anti-CCR7 (G043H7, Biolegend,
RRID:AB_10916121), PE conjugated anti-CD56 (CMSSB, eBiosciences,
RRID:AB_10598200), FITC conjugated anti-CD25 (M-A251, BD Pharmigen, RRID:AB_395825), eF450 conjugated anti-CD45RA (HI100,
eBiosciences, RRID:AB_1272059) and ﬁxable viability dye eF506 (catalogue number 65-0866-14, eBiosciences) for 30 mins at 4°C. Cells
were then washed twice and acquired on a BD FACSAria ﬂow cytometer (BD Biosciences, San Jose, CA) to measure the frequency of different cell subsets. The gating strategy for this panel was performed as
previously reported [29].
Cells were also stained with BV650 conjugated CCR6 (G034E3, BioLegend, RRID:AB_2563869), CXCR3-APC (1C6/CXCR3, BD Biosciences,
RRID:AB_398481) for 20 min at 37°C, followed by CCR4-PE-Cy7 (1G1,
BD Biosciences, RRID:AB_396907), CCR7-PerCPCy5.5 (UCHL1, BioLegend, RRID:AB_10916121), CD4-APCef780 (RPA-T4, eBiosciences, RRID:
AB_1272044), CD3-AF700 (UCHT1, BD Pharmigen, RRID:AB_396952)
CD45RA-eF450 (HI100, eBiosciences, RRID:AB_1272059), CD8-V500
(RPA-T8, BD Biosciences, RRID:AB_1937325), CD14-V500 (M5E2; BD
Biosciences, RRID:AB_10611856), CD19-V500 (HIB19, BD Biosciences,
RRID:AB_10562391), and ﬁxable viability dye eF506 (eBiosciences) at
room temperature for 30 min. Gating strategy is shown in Supplementary Figure 7a.
For non-conventional T cells PBMCs were stained with 1:100 MR1
5-OP-RU or 6-FP (as a control) tetramer for 40 min at room temperature. The MR1 tetramer technology was developed jointly by Dr. J.
McCluskey, Dr. J. Rossjohn, and Dr. D. Fairlie [30], and the material
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was produced by the National Institutes of Health Tetramer Core
Facility, as permitted to be distributed by the University of Melbourne. After 40 min, cells were also stained with ﬁxable viability
dye eF506 (eBiosciences) and with CD3-AF700 (UCHT1, BD Pharmigen, RRID:AB_396952), CD4-APCef780 (RPA-T4, eBiosciences, RRID:
AB_1272044), CD8-BV650 (RPA-T8; BioLegend, RRID:AB_2563505),
CD14-V500 (M5E2; BD Biosciences, RRID:AB_10611856), CD19-V500
(HIB19, BD Biosciences, RRID:AB_10562391), CD161-APC (HP-3G10;
eBiosciences, RRID:AB_10597894), Va7.2-PE-Cy7 (3C10, BioLegend,
RRID:AB_2561994), Va24-PE-Dazzle594 (6B11, BioLegend, RRID:
AB_2566312), and gdPAN TCR-FITC (11F2, BD Biosciences, RRID:
AB_400358) for 30 min at room temperature. The gating strategy is
shown in Supplementary Figure 7b. MR1+ T cells were deﬁned as 5OP-RU MR1 tetramer+, and CD4-, Va24-, gdPAN TCR-, Va7.2+, and
CD161+ through Boolean gating.
For the ﬂow cytometry measurement of IFNg and IL-17, PBMCs
were thawed and stimulated with 100mg/ml BCG or left unstimulated
in the presence of 1mg/ml anti-CD28 (CD28.2 eBioscience, RRID:
AB_468926), and 1mg/ml anti-CD49d (9F10, BioLegend, RRID:
AB_2130039). Cells were incubated at 37°C for 5 hours, after which
2.5mg/ml Brefeldin A and monensin was added for another 7 hours.
Cells were washed and blocked in 10% FBS for 10 mins at 4°C. Cells
were then stained with CD4-APCef780 (RPA-T4, eBiosciences, RRID:
AB_1272044), CD3-AF700 (UCHT1, BD Pharmigen, RRID:AB_396952),
CD8-BV650 (RPA-T8; BioLegend, RRID:AB_2563505), CD14-V500
(M5E2; BD Biosciences, RRID:AB_10611856), CD19-V500 (HIB19, BD
Biosciences, RRID:AB_10562391), ﬁxable viability dye eF506 (eBiosciences) for 30 min at 4°C. Cells were washed twice and then ﬁxed in 4%
paraformaldehyde solution for 10 min at 4°C. Saponin buffer was used
to permeabilize the cells by incubating them at room temperature for
10 min, followed by blocking in 10% FBS for 5 min at 4°C. Cells were
then stained with IFNg -FITC (4S.B3, eBioscience, RRID:AB_465415) and
IL-17-PE-Cy7 (eBio64DEC17, eBioscience, RRID:AB_11063994) for
30 min at room temperature. Followed by washes and acquisition. The
gating strategy is shown in Supplemental ﬁgure 7c.
2.7. Fluorescence-activated cell sorting
PBMCs were thawed and 2 £ 106 cells were added per well in a 96
round bottom well plate. Cells were stimulated with BCG (50mg/ml),
MTB300 (2mg/ml), Tetanus pool (2mg/ml), or DMSO (corresponding
to the percent DMSO in the peptide pools) as a control. Anti-human
CD28 (CD28.2 eBioscience, RRID:AB_468926) and CD3 (OKT3, eBioscience, RRID:AB_468855) at 1 mg/ml was used as a positive control.
The wells for the positive control was pre-coated overnight at 4°C.
Cells were incubated at 37°C for 24 h.
The following day, cells were washed and incubated in PBS with 10%
FBS at 4°C for 10 min. They were stained with ﬁxable viability dye
eFluor 506 (eBioscience), and an antibody cocktail containing antihuman CD3-Alexa Fluor 700 (UCHT1, BD Bioscience, RRID:AB_396952),
CD4-APCeFluor 780 (RPA-T4, eBioscience, RRID:AB_1272044), CD8V500 (RPA-T8, BD Biosciences, RRID:AB_1937325), CD45RA-eFluor 450
(HI100, eBioscience, RRID:AB_1272059), and CCR7-PerCPCy5.5 (UCHL1,
BioLegend, RRID:AB_10916121) for 20 min at room temperature. Cells
were transferred into a 5 ml polypropylene FACS tube (BD Biosciences)
and PBMCs (excluding doublets) and CD4 memory T cells were sorted
on a FACSAria III cell sorter (Becton Dickinson) into QIAzol Lysis Reagent
(QIAGEN). A total of 100,000 cells was sorted per sample. For gating
strategy see Supplementary ﬁgure 7d. Sorted cell populations were
stored in QIAzol Lysis Reagent at -80°C until RNA extraction.
2.8. CD4 T cell isolation
CD4+ T cells were isolated from at least 5 £ 106 PBMCs on the day
of thaw by negative selection using the CD4+ T cell isolation kit II
(Miltenyi Biotec, Bergisch Gladbach, Germany) according to
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manufacturer’s instructions. The isolated CD4+ T cells were washed,
pelleted, and then stored at -80°C until DNA extraction.
2.9. Cell expansion for TCR sequencing
For in vitro expansion, cryopreserved PBMCs were thawed in
RPMI supplemented with 5% human serum (Gemini Bio-Products,
West Sacramento, CA), 1% Glutamax (Gibco, Waltham, MA), 1% penicillin/streptomycin (Omega Scientiﬁc, Tarzana, CA), and 50 U/ml Benzonase (Millipore Sigma, Burlington, MA). The cells were then
washed and viability was evaluated using trypan blue dye exclusion.
Brieﬂy, at a density of 2 £ 106 cells per mL, the cells were plated in a
well of a 24-well plate in the presence of 50mg/ml BCG, 2mg/ml per
peptide MTB300, or 2mg/ml per peptide tetanus peptide pool, and
were incubated in a 37°C humidiﬁed CO2 incubator for 14 days. Every
3-4 days cells were supplied with 10 U/ml recombinant human IL-2.
After 14 days of culture, cells were harvested, counted, and pelleted.
The cell pellets were stored at -80°C until DNA extraction.
2.10. RNA sequencing
RNA sequencing was performed as described previously [24].
Brieﬂy, total RNA was puriﬁed using an miRNeasy Micro Kit (QIAGEN)
and quantiﬁed by quantitative PCR, as described previously [25].
Puriﬁed total RNA (15ng) was ampliﬁed following the Smart-Seq2
protocol (16 cycles of cDNA ampliﬁcation) [26]. cDNA was puriﬁed
using AMPure XP beads (Beckman Coulter). From this step, 1 ng of
cDNA was used to prepare a standard Nextera XT sequencing library
(Nextera XT DNA sample preparation kit and index kit, Illumina).
Whole-transcriptome ampliﬁcation and sequencing library preparations were performed in a 96-well format to reduce assay-to-assay
variability. Quality-control steps were included to determine total
RNA quality and quantity, the optimal number of PCR preampliﬁcation cycles, and fragment size selection. Samples that failed quality
control were eliminated from further downstream steps. Barcoded
Illumina sequencing libraries (Nextera; Illumina) were generated
using the automated platform (Biomek FXp). Libraries were
sequenced on a NovaSeq 6000 Illumina platform to obtain 50-bp
paired end reads (TruSeq Rapid kit; Illumina).
2.11. TCR sequencing
DNA was extracted from the cultured cells or ex vivo CD4+ T cell
samples using DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. Samples were sent
to Adaptive Biotechnologies (Seattle, WA) for TCRB sequencing
according to their protocol. The ex vivo CD4+ T cell samples were
sequenced with “deep resolution” to cover a maximum number of
clonotypes in the repertoire. Samples that were stimulated with peptide pools for 14 days and then harvested were sequenced with “survey resolution”.
2.12. Data analysis  RNA sequencing
Paired-end reads that passed Illumina ﬁlters were ﬁltered for
reads aligning to tRNA, rRNA, adapter sequences, and spike-in controls. The reads were aligned to the GRCh38 reference genome and
Gencode v27 annotations using TopHat v1.4.1 [31]. DUST scores were
calculated with PRINSEQ Lite v0.20.3 [32] and low-complexity reads
(DUST > 4) were removed from BAM ﬁles. The alignment results
were parsed via SAMtools [33] to generate SAM ﬁles. Read counts to
each genomic feature were obtained with the htseq-count program
v0.7.1 [34] using the “union” option. Raw counts were imported into
R v3.6.1 where they were subset into PBMC and CD4 memory, both
containing unstimulated, MTB300 peptide pool, and BCG stimulated
samples. The following steps were performed on PBMC and CD4

memory subsets independently. R/Bioconductor package DESeq2
v.1.24.0 [35] was used to normalize raw counts. Variance stabilizing
transformation was applied to normalized counts to obtain log2 gene
expression values. Quality control was performed using boxplots and
Principal component analysis (PCA), using the ‘prcomp’ function in R,
on log2 expression values. Differentially expressed genes were identiﬁed using the DESeq2 Wald test, and p-values were adjusted for multiple test correction using the Benjamini Hochberg algorithm [36]
(Supplementary Table 1). Genes with adjusted p values < 0.05 and
log2 fold change > 1 or < -1 were considered differentially
expressed. Pathway enrichment analysis was performed using ToppGene Suite: ToppFun [37] (Supplementary Table 2), and cell type
enrichment was performed using DICE [38].
2.13. Data analysis  TCR sequencing
Pre-processing and quality control of the raw data was performed
using the immunoSEQ analyzer (Adaptive Biotechnologies, Inc.).
Measurement metrics of processed data were exported in the tsv ﬁle
format and downstream data analysis was performed in Python
v3.7.2 and in R v3.6.1. To identify clonotypes that were expanded in
culture or after vaccine, each of the replicates per donor was compared to the corresponding ex vivo CD4 sample, and p-values and
odds-ratio were calculated using a two-sided Fisher exact test, using
the ‘ﬁsher_exact’ function in the SciPy.Stats v1.4.1 [39] and NumPy
v1.17.2 [40] extensions of python. Clonotypes appearing in both replicates with -log2 odds ratios (OR) >1 or <-1 and false discovery rate
(FDR) p-value < 0.05 corrected for multiple testing using the BenjaminiHochberg method [36], calculated using the ‘fdrcorrection’
function from the statsmodels module v0.9.0 [41] for Python, were
considered signiﬁcant (Supplementary Table 5). For visualization
purposes, all -log10 FDR p-values > 50 were set to 50. Sequence similarity by clustering was performed using GLIPH v1.0 with default
parameters, to identify conserved motifs and global similarity of
complementarity-determining region 3 (CDR3) sequences [42] (Supplementary Table 6).
We also used TCRMatch to determine sequence similarity [43].
Within each group, deﬁned by a single subject, vaccination and
expansion status, and CDR3b sequences were tested against each
other. For groups with expanded sequences, all CDR3b were analysed
against each other. For groups with unexpanded TCRs, the number of
CDR3b sequences were much greater than the number of expanded
CDR3b sequences in the same individual, so random sampling was
performed. A sample of n sequences, with n=the number of expanded
CDR3b sequences for the corresponding individual and vaccination
status, was randomly selected and subsequently run through
TCRMatch to assess intragroup similarity. 100 random samplings
were performed for each group of unexpanded sequences. Cross-subject comparisons were performed by running TCRMatch on all possible pairs of sequences between all possible pairs of subjects. The
number of HLA alleles shared by two subjects was calculated by comparing each subjects’ HLA alleles for a given HLA locus against
another subjects’ corresponding HLA alleles. All pairwise combinations were compared for each gene, with a maximum of four shared
allele pair combinations. For example, if subject 1 carried alleles X
and Y, and subject 2 carried X and Z, the number of shared alleles
was recorded as 1. Meanwhile, if subject 1 were homozygous for X,
and subject 2 carried X and Z, the number of shared alleles was
recorded as 2. Finally, if both subjects were homozygous for the same
allele, their number of shared allele pairs was counted as 4.
2.14. DNA methylome data acquisition and analyses
The DNA methylome data was analysed using the HumanMethylationEPIC (850K) array (Illumina, USA) as per manufacturer’s instruction. The raw IDAT ﬁles of the DNA methylome data was processed
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using the ChAMP package [44] in R (v4.0.3) after using the default ﬁltering criteria i) removing the CpGs with detection p-value >0.01, ii)
ﬁlter out CpGs with <3 beads in at least 5% of samples per CpGs, iii)
ﬁlter out all non-CpGs contained in the dataset, iv) removing all SNPrelated CpGs, v) ﬁlter out all multi-hit probes, and vi) ﬁlter out all
CpGs located in X and Y chromosomes. The ﬁltered data was normalized using the b mixture quantile normalization (BMIQ) function
using the ChAMP package. For each CpG site, the methylation b values were calculated, which represents the fraction of methylated
cytosines at their particular CpG site (0=unmethylated, 1=fully methylated). The Houseman algorithm [45] was used to calculate the cell
type deconvolution as the samples were drawn from the PBMCs for
“before” and “after” samples separately. We performed a ShapiroWilk test to test the normality of the samples and used a t-test to
compare differences between the before and after group for each cell
type. The differential methylation values (mean methylation difference, mmd) were calculated using the two different groups of samples, “before” and “after”. A total of 139 613 CpGs were identiﬁed as
differentially methylated CpGs (DMCs). A volcano plot was generated
using the EnhancedVolcano package of hypermethylated and hypomethylated CpGs. The differentially methylated CpGs were annotated
using the human genome annotation (HG38.13) to ﬁnd the corresponding genes (Differentially Methylated Genes, DMGs). The hyper
and hypomethylated CpGs were annotated with the different chromosomal locations. The hyper and hypomethylated genes were compared with the up and downregulated differentially expressed genes
using the venneuler package [46] (in house python script). A principal
component analysis (PCA) was performed on the normalized b values
of DNA methylome dataset using the factoMineR and factoExtra
(https://CRAN.R-project.org/package=factoextra) packages. All DMCs
were considered signiﬁcant with the Benjamini-Hochberg (BH) corrected p-value < 0.15, if not stated otherwise. A list of DMGs intersected with DEGs were analysed using the clusterProﬁler package
[47] using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database.

3. Statistics
Signiﬁcant differences in frequencies of cell subsets and magnitude of responses were calculated by the Wilcoxon matched pair
signed rank test. Results were considered statistically signiﬁcant at
p<0.05. Differentially expressed genes that met the criteria of
adjusted p-values <0.05 and log2 fold change of >1 or <-1, were
identiﬁed using the DESeq2 Wald test, and p-values were adjusted
for multiple test correction using the Benjamini-Hochberg algorithm
[36]. Pathway enrichment was performed using ToppGene Suite:
ToppFun [37]. For clonotypes p-values and odds ratios were calculated using a two-sided Fisher exact test in SciPy.Stats v1.4.1 [39] and
NumPy v1.17.2 [40] extensions of python. Clonotypes appearing in
both replicates with -log2 odds ratios (OR) >1 or <-1 and false discovery rate (FDR) p-value < 0.05 corrected for multiple testing using
the Benjamini Hochberg algorithm [36], calculated using the ‘fdrcorrection’ function from the statsmodels module v0.9.0 [41] for Python,
were considered signiﬁcant. For the DNA methylome data we performed a Shapiro-Wilk test to test the normality of the samples and
used a t-test to compare differences between the before and after
group for each cell type. DMCs were considered signiﬁcant at p<0.15
after correction for multiple testing using the Benjamini Hochberg
algorithm.
3.1. Data availability
The RNA-seq datasets analysed as part of this study have been
deposited in the NCBI Gene Expression Omnibus (GEO) database
with the primary accession number GSE156422. The DNA methylome
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dataset has also been deposited in GEO with the accession number
GSE188586.
3.2. Role of the funding source
The funders of the study had no role in the study design, data collection, data analysis, writing of the report, or in the decision to submit for publication.
4. Results
4.1. The frequency of speciﬁc T cell subsets increases following BCG
vaccination
To determine the effects of BCG vaccination on speciﬁc T cell
responses and gene expression, PBMC samples were obtained from
BCG naïve individuals (pre-vaccination). Subsequently, these individuals were administered the BCG vaccine, and PBMC samples were
collected again 8 months after intradermal administration of BCG
(post-vaccination), chosen as a representative of a time point were
immune responses are expected to have reached a steady state memory phase (Figure 1a). PBMCs from both time points (pre- and postvaccination) were assayed by ﬂow cytometry directly ex vivo without
stimulation, and in parallel stimulated for 24 hours in vitro with the
vaccine itself (BCG) or media (unstim) to identify BCG-induced
immune responses based on Fluorospot and RNA-sequencing
(Figure 1a).
We previously described a ﬂow cytometry panel designed to
quantitate the relative frequency of major PBMC subsets [29]. In addition, we have previously identiﬁed increased frequencies of a speciﬁc
Th subset, Th1* (CXCR3+CCR6+) [48], as well as a decrease in MR1+ T
cells in individuals with latent TB infection (LTBI) as compared to TB
negative subjects [25]. Here, we investigated the frequency changes
following BCG vaccination of major PBMC subsets and speciﬁc T cell
subsets in the absence of antigen-speciﬁc stimulation. Upon BCG vaccination we observed an increase in T cell frequency, which was speciﬁcally driven by CD4 T cells while CD8 T cells remained unchanged
(Figure 1b). In contrast, the frequency of B cells decreased following
vaccination (Supplementary ﬁgure 1a). No changes were observed
for monocytes, NK cells, or CD3+CD56+ T cell populations (Supplementary ﬁgure 1a). Memory CD4 and CD8 T cell populations, as
deﬁned by CCR7 and CD45RA expression, remained unchanged following vaccination (Supplementary ﬁgure 1b, c). In terms of nonconventional T cells, we found an increased frequency of MAITs (as
deﬁned by 5-OP-RU loaded MR1 tetramers) following vaccination,
but no changes in gd T cells and NKT cells (Figure 1c). Finally, we
determined the frequencies of Th subsets, deﬁned by CXCR3, CCR6
and CCR4 expression. All CCR6+ populations, including Th17 and
Th1* cells, increased following BCG vaccination, whereas CCR6- populations, including Th1 and Th2 cells, remained unchanged
(Figure 1d). These results are consistent with our previous identiﬁcation of Th1* as the Th subset that contains the vast majority of Mtband non-tuberculous mycobacteria (NTM)-speciﬁc T cells [48,49],
and the present results point towards a role of these subsets following BCG vaccination as well.
4.2. BCG-induced T cell responses and gene expression changes are
enhanced upon BCG vaccination
We next investigated the magnitude and quality of BCG-induced
cellular immune responses. The magnitude of BCG-stimulated T cell
responses, as measured by IFNg Fluorospot assay, increased postvaccination (Figure 2a). In comparison, no difference was observed in
the magnitude of response against PHA, which was used as a positive
control (Figure 2a).
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Figure 1. T cell subsets show an increase post BCG vaccination. a Schematic of the project workﬂow. Flow cytometry analysis without stimulation was performed on PBMC samples obtained from BCG naïve individuals, pre and post BCG vaccination, and Fluorospot and RNA-sequencing on PBMCs stimulated with either DMSO or BCG for 24 hours. b-d Frequencies of cell subsets pre- (open circles) and post- (closed circles) BCG vaccination as determined by ﬂow cytometry. Each point represents one participant, (n=10, Wilcoxon
matched pair signed rank test). b T cells, CD4 and CD8 T cells. c MAITs; as deﬁned by staining with MR1 5-OP-RU tetramer, gd T cells; deﬁned by pan gdTCR, and NKTs; deﬁned by
Va24 staining. d T-helper subsets deﬁned by CXCR3, CCR6 and CCR4 expression.

To determine the effects of stimulation and vaccination on global
gene expression, principal component analysis (PCA) was performed
on the RNA-Seq data. The PCA showed a distinct separation of BCG
stimulated and unstimulated samples (Figure 2b). In contrast, a
smaller separation was observed in the pre- and post- vaccination
samples, in each stimulated condition (Figure 2b).
In addition to the PCA analysis we performed differential gene
expression analysis comparing BCG stimulated and unstimulated
samples, to explore BCG-induced gene expression changes pre- and
post- vaccination. Upon BCG vaccination, we observed an increase in
the number of differentially expressed genes (DEG) (Figure 2c; Supplementary table 1). A total of 549 DEGs were identiﬁed when BCGstimulated vs. unstimulated pre-vaccination samples were studied;
290 downregulated and 259 upregulated. This compares with a total
of 927 DEGs identiﬁed post-vaccination; 527 downregulated and 400
upregulated. Importantly, BCG-induced T cell responses can be

detected prior to vaccination, but they were enhanced 8 months
post-vaccination.
4.3. BCG-induced gene signatures are more pronounced after
vaccination
We next investigated the BCG-induced gene signatures in more
detail. We focused on the genes that were upregulated following BCG
stimulation. A majority of the DEGs identiﬁed pre-vaccination were
also differentially expressed post-vaccination (Figure 3a; 259 genes
upregulated pre-vaccination and 400 genes upregulated post-vaccination, with an overlap of 175 genes). To determine if the unique
DEGs identiﬁed both pre- and post-vaccination were truly unique, or
if they were below the cut-off (padj values < 0.05 (Benjamini Hochberg corrected Wald test) and log2 fold change > 1 or < -1) for reaching signiﬁcance in the other group, we compared fold changes for all
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Figure 2. BCG-induced T cell responses and gene expression changes are enhanced upon BCG vaccination. a Paired point graphs depicting magnitude of IFNg responses preand post-vaccination, against BCG and PHA as SFC per 106 cultured PBMC as determined by Fluorospot. Each point and symbol represent one participant (n=12), median § interquartile range is shown. (Wilcoxon matched pair signed rank test). b PCA depicting the variation in global gene expression as a result of stimulation condition and vaccination. Prevaccination (open circles) and post vaccination (closed circles), unstimulated samples (blue, n=7) and BCG stimulated samples (gold, n=6). c Volcano plot depicting differentially
expressed genes after BCG stimulation as compared to unstimulated samples, pre- and post-vaccination. Red indicates upregulated genes (adjusted p value < 0.05 and log2 fold
change > 1) and blue indicates downregulated genes (adjusted p value < 0.05 and log2 fold change < -1: Benjamini Hochberg corrected DESeq2 Wald test).

upregulated genes identiﬁed pre- and post-vaccination. We observed
that although most of these genes were upregulated both pre- and
post-vaccination, the majority of the genes had higher fold changes
post-vaccination (Figure 3b; Supplementary table 1; the 343 genes
above the 45-degree slope represent those that were higher postvaccination, and the 141 genes below the 45-degree slope were
higher pre-vaccination). This suggests that although similar genes
were upregulated upon BCG stimulation, the magnitude of this
increase was greater post-vaccination.
Several immune-related genes were upregulated in response to
BCG stimulation both pre- and post-vaccination. These included chemokine ligands (CCL3, CCL4, CCL20, CXCL1, CXCL2, CXCL3, and
CXCL9), T cell activation markers (CD38, CD69, and TNFRSF4 (OX40)),
and cytokines (IFNG, IL1B, IL32, GZMB, and TNF), reﬂecting the broad
immune response triggered by stimulation with BCG (Supplementary table 1). The genes that had a higher fold change post-vaccination included T cell activation genes (CD274 (PDL1) and DPP4
(CD26)), cytokines (IL13, IL17F, IL22, GZMA), chemokine ligands
(CXCL5, CXCL8, CXCL13), and ligands for CXCR3 (CXCL10 (IP-10), and
CXCL11), indicating a boosting of certain aspects of the BCG-induced
immune response post-vaccination (Supplementary table 1).
Functional enrichment analysis of the upregulated genes showed
that similar pathways, such as cytokine response, interleukin

signalling and secreted factors, were identiﬁed in both the genes that
were higher post-vaccination (Figure 3c; Supplementary table 2)
and in genes higher pre-vaccination (Figure 3d; Supplementary
table 2). However, as observed above, the magnitude of BCG related
changes was greater post-vaccination and the common pathways
identiﬁed in both groups had much greater signiﬁcance post-vaccination. Moreover, pathways such as IL-23 mediated signalling, and IL10 and IL-17 signalling were observed only in genes higher in postvaccination (Figure 3c). Cell-type enrichment of upregulated genes
showed an enrichment of activated CD4 and CD8 activated T cells in
both groups (Figure 3c and 3d), and a slight enrichment of NK cells
post-vaccination only (Figure 3c). These results demonstrate an
increase in the magnitude of BCG-speciﬁc gene expression changes
post BCG vaccination. Moreover, pathway enrichment suggested that
a Th1*/Th17-like signature is associated with BCG vaccination, which
was also observed by ﬂow cytometry analysis.
4.4. BCG-induced DNA methylation changes reﬂect the gene signatures
A higher magnitude of response upon microbial challenge is
expected in epigenetically reprogrammed cells [50], and BCG has
been shown to induce DNA methylation (DNAm) changes [51]. Therefore, we next assessed the methylation status of >850,000 CpG sites
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Figure 3. BCG-induced gene expression changes are enhanced upon BCG vaccination. a Bar plots representing the total number of differentially expressed genes pre- and postvaccination. Empty and ﬁlled bars represent pre- and post-vaccination, respectively, colour represents up or down regulation, and hatched ﬁlling represents overlap of genes
between the pre and post time points. b Scatterplot of genes upregulated upon BCG stimulation in pre-vaccination (x-axis) and post-vaccination (y-axis). Each dot represents the
log2 fold change for a gene, and colour represents shared (gene signiﬁcantly differentially expressed in both pre- and post-vaccination) or unique (differentially expressed in only
one condition) expression. Black line at the 45° slope represents identical perturbation in pre- and post-vaccination, with genes above or below the line showing higher perturbation in the post or pre-group, respectively. c, d Pathway and cell-type enrichment (dice-database.org) for genes with (c) higher log2 fold changes post vaccination, and (d) higher
log2 fold changes pre-vaccination. The ten most signiﬁcant pathways are shown.

in DNA derived from PBMC pre- and post-vaccination. First, using the
Houseman algorithm to deconvolute cell types from PBMC using
DNAm data [45], we found, similarly to the ﬂow cytometry analysis
an increased frequency of CD4 T cells post vaccination (Supplementary ﬁgure 2a). Unlike the PCA analysis for RNAseq of unstimulated
PBMCs, the PCA analysis of the DNAm data revealed a clear separation between pre- and post-vaccination samples (Figure 4a). We next
determined the differentially methylated CpG sites and identiﬁed
15,679 hypomethylated and 15,309 hypermethylated CpG sites (Supplementary Figure 2b), which were both primarily found in the gene
bodies and intragenic regions (Supplementary Figure 2c). The CpG
sites were mapped to genes to identify differentially methylated
genes (DMGs), and a subsequent KEGG pathway analysis revealed
the pathways affected by the DNAm changes (Figure 4b). We identiﬁed an IFNg - and IL-17-related pathway (inﬂammatory bowel disease), a TNF- and CXCL10-related pathway (TNF signalling pathway),
and a NOD2-like receptor signalling pathway. A comparison between
the DMGs and the DEGs identiﬁed post-vaccination revealed that the
majority of the hypo-methylated/upregulated genes were found in
the identiﬁed pathways (Figure 4c, d). These results suggest a correlation between genes identiﬁed as upregulated in the RNAseq analysis and hypo-methylated genes.
4.5. MTB300-speciﬁc reactivity is not boosted by BCG vaccination
Next, we wanted to determine whether reactivity against a peptide
pool deﬁned in healthy Mtb-infected individuals, and with peptides
homologous to peptides found in BCG, was boosted following BCG vaccination. PBMC samples from both time points (pre- and post- vaccination) were stimulated for 24h in vitro with the MTB300 peptide pool, as
described above, and underwent Fluorospot analysis and RNA-Sequencing. The PCA revealed little separation between the MTB300 stimulated

and unstimulated samples, suggesting stimulation with the MTB300
peptide pool does not have a large impact on overall global gene expression (Figure 5a). The lack of separation also suggested lower MTB300speciﬁc reactivity as compared to that seen upon BCG stimulation. As
previously noted, there was a smaller, but consistent, separation
between pre- and post- vaccination samples within each stimulation
condition (Figure 5a). Moreover, while the magnitude of MTB300-speciﬁc IFNg response increased post-vaccination (Figure 5b), it was lower
than what was observed for BCG stimulation (Figure 2a).
Differential gene expression analysis comparing MTB300 stimulated
to unstimulated samples further revealed a lower number of DEGs overall (Figure 5c; Supplementary table 1). Additionally, no increase in the
number of DEGs was observed post-vaccination (Figure 5c; Supplementary table 1). Moreover, there was decreased overlap between pre- and
post-vaccination, and comparison of upregulated genes did not show an
increased magnitude of log2 fold changes post-vaccination, with distinct
sets and similar number of genes pre- and post-vaccination (Figure 5d;
Supplementary table 1; 113 genes above the 45-degree slope, and 106
genes below the 45-degree slope). Functional enrichment analysis for
genes with higher fold changes post-vaccination included pathways
such as cytokine and interleukin signalling, similar to that observed in
BCG stimulated samples post-vaccination, albeit with lower signiﬁcance
(Figure 5e; Supplementary table 2). There was a high enrichment for
interferon signalling upon MTB300 stimulation post-vaccination, with
type I, type II and Jak-STAT signalling pathways being signiﬁcant. In contrast, genes with higher fold changes pre-vaccination were not speciﬁcally enriched for any biological functions, with three pathways barely
reaching the signiﬁcance cut-off (Figure 5f; Supplementary table 2).
These results suggest that, although there is some similarity in the pathways being affected, the MTB300-speciﬁc responses are weakly induced
following BCG vaccination, especially when compared to the responses
upon stimulation with BCG.
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Figure 4. BCG-induced DNA methylation changes. a PCA of the overall DNA methylome data (n=4 participants). Unstimulated pre-vaccination (open symbols) and post vaccination (closed symbols) samples. b Pathway enrichment for DMGs derived from hypomethylated CpGs. c Scatter plot representing the overlap of hypermethylated, hypomethylated,
upregulated and downregulated genes post-vaccination. The vertical dotted lines represent the cut-off value of mmd  |0.02| and the horizontal dotted lines represent the log2
expression value cut-off  |1|. d Pathway enrichment analysis of overlapping signiﬁcant DEGs and DMGs using the KEGG database The Gene Set Enrichment Analysis was performed
using the 2000 permutations and Benjamini Hochberg-corrected p-value < 0.05 on the common gene list with mmd values. The resulting map of enriched pathways using KEGG
database in different combinations of DMGs and DEGs is shown. Edge width indicates the number of signiﬁcant pathways involved with the corresponding DMG-DEG list.

4.6. Gene signatures reﬂect speciﬁc cell subset increases postvaccination
We have previously deﬁned a Th1*-speciﬁc gene signature [48].
Given the likely importance of these Th1* cells in Mtb infection, we further assessed the increase in Th1* cells observed upon BCG vaccination
in silico in the RNA-sequencing data. Moreover, we have deﬁned a
MAIT-speciﬁc gene signature [25] which was also used in silico in the
RNA sequencing data. Only upregulated genes from the Th1* and MAIT
signatures were used to identify cell-speciﬁc gene expression (Supplementary table 3). We detected an overall increase in the MAIT and
Th1* cell signatures in the BCG stimulated samples compared to the
MTB300 stimulated and unstimulated samples (Supplementary ﬁgure
3a and b). This increase was further enhanced in the BCG post-vaccination samples, similar to the observation in the ﬂow cytometry data.
These results suggest an increase in the CD4 T cell frequency following
BCG vaccine, speciﬁcally in CCR6+ (Th1* and Th17) cell subsets.
4.7. BCG-induced gene expression in PBMCs is primarily driven by CD4
memory T cells
As CD4 T cells are increased upon BCG vaccination, and as memory T cell responses are enhanced upon stimulation with BCG, we
also performed RNA-sequencing on CD4 memory T cells isolated
from the same individuals as above, pre- and post-vaccination. As

with PBMC samples, CD4 memory T cells were stimulated with
DMSO (unstimulated), MTB300 peptide pool, and BCG. Differential
gene expression analysis comparing BCG stimulated samples to
unstimulated samples showed an increase in the number of DEGs
post-vaccination (Figure 6a; Supplementary table 1; 286 genes upregulated pre-vaccination and 530 genes upregulated post-vaccination,
with an overlap of 205 genes), similar to that observed in PBMCs
(Figure 3a). In contrast, and similar to the observations in PBMCs
(Figure 5c), MTB300 stimulated samples had a much small number of
genes differentially expressed compared to unstimulated samples,
and this did not increase post vaccination (Figure 6a). Focusing on
the effect of BCG stimulation on gene expression, PCA showed a separation between the BCG stimulated and the unstimulated samples
across PC1 (Figure 6b), however, to a lesser extent than what was
observed in PBMCs (Figure 3a). Moreover, a reduced separation was
observed in pre- and post- vaccination samples within each stimulation condition (Figure 6b). Correlation between the unique and
shared upregulated DEGs between pre- and post-vaccination BCG
stimulated samples showed that the majority of genes had a higher
fold change post-vaccination (Figure 6c; Supplementary table 1; 467
genes above the 45-degree slope, and 144 genes below the 45-degree
slope), also consistent with PBMC analysis (Figure 3b). Functional
enrichment for genes with higher fold changes post-vaccination
identiﬁed similar pathways as those observed in PBMC post-vaccination, such as cytokine signalling and interaction and interleukin
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Figure 5. MTB300 peptide pool stimulation has a small impact on BCG vaccination. a PCA depicting variation in global gene expression as a result of stimulation condition and
vaccination. Empty and ﬁlled circles represent the pre- and post-vaccination time points, respectively, and colour represents stimulation condition (n=7). b Paired point graphs
depicting magnitude of responses (sum of IFNg , IL-5, and IL-10) pre- and post-vaccination, against MTB300, as SFC per 106 cultured PBMC. Each point and symbol represent one participant (n=12), median § interquartile range is shown. (Wilcoxon matched pair signed rank test). c Bar plots representing the total number of differentially expressed genes preand post-vaccination. Empty and ﬁlled bars represent pre- and post-vaccination, respectively, color represents up or down regulation, and hatched ﬁlling represents overlap of
genes between the pre and post time points. d Scatterplot of genes upregulated upon MTB300 stimulation in pre-vaccination (x-axis) and post-vaccination (y-axis). Each dot represents the log2 fold change for a gene, and color represents shared (gene signiﬁcantly differentially expressed in both pre- and post-vaccination) or unique (differentially expressed
in only one condition) expression. Black line at the 45° slope represents identical perturbation in pre- and post-vaccination, with genes above or below the line showing higher perturbation in the post- or pre-group, respectively. e Pathway enrichment for genes with higher log2 fold changes post vaccination. The ten most signiﬁcant pathways are shown. f
Pathway enrichment for genes with higher log2 fold changes pre vaccination.

signalling (Figure 6d; Supplementary table 2). Moreover, a Th1*/
Th17 type signature was also observed here as evidenced by the IL23 mediated signalling pathway (Figure 6d, showing the 10 most signiﬁcant pathways), and IL-17 signalling pathway (Supplementary
table 2). In contrast, the smaller number of genes with higher fold
changes pre-vaccination did not result in any signiﬁcant pathways.
The involvement of Th1*/Th17 cells were further strengthened by the
observation that there was an increase in BCG-induced IFNg and IL17 production in CD4+ T cells following BCG vaccination (Figure 6e).
No increase in IFNg production was observed in CD8+ or CD4-CD8- T
cells (Figure 6e). In silico analysis of the Th1* signature (Supplementary table 3), as before, showed an increase in the Th1*-speciﬁc gene
expression in BCG stimulated samples, with a further increase postvaccination (Figure 6f).
With the analysis in CD4 memory T cells showing similar results
as those observed in PBMCs, we directly compared the DEGs obtained
from BCG stimulated compared to unstimulated samples, post-vaccination. Majority of the genes showed similar perturbations in CD4

memory T cells and PBMCs, albeit to differing fold change and signiﬁcance levels (Figure 6g; Supplementary table 1). Only 23 genes were
identiﬁed to be signiﬁcant in both PBMC and CD4 memory T cells
that had log2 fold changes in opposite direction (upregulated in CD4
memory T cells, but downregulated in PBMCs, and vice versa). These
results indicate an increase in the magnitude of BCG related gene
expression changes post BCG vaccination in CD4 memory T cells.
Moreover, the results observed in CD4 memory T cells were similar
to those in PBMCs, suggesting that majority of the BCG related gene
expression changes observed in PBMCs are driven primarily by CD4
memory T cells, upon BCG vaccination.
4.8. Stimulation with BCG leads to the expansion of speciﬁc clonotypes
post BCG vaccination
To determine whether BCG vaccination leads to the speciﬁc
expansion of BCG-reactive clonotypes we performed TCR Sequencing
on BCG naïve individuals pre, and 8 months post BCG vaccination. To
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Figure 6. CD4 memory T cells show enhanced gene expression post BCG vaccination in BCG stimulated samples. a Grouped bar plots representing differentially expressed
genes identiﬁed in BCG and MTB300 stimulation, pre- and post-vaccination. Empty bars and ﬁlled bars represent pre- and post-vaccination, respectively, and colour represents up
or down regulation. b Principal component analysis depicting the variation in global gene expression as a result of stimulation condition and vaccination. Empty and ﬁlled squares
represent the pre- and post-vaccination time points, respectively, and colour represents stimulation condition (n=6, unstim, and n=7, MTB300) c Scatterplot of genes upregulated
upon BCG stimulation in pre-vaccination (x-axis) and post-vaccination (y-axis). Each dot represents the log2 fold change for a gene, and colour represents shared (gene signiﬁcantly
differentially expressed in both pre- and post-vaccination) or unique (differentially expressed in only one condition) expression. Black line at the 45° slope represents identical perturbation in pre- and post-vaccination, with genes above or below the line showing higher perturbation in the post- or pre-group, respectively. d Pathway enrichment for genes
with higher log2 fold changes post vaccination. The ten most signiﬁcant pathways are shown. e Percentage cytokine (IL-17 or IFNg ) detected from T cells in response to BCG. Each
dot represents one donor (n=10), median § interquartile range is shown. (Wilcoxon matched pair signed rank test). f Boxplot of RNA-sequencing data depicting the sum of log2
expression values (variance stabilizing transformation, VST) for all genes in the Th1* cell signature. Empty and ﬁlled boxplot represent pre- and post-vaccination, respectively, and
colour represents stimulation condition. Each dot represents an individual donor. g Scatterplot of genes differentially expressed between post-vaccination in BCG stimulated compared to unstimulated samples, in PBMC (x-axis) and CD4 memory T cells (y-axis). Each dot represents the log2 fold change for a gene, and colour represents shared or uniquely differentially expressed genes in PBMC or CD4m.

expand antigen-speciﬁc T cells, PBMCs were stimulated with BCG,
MTB300, and a tetanus peptide pool for 14 days in vitro. Cultures
were harvested and DNA was then puriﬁed for TCR sequencing using
the ImmunoSEQ service from Adaptive Biotechnologies (Supplementary Table 4). Every sample had a culture replicate and the ex vivo
repertoire of CD4 T cells was utilized as a comparison. We assessed
the productive repertoire of each sample, i.e. the unique in-frame
rearrangements that do not contain a stop codon, as well as the frequency of these productive clonotypes. Overall, we identiﬁed a similar number of clonotypes covering eighty percent of the productive

repertoire across both replicates across all donor samples in pre- and
post- vaccination samples, in all three stimulation conditions
(Figure 7a). In each stimulated sample there was a selection and
expansion of stimuli-speciﬁc clonotypes, resulting in fewer unique
rearrangements compared to the ex vivo CD4 sample (Figure 7a).
Next, we identiﬁed clonotypes that were signiﬁcantly perturbed
as a result of BCG, MTB300, or tetanus stimulation by comparing the
productive repertoire of stimulated samples to the corresponding ex
vivo CD4 samples (Supplementary Figure 4, 5). A similar number of
clonotypes were signiﬁcantly expanded upon BCG stimulation across
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Figure 7. BCG and MTB300 stimulation elicit speciﬁc T cell responses. a Number of TCR clonotypes covering 80% of the productive repertoire across stimulation conditions and
pre- and post-vaccination. Colour, yellow and green, represents pre- and post-vaccination, respectively. Each symbol represents one donor (n=8). Replicate samples are indicated
by the intensity of the colour (lighter and darker shade). b TCR-sequencing was performed on CD4+ T cell samples obtained from BCG naïve individuals (n=8), stimulated with the
BCG epitope pool, MTB300 peptide pool, or the tetanus peptide pool. Only those clonotypes that expanded upon stimulation compared to ex-vivo CD4 samples across both replicates were retained within each stimulation condition. The resulting clonotypes in the three stimulation conditions were overlapped to obtain clonotypes that expanded upon BCG
stimulation only, MTB300 stimulation only, and clonotypes expanded in both BCG and MTB300 stimulation. Any clonotype expanded upon tetanus stimulation was excluded. This
process was repeated for samples obtained post-vaccination. c Bar graphs showing the number of expanded clonotypes, and the total templates for these clonotypes, across different conditions, pre- and post-vaccination. Blue indicates clonotypes unique to post-vaccination, green indicates clonotypes unique to pre-vaccination, and grey indicates clonotypes
that expanded in both pre- and post-vaccination. d Quantiﬁcation of total templates expanded in pre- and post-vaccination for individual donors in each condition. Empty and ﬁlled
circles represent pre- and post-vaccination, respectively.

all subjects and this number was increased post-vaccination (Supplementary table 5). To identify reproducible clonotypes, we focused on
those clonotypes for each individual subject within each stimulation
condition that expanded signiﬁcantly across both replicates (-log2
OR>1 and FDR p-val<0.05 in both replicates: Benjamini Hochberg
corrected two-sided Fisher exact test). We determined the overlap of
these reproducible clonotypes across all three stimulation conditions
separately for pre- and post-vaccination samples, to obtain clonotypes that expanded upon BCG stimulation only, MTB300 stimulation
only, and clonotypes expanded in both BCG and MTB300 stimulation.
Any clonotype expanded upon tetanus stimulation was excluded
from further analysis, to remove any non-speciﬁc bystander effects
associated with the in vitro culture (Figure 7b).
To determine if the clonotypes that expanded post-vaccination
corresponded to an increased immune response or simply a result of
stimulation, we compared the expanded clonotypes, pre- and postvaccination, based on the exact clonotype rearrangement sequence.
This indicated that although there was an overlap between clonotypes expanded pre- and post-vaccination, this was a very small

proportion, and majority of the clonotypes expanded post-vaccination were unique (Figure 7c). This suggests that the unique clonotypes that expanded post-vaccination are a result of vaccination, and
not stimulation with either the BCG or MTB300. Although clonotype
expansion was observed post-vaccination in response to stimulation
by both MTB300 only and BCG only, the number of clonotypes
expanded in response to BCG only post-vaccination was on average
higher (84) than the number expanded in response to MTB300 only
(60: p=0.0499, two-tailed Mann-Whitney test, Figure 7c, Supplementary table 5). Since this ﬁrst overlap analysis was based on the exact
clonotype rearrangement sequence, we also performed GLIPH analysis, which clusters TCRs based on similar MHC-restricted peptide
antigen binding. The GLIPH analysis revealed a small overlap
between pre- and post-vaccination clonotypes (Supplementary
Table 6), further indicating that the expanded clonotypes post-vaccination are a direct result of the vaccination.
Finally, to examine the homogeneity of TCR repertoires before and
after BCG vaccination, in even more detail, we used TCRMatch [43] to
calculate similarity scores among the CDR3b sequences obtained
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from the subjects. CDR3b sequences obtained from each subject were
separated into four groups depending on vaccination status at the
time of sample collection and expansion status in response to BCG
stimulation in vitro. Scores were computed for pairs of CDR3b
sequences within each group, and the fraction of scores exceeding
thresholds of 0.84, 0.90, and 0.97 were computed (Supplementary
Figure 6a-c). The fraction of scores exceeding the threshold was
found to be signiﬁcantly higher post-vaccination in expanded TCRs
compared to unexpanded TCRs (p=0.016 for 0.84, 0.0029 for 0.90,
and p<0.0001 for 0.97: One-tailed Mann-Whitney test). We also
found a signiﬁcant difference pre-vaccination for the lowest threshold between expanded vs. unexpanded TCRs (p=0.013 for 0.84: Onetailed Mann-Whitney test) as well as in the fraction of scores over
0.97 (p=0.0102: One-tailed Mann-Whitney test), which was driven
by high similarity scores in one subject. To determine whether repertoire homogeneity was detectable between different subjects, we
used TCRMatch to compare CDR3b sequences expanded pre- and
post-BCG across subjects (Supplementary Figure 6d). The fraction of
scores exceeding 0.97 for each cross-subject comparison, separated
by BCG vaccination status, revealed that subjects post-BCG had a
higher fraction of those scores (14 matches above 0.97 resulting from
9 cross-subject comparisons of post-BCG expanded TCRs, compared
to zero matches of pre-BCG expanded TCRs). Of the 14 strong
matches between subjects, 7 were found to be exact matches.
We examined the subjects with at least 1 strong match further by
assessing similarity between their HLA alleles. All subjects were HLA
typed (Supplementary Table 7), and therefore the number of shared
HLA alleles vs. the fraction of TCRMatch scores above 0.97 could be
compared. We found a positive correlation between the number of
shared HLA class II alleles and the fraction of TCRMatch scores
exceeding 0.97 (Supplementary Fig. 6e). The 14 strong matches
were also analysed for evidence of concordance in gene usage. For
the 7 identical CDR3b sequences there was an exact match between
subjects in all available VDJ and allele calls. For all the strong matches,
13/14 (93%) were determined to have the same V family, that ranged
between 2.3-12.4% in prevalence across the subjects.
Finally, the magnitude of expansion, represented by the sum of
the number of templates identiﬁed for each clonotype (total templates), of the clonotypes pre- and post-vaccination indicated a much
greater expansion post-vaccination (Figure 7c,d). This signiﬁcant
increase in the degree of expansion was only evident upon stimulation with BCG (in BCG only, and in shared BCG and MTB300), and not
upon stimulation with MTB300 only (Figure 7d). Taken together,
these results indicate both a quantitative and qualitative change in
clonotypes post-vaccination. There were new clonotypes observed
and an overall expansion of clonotypes post-vaccination upon stimulation with BCG.
5. Discussion
Here, we employed a systems biology approach to characterize
the T cell subsets, cytokine secretory proﬁles, and other cell subset
markers that change following BCG vaccination to yield insight into
potential new correlates of protection. Speciﬁcally, total PBMC and
puriﬁed CD4+ T cell population transcriptomics were used in combination with DNA methylome analysis and other immunological techniques, such as ﬂow cytometry and ﬂuorospot, to characterize BCGinduced responses in a longitudinal adult cohort who provided blood
samples 1-2 weeks prior to and 8 months following BCG vaccination.
A study with samples taken at multiple timepoints and longer duration could provide additional valuable information, for example, to
determine when the immune response against BCG starts to wane.
Gaps in knowledge surrounding BCG-induced immunity, both in
terms of antigen-speciﬁcity and functional responses, particularly the
part of the response associated with protection against Mtb that
should be boosted by a vaccine [5254], impede efforts to improve
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variable BCG efﬁcacy. Few studies have used multi-omics approaches
in the context of BCG vaccination and were conducted mostly in animals. Cortes et al. conducted a transcriptomic analysis in mice comparing BCG vaccinated and naïve mice before and after M. bovis
challenge and found Th17-associated cytokines correlated with protection [55]. Darrah et al. used a combination of immunohistochemistry, ﬂow cytometry and single cell sequencing to characterize the
immune response in macaques after intravenous administration of
BCG, a route that was largely successful as 9/10 vaccinated animals
were protected even after challenge with virulent Mtb 6 months post
vaccination [4]. Similarly, Hoft et al. used systems immunology to
show that oral and mucosal BCG delivery induced distinct molecular
signatures, which could potentially permit the identiﬁcation of genes
that should be differentially targeted by vaccines geared toward
inducing optimal systemic or mucosal TB immunity [56]. A transcriptional signature for BCG will serve as an important comparator for
novel vaccination strategies, facilitating their design and evaluation.
Our results reafﬁrm the critical role of T cells, particularly CD4 T
cells, in mediating antimycobacterial immunity [57], both in the context of Mtb infection and vaccination [20,58-60]. The response at the
mRNA level observed from post-BCG CD4 memory T cells was very
similar to those in post-BCG PBMCs, suggesting that the majority of
the BCG-induced gene expression changes observed in PBMCs are
driven primarily by CD4 memory T cells upon BCG vaccination. Other
studies have found that BCG induces higher CD4 T cell responses
than CD8 responses [22,61], and with increased levels of BCG-reactive cells post-vaccination [21,22].
We further characterized the particular cell subset within the CD4
compartment that mediates BCG-induced responses through cell surface phenotypes and gene signatures and found that it is associated
with Th1* (CXCR3+CCR6+CCR4-) cells. Our group previously showed
that this CD4+ Th subset contained the majority of Mtb- [62] and
NTM-speciﬁc T cells [49]. Moreover, we later showed that Th1* was
involved in the immune response following natural Mtb infection,
since Th1* was increased in individuals with LTBI compared to TB
negative controls [48]. Here, we found an increase of CCR6+ CD4 T
cells (including Th1* and Th17 subsets) and CD3+MR1+ MAITs following BCG vaccination. A caveat to our study is the lack of longitudinal samples from control subjects who did not receive the BCG
vaccination. In addition, another limitation is that intermittent vaccinations during the study period is unknown, but also likely to be on
an individual basis since no other vaccine is offered to the entire
group. The cell subset frequency changes could also be recapitulated
in silico in the RNA-seq data as detected by an overall increase in previously characterized MAIT and Th1* cell subset signatures [25,48]
post vaccination. Changes in cell subset frequencies may also be
inﬂuenced by other confounding factors, for example, seasonal differences in the prevalence of infectious diseases such as ﬂu and rhinoviruses. Future studies can investigate the role of Th1* and other cell
subsets further, for example by investigating correlations between
frequencies of different cell subsets and growth inhibition as determined by mycobacterial growth inhibition assays [63].
The increase in the frequency of MAIT cells observed here is in
contrast to what was recently found in infants following primary BCG
vaccination and following BCG revaccination in tuberculin skin test
positive adults (consistent with prior Mtb infection) [64], which are
both different from our cohort of primary vaccinated adults. Providing further evidence for the importance of the CCR6+ CD4 T cells, we
also found increases in IL-23 mediated and IL-17 signalling pathways
following BCG stimulation post vaccination both in PBMC and CD4
memory T cells. In addition, we found an increase in the magnitude
of BCG-induced CCR6+ associated IFNg and IL-17 production in CD4+
T cells following BCG vaccination.
Several studies suggest an important role for these antigen-speciﬁc Th1* cells in the immune response against mycobacteria and
they may be a promising candidate for a correlate of protection
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against Mtb. Th1* cells also share characteristics with a CCR6+ CD4
cell subset recently described as preferentially enriched in a cohort of
TB non-progressors compared to those who progressed to active TB
[65]. In non-human primates (NHP), antigen-speciﬁc CD4 T cells in
the PBMCs and bronchoalveolar lavage ﬂuid of rhesus macaques that
received BCG intravenously had a similar Th1/Th17 phenotype and
importantly the majority of these animals (9/10) were protected
from Mtb challenge 6 months post-BCG [4]. This Th1*-like cell subset
has also been shown to be associated with protection against Mtb in
other NHP studies [66,67]. Given the high diversity in results and outcomes across studies and models, a correlate of vaccine-induced protection will most likely not be a single marker, which makes it
important to study additional cell markers such as activation, migration and memory markers, as well as functional secretory proﬁles in
order to separate immunopathology from protective antigen-speciﬁc
T cell responses that can serve as correlates of protection [6870].
In the present study, we also found ligands for CXCR3, CXCL10 (IP10) and CXCL11 that exhibited a higher fold-change post-vaccination.
Antigen-speciﬁc Th1* CD4 T cells express the tissue homing chemokine receptor CXCR3 and could thus respond to these ligands. It has
been proposed that post-vaccination measurement of multifunctional responses in Mtb-speciﬁc, relatively undifferentiated, memory
T cell subsets retaining the capacity to trafﬁc to the lung may be
more indicative of protective immunity against TB [71]. Murine models have implicated migration markers, including CXCR3 [72,73], that
confer the ability of CD4 T cells to exit the circulation and enter the
lung to interact with Mtb-infected APCs, as promising correlates of
protection candidates.
Reactivity against our Mtb-derived peptide pool deﬁned in
healthy Mtb infected interferon gamma release assay (IGRA) positive
individuals, MTB300, was also boosted post-BCG vaccination, however to a lesser degree than BCG-induced immune responses. Some
of the differences observed between BCG and MTB300 peptide pool
stimulated samples may be due to the differences in preparation: a
whole cell organism known to contain for example TLR2 ligands vs. a
synthetic peptide pool. Nevertheless, this result provides further
evidence that the antigen-speciﬁc human T cell responses triggered by BCG vaccination are not fully understood. Determination
of BCG-speciﬁc epitopes and antigens, which are not reactive in
Mtb-infected individuals, will provide crucial immune monitoring
reagents allowing the comparison between peptide pools with
different speciﬁcities.
Most genes upregulated post-BCG vaccination also tend to be
upregulated, albeit to a lesser extent, pre-vaccination. This suggests a
boosting of the response that is present pre-vaccination. The BCGspeciﬁc response is probably heavily inﬂuenced by exposure to
mycobacteria that the immune system has been primed with in the
past. Moreover, BCG vaccination resulted in an overall increase in the
BCG-induced response, but DEGs and BCG-speciﬁc immune
responses were also identiﬁed pre-vaccination following BCG
stimulation. This can be, at least partly, explained by previous
NTM exposure resulting in cross-reactive immune responses [49].
The signatures we have identiﬁed here can be compared to those
found in children that were vaccinated at birth and following
BCG revaccination, when available. Especially given the protection
from severe TB observed in children and lack of efﬁcacy in adults
mediated by BCG.
We found both quantitative and qualitative changes in the TCR
repertoire post-vaccination i.e. both clonotypes that were present
pre-vaccination and new clonotypes expanded in response to antigen-stimulation. This is similar to a previous study [74], which also
found new BCG-reactive clonotypes that had expanded in response
to the vaccination and that were not found before vaccination. To
identify antigen-speciﬁc TCRs we used a stringent criterion and only
focused on clonotypes present in replicate samples, which may not
identify the complete antigen-speciﬁc repertoire within an

individual. BCG vaccination resulted in expanded TCR repertoires
with higher intra-repertoire homogeneity than unexpanded TCRs, as
well as similar TCR repertoires across different subjects. Thus, the
TCRs appear to converge towards similar TCR sequences more than
they diversify following BCG vaccination. Clustered TCRs have been
described previously in the responses to herpesviruses and Mtb
[42,75]. These similar TCR repertoires may be inﬂuenced by similarities in HLA alleles, although the subjects were not matched based on
their HLA expression. The immune response against BCG is mediated
by multiple T cell epitopes and these are restricted by diverse HLA
alleles. Given the diversity of HLA allele expression in the population
[76], different individuals typically respond to different epitopes,
thus studies in larger cohorts and with HLA-matched individuals can
reveal additional shared TCRs. Moreover, future studies can reveal
how certain HLA alleles inﬂuence BCG vaccine efﬁcacy and whether
this can be used as a means of predicting efﬁcacy.
The immune signatures deﬁned herein can be used to design better vaccination strategies through a deeper understanding of the
immune response elicited by BCG. Either to determine whether certain aspects would be desirable to boost to improve the efﬁcacy of
BCG, for example, increase Th1* frequencies, if they are determined
to be protective. Or, in contrast, the signatures can serve as reference
for benchmarking novel vaccination strategies and whether the
immune response they trigger are desirable or not. In conclusion, this
study provides a detailed characterization of BCG-induced immune
responses and TCR clonotypes in adults that were vaccinated with
BCG. These ﬁndings inform our understanding of the immune
response induced by the BCG vaccine and provides means to track
longitudinal changes in the speciﬁc T cells in many different settings.
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